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Stars and planets form within dark molecular clouds, but little is
understood about the internal structure of these clouds, and
consequently about the initial conditions that give rise to star
and planet formation. The clouds are primarily composed of
molecular hydrogen, which is virtually inaccessible to direct
observation. But the clouds also contain dust, which is well
mixed with the gas and which has well understood effects on
the transmission of light. Here we use sensitive near-infrared
measurements of the light from background stars as it is absorbed
and scattered by trace amounts of dust to probe the internal
structure of the dark cloud Barnard 68 with unprecedented detail.
We find the cloud’s density structure to be very well described
by the equations for a pressure-confined, self-gravitating iso-
thermal sphere that is critically stable according to the Bonnor—
Ebert criteria'’. As a result we can precisely specify the physical
conditions inside a dark cloud on the verge of collapse to form a
star.

Molecular clouds are primarily composed of molecular hydrogen
mixed with trace impurities including interstellar dust grains and
rare organic and inorganic molecules. Because of its symmetric
structure the hydrogen molecule possesses no dipole moment and
cannot produce a readily detectable signal under the conditions that
characterize cold, dark clouds. The traditional methods used to
derive the basic physical properties of such molecular clouds
therefore make use of observations of trace H, surrogates, namely
those rare molecules with sufficient dipole moments to be easily
detected by radio spectroscopic techniques, and interstellar dust,
whose thermal emission can be detected by radio continuum
techniques. However, the interpretation of results derived from
these methods is not always straightforward™. Several poorly
constrained effects inherent in these techniques (such as deviations
from local thermodynamic equilibrium, opacity variations, chemi-
cal evolution, small-scale structure, depletion of molecules,
unknown emissivity properties of the dust, unknown dust tem-
perature) make the construction of an unambiguous picture of the
physical structure of these objects a very difficult task. The deploy-
ment of sensitive, large-format infrared array cameras on large
telescopes, however, has altered this situation by enabling the direct
measurement of the dust extinction (that is, the overall diminution
of starlight due to the combined effects of absorption and scattering
by dust) toward thousands of individual background stars observed
through a molecular cloud. Such measurements are free from the
complications that plague molecular-line or dust emission data and
enable detailed maps of cloud structure to be constructed®™”.

Recently we performed very sensitive near-infrared imaging
observations to map the structure of a type of dark cloud known
as a Bok globule®, one of the least complicated configurations of
molecular gas that is known to form stars. The target cloud for our
study, Barnard 68, is itself one of the finest examples of a Bok
globule, and was selected because it is a nearby, relatively isolated
and morphologically simple molecular cloud with distinct bound-
aries, a known distance (125 pc; ref. 10), and temperature (16 K;
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ref. 11). Barnard 68 appears to be part of a string of dense clouds
(Barnard 68, 69 and 70) located within a well known superbubble of
hot gas, Loop I, created by the combined action of stellar winds and
supernova explosions'>” from extinct massive stars which were
once part of the Scorpio—Centaurus OB association. This cloud lies
in the direction of the centre of the Galaxy but above the Galactic

Figure 1 Visible and near-infrared images of Barnard 68. Top, deep B,V,I band (0.44 um,
0.55 m, 0.90 wm) image (~7' x 7') of the dark molecular cloud Barnard 68 taken with
ESO’s Very Large Telescope (VLT) located in the Chilean Andes. The cloud is seen in
projection against the Galactic bulge. At these optical wavelengths the cloud is completely
opaque owing to extinction of background starlight caused by small interstellar dust
particles that permeate the cloud. The complete absence of foreground stars projected
onto the cloud is a result of the proximity of the cloud to the Solar System (125 pc). The
outer radius of the cloud is comparable to the inner size of the Oort cloud of comets that
surround the Sun (~10* au). The mass of the cloud is about twice that of the Sun. Bottom,
deep B,I,K band image of the cloud constructed by combining an infrared K band (2.2 um
wavelength) image with the B and | images. The K band image was obtained with ESQ’s
New Technology Telescope (NTT) in the Chilean Andes. At near-infrared wavelengths the
cloud becomes transparent and the stars located behind the cloud clearly appear in the
image. Because these stars are observed only in the longest of the three wavelength
bands, they appear very red in this three-colour image. These are the stars that provide
measurements of dust extinction directly through the cloud.
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plane where it is projected against the rich star field of the Galactic
bulge. This makes Barnard 68 an ideal candidate for an infrared
extinction study for the following four reasons. First, the back-
ground bulge stars are primarily late-type (giant) stars whose
intrinsic infrared colours span a narrow range and can be accurately
determined from observations of nearby control fields. Second, the
background star field is sufficiently rich to permit a detailed
sampling of the extinction across the entire extent of the cloud.
Third, the cloud is sufficiently nearby that foreground star con-
tamination is negligible. Fourth, Barnard 68 does not appear to
harbour any star-formation activity'*, making it more likely that the
physical conditions that characterize it reflect the initial conditions
for star formation.

We used the SOFI” near-infrared camera on the European
Southern Observatory’s (ESO) New Technology Telescope (NTT)
to obtain deep-infrared J band (1.25 wm), H band (1.65 pum) and K
band (2.16 pm) images of the cloud over two nights in March 1999.
Complementary optical data were obtained with ESO’s Very Large
Telescope (VLT) on Cerro Paranal, fitted with the FORSI (ref. 16)
charge-coupled device (CCD) camera, during one night of March
1999. The results of the optical and near-infrared imaging are
displayed in Fig. 1 top and bottom. At optical wavelengths obscur-
ing dust within the cloud renders it opaque and completely void
of stars (Fig. 1 top). However, owing to the wavelength dependence
of dust extinction (that is, opacity), the cloud is essentially trans-
parent at infrared wavelengths, enabling otherwise invisible stars
behind the cloud to be imaged (Fig. 1 bottom). We detected 3,708
stars simultaneously in the deep H and K band images out of which
~1,000 stars, lying behind the cloud, are not visible at optical
wavelengths. Because dust opacity decreases sharply with wavelength,
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Figure 2 Azimuthally averaged radial dust column density profile of Barnard 68. By
convention the dust column density is expressed in terms of magnitudes of visual
extinction, A,. The red circles show the data points for the averaged profile of a sub-
sample of the data that do not include the cloud’s southeast prominence, seen in Fig. 1.
The open circles include this prominence. The error bars were computed as the r.m.s.
dispersion of the extinction measurements in each averaging annulus and are smaller
than the data points for the central regions of the cloud. The solid line represents the best
fit of a theoretical Bonnor—Ebert sphere to the data. The close match of the data with
theory indicates that the internal structure of the cloud is well characterized by the
equations for a self-gravitating, pressure-confined, isothermal sphere and thus Barnard
68 seems to be a distinct dynamical unit near a state of hydrostatic equilibrium, with
gravity balanced by thermal pressure.
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the colours of stars that are detected through a dust screen appear
reddened in comparison to their intrinsic colours (for example,
Fig. 1 bottom). Because the amount of reddening is directly
proportional to the total extinction, we can determine the line-of-
sight extinction to each star using a standard reddening law for
interstellar dust and knowledge of the star’s intrinsic (H — K)
colour®’. We determined very accurate individual line-of-sight
extinction measurements for all the 3,708 stars that we detected
by adopting: (1) the average colour of bulge stars observed in a
nearby unreddened control field as the intrinsic colour for all stars
in our target field; and (2) a standard interstellar reddening law"’. In
this manner we have accurately sampled the dust extinction and
column density distribution through the Barnard 68 cloud at more
than 1,000 positions with extraordinary (pencil beam) angular
resolution. Although the individual measurements are character-
ized by high angular resolution, our mapping of the dust column
density in the cloud is highly undersampled. Consequently, we
smoothed these data to construct an azimuthally averaged radial
extinction (dust column density) profile of the cloud and present
the result in Fig. 2. To our knowledge, this is the most finely sampled
and highest signal-to-noise radial column density profile ever
obtained for a dense molecular cloud. The extinction profile in
Fig. 2 is the two-dimensional projection of the cloud volume density
profile function, p(r) where r is the radial distance from the centre of
the cloud, and therefore provides an excellent map of the internal
structure of this dense dark cloud.

As early as 1948 Bok'® pointed out that roughly spherical homo-
geneous-looking clouds, such as Barnard 68, resemble single
dynamical units much like the polytropic models'* used to
describe stellar structure. Can Barnard 68 be described as a self-
gravitating, polytropic sphere of molecular gas? To investigate the
physical structure of the cloud we begin with the assumptions of an
isothermal equation of state and spherical symmetry. The fluid
equation that describes a self-gravitating, isothermal sphere in
hydrostatic equilibrium is the following well known variant of the
Lane—Emden equation®.

18 (e8) 0
£7dE " dg

where £ = (r/a)/47Gp. is the non-dimensional radial parameter,
a is the isothermal sound speed (a = \/kT/m), p. is the volume
density at the origin, and ¥(£) = —In(p/p.). Equation (1) is
Poisson’s equation in dimensionless form for the gravitational
potential, ¥, when the volume density for an isothermal gas is
given by the barometric formula to be proportional to the e ¥, and it
can be solved by numerical integration subject to the usual bound-
ary conditions:

¥(0) = 0 (that is, p = p, at r = 0)

dy(0) (that is,d—}O =0atr= 0)
dr

d —_— =
and — :
For an isothermal sphere bounded by a fixed external pressure there
is a family of solutions characterized by a single parameter:

R
Emax = E V 47erc (2)

Here £, is the value of £ at the outer boundary, R (refs 1, 2). Each
of these solutions corresponds to a unique cloud mass density
profile. For &, .. > 6.5 such a gaseous configuration would be
unstable to gravitational collapse’. The high quality of our extinc-
tion data permits a detailed comparison with the Bonnor—Ebert
predictions and we find that there is a particular solution,
£ = 6.9( = 0.2), that fits the data extraordinarily well as seen
in Fig. 2. This solution corresponds to a centre-to-edge density
contrast of p./p, = 16.5, which is slightly in excess of the critical
contrast (14.0) predicted by the Bonnor—Ebert theory. For the
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known distance (125 pc), and temperature (16 K), Barnard 68 has a
physical radius of 12,500 Au, a mass of 2.1 solar masses, and a
pressure at its boundary of P = 2.5 X 10~ "? Pa. This surface pres-
sure is an order of magnitude higher than that of the general
interstellar medium?® but it is in rough agreement with the pressure
inferred for the Loop I superbubble from X-ray observations with
the ROSAT satellite”’. The close correspondence of the observed
extinction profile with that predicted for a Bonnor—Ebert sphere
strongly suggests that Barnard 68 is indeed an isothermal, pressure-
confined and self-gravitating cloud. It is also likely to be in a state
near hydrostatic equilibrium with thermal pressure primarily
supporting the cloud against gravitational contraction.

For Barnard 68, &« is very near and slightly in excess of the
critical radial parameter and the cloud may be only marginally
stable and on the verge of collapse. However, in the likely case that
the cloud contains a static magnetic field, the additional internal
magnetic pressure can act to stabilize it at a density contrast slightly
higher than that predicted by the Bonnor—Ebert theory. Never-
theless, inevitable physical processes, such as cloud cooling, the
natural reduction of internal magnetic flux by ambipolar
diffusion®*”, as well as any increase in external pressure, will readily
destabilize the Barnard 68 cloud and result in the formation of a
low-mass star, similar to the Sun.

Finally, we suggest that Barnard 68, and its neighbouring globules
B69, B70 and B72 may be the precursor of an isolated and sparsely
populated association of young low-mass stars similar to the
recently identified TW Hydra®® association. The TW Hydra associa-
tion is a stellar group near the solar system consisting of a handful of
young low-mass, Sun-like stars. The existence of such a young stellar
group presents an interesting problem to astronomers because its
origin is difficult to explain given its youth and relatively large
distance from known sites of star formation. Bok globules such as
those in the Barnard 68 group are thought to be remnant dense
cores produced as a result of the interaction of massive O stars and
molecular clouds®. Over their short lifetimes such massive stars,
through ionization, stellar winds and ultimately supernova explo-
sions, very effectively disrupt the molecular clouds from which they
formed. In the process large shells of expanding gas are created.
When surrounding clouds are disrupted by the passage of these
shells, a few of their most resilient dense cores will be left behind,
embedded within the shell’s hot interior. Remnant cores with just
the right mass can establish pressure equilibrium with the hot gas
within the shell and survive to become Bok globules. Eventually, as a
result of the processes described above, these clouds will evolve to
form low-mass, Sun-like stars which are relatively isolated and far
from the original birthplace of the O stars. Up to 35% of all Bok
globules contain newly formed stars™ and thus it is likely that our
observations of the starless Barnard 68 cloud provide the first
detailed description of the initial conditions which exist before
the collapse of dark globules and the formation of isolated, low-
mass stars. U

Received 19 September; accepted 3 November 2000.

1. Ebert, R. Uber die Verdichtung von HI-Gebieten. Z. Astrophys. 37, 217-232 (1955).

2. Bonnor, W. Boyle’s Law and gravitational instability. Mon. Not. R. Astron. Soc. 116, 351-359 (1956).

3. Alves, ], Lada, C. & Lada, E. Correlation between gas and dust in molecular clouds: L977. Astrophys. J.
515, 265-274 (1999).

4. Chandler, C. & Richer, J. The structure of protostellar envelopes derived from submillimeter
continuum images. Astrophys. J. 350, 851-866 (2000).

5. Lada, C, Lada, E., Bally, J. & Clemens, D. Dust extinction and molecular gas in the dark cloud IC 5146.
Astrophys. . 429, 694-709 (1994).

6. Alves, ], Lada, C. ], Lada, E. A,, Kenyon, S. J. & Phelps, R. Dust extinction and molecular cloud
structure: L 977. Astrophys. J. 506, 292—-305 (1998).

7. Lada, C,, Alves, J. & Lada, E. Infrared extinction and the structure of the IC 5146 dark cloud. Astrophys.
J. 512, 250-259 (1999).

8. Bok, B. & Reilly, E. Small dark nebulae. Astrophys. J. 105, 255-257 (1947).

9. Clemens, D. & Barvainis, R. A catalog of small, optically selected molecular clouds: optical, infrared,
and millimeter properties. Astrophys. J. Suppl. Ser. 68, 257—286 (1988).

10. de Geus, E., de Zeeuw, P. & Lub, J. Physical parameters of stars in the Scorpius-Centaurus OB
association. Astron. Astrophys. 216, 44—61 (1989).

11. Bourke, T., Hyland, A., Robinson, G., James, S. & Wright, C. Studies of star formation in isolated small

NATURE |VOL 40911 JANUARY 2001 | www.nature.com

%4 © 2001 Macmillan Magazines Ltd

letters to nature

dark clouds—II A southern ammonia survey. Mon. Not. R. Astron. Soc. 276, 10671084 (1995).
12. Quigley, M. & Haslam, C. Structure of the radio continuum background at high galactic latitudes.
Nature 208, 741-743 (1965).
. Breitschwerdt, D., Freyberg, M. & Egger, R. Origin of H I clouds in the local bubble. Astron. Astrophys.
361, 303—320 (2000).
14. Reipurth, B., Nyman, L. & Chini, R. Protostellar candidates in southern molecular clouds. Astron.
Astrophys. 314, 258—264 (1996).
15. Moorwood, A., Cuby, J. & Lidman, C. SOFI sees first light at the NTT. ESO Messenger 91, 9—13 (1998).
16. Appenzeller, L. ef al. Successful commissioning of FORSI—the first optical instrument on the VLT.
ESO Messenger 94, 1-6 (1998).
17. Mathis, J. Interstellar dust and extinction. Annu. Rev. Astron. Astrophys. 28, 37-70 (1990).
18. Bok, B. Centennial Symposia (Harvard Observatory Monographs No. 7, Harvard-College
Observatory, Cambridge, 1948).
19. Lane, J. Am. ]. Sci. Arts, Series 2 4, 57 (1870).
20. Emden, R. Gaskugeln (Teubner, Leipzig, 1907).
21. Chandrasekhar, S. in An Introduction to the Study of Stellar Structure 156 (Dover, Toronto, 1967).
22. Mckee, C. in The Origin of Stars and Planetary Systems (eds Lada, C. & Kylafis, N.) 29-66 (Kluwer,
Dordrecht, 1999).
. Nakano, T. Quasistatic contraction of magnetic protostars due to magnetic flux leakage—Part One—
formulation and an example. Publ. Astron. Soc. Jpn 31, 697-712 (1979).
24. Lizano, S. & Shu, F. Molecular cloud cores and bimodal star formation. Astrophys. J. 342, 834—854
(1989).
. Basu, S. & Mouschovias, T. Magnetic braking, ambipolar diffusion, and the formation of cloud cores
and protostars [—Axisymmetric solutions. Astrophys. J. 432, 720-741 (1994).
. Shu, E, Allen, A., Shang, H., Ostriker, E. & Li, Z. in The Origin of Stars and Planetary Systems (eds
Lada, C. & Kylafis, N.) 193—226 (Kluwer, Dordrecht, 1999).
. Mouschovias, T. & Ciolek, G. in The Origin of Stars and Planetary Systems (eds Lada, C. & Kylafis, N.)
305-340 (Kluwer, Dordrecht, 1999).
. Rucinski, S. & Krautter, J. TW Hya: a T Tauri star far from any dark cloud. Astron. Astrophys. 121,217—
225 (1983).
. Reipurth, B. Star formation in Bok globules and low-mass clouds. I—The cometary globules in the
Gum Nebula. Astron. Astrophys. 117, 183—198 (1983).
. Launhardt, R. & Henning, T. Millimetre dust emission from northern Bok globules. Astron. Astrophys.
326, 329-346 (1997).

w

=]

]

2!

@

2!

G

2

=N

2

N

2

®

2

©

3

S

Acknowledgements

We thank M. Lombardi for fruitful discussions and assistance, the Paranal Science
Operations team for observing Barnard 68 with FORS1 on Very Large Telescope (VLT)
Antu, R. West and E. Janssen for composing Figure 1 top, and R. Hook and R. Fosbury for
composing Figure 1 bottom. We also thank M. Petr for helpful discussions during the
preparation of the VLT observations. E.A.L. acknowledges support from a Presidential
Early Career Award for Scientists and Engineers to the University of Florida.

Correspondence and requests for materials should be addressed to J.A.
(e-mail: jalves@eso.org).

Quantum metallicity ina
two-dimensional insulator

V. Yu. Butko* T & P. W. Adams*

* Department of Physics and Astronomy, Louisiana State University, Baton Rouge,
Louisiana 70803, USA

t Ioffe Physical Technical Institute (PTI), Russian Academy of Sciences,
Polytekhnicheskaya Street, 26, 194021, St Petersburg, Russia

One of the most far-reaching problems in condensed-matter
physics is to understand how interactions between electrons,
and the resulting correlations, affect the electronic properties of
disordered two-dimensional systems. Extensive experimental'~
and theoretical™"' studies have shown that interaction effects
are enhanced by disorder, and that this generally results in a
depletion of the density of electronic states. In the limit of strong
disorder, this depletion takes the form of a complete gap'>"* in the
density of states. It is known that this ‘Coulomb gap’ can turn a
pure metal film that is highly disordered into a poorly conducting
insulator', but the properties of these insulators are not well
understood. Here we investigate the electronic properties of
disordered beryllium films, with the aim of disentangling the
effects of the Coulomb gap and the underlying disorder. We show
that the gap is suppressed by a magnetic field and that this drives
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