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Abstract. The Pipe Nebula is among the closest molecular clouds to Earth, and one
of the few observable with the naked eye. The entire complex has a mass of about 104

M⊙ and lies at a distance of about 130 pc in the direction of the Galactic center. Only
Barnard 59, at the northwestern edge of the complex, is currently known to be forming
stars and is associated with several T Tauri stars and deeplyembedded YSOs. Although
an ideal target for star formation studies, the Pipe Nebula remains until this day a poorly
studied complex.

1. Overview

The Pipe Nebula, named so by amateur astronomers because of its overall resemblance
to a smoking Pipe, is a poorly studied molecular cloud complex seen in projection
against the Galactic bulge, about 5◦ above the Galactic center (see Figures 1, 2, 3,
and 4) and located at the edge of the Sco OB2 association. It covers about 6◦ × 8◦ in
the sky and appeared first in Chart 20 of the Barnard photographic atlas (Barnard 1919)
presented in Figure 5. This 6◦ × 8◦ area of the sky contains 32 objects in the Barnard
Catalog of Dark Objects(Barnard 1919) and 63 objects in the LyndsCatalog of Dark
Nebulae(Lynds 1962). It is labeled TGU 25 in the cloud atlas of Dobashi et al. (2005).

It is perhaps surprising, given that the Pipe Nebula is one ofthe few conspicuous
dark clouds visible to the naked eye, that there are only two papers in the literature ded-
icated to this complex. One, by Onishi et al. (1999), is a CO study of the complex with
the NANTEN telescope, and the other, by Lombardi et al. (2006), is a dust extinction
study based on 2MASS data. A follow-up paper to the latter presents an initial study
of the 159 dense cores inside the Pipe Nebula (Alves et al. 2007). Studies of selected
regions of the Pipe Nebula also have appeared in the literature at various times. Perhaps
the best studied component of the Pipe complex is the Bok globule known as Barnard
68 (B68, see Figure 6). This visually dark and opaque globuleis detached from the rest
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Figure 1. Optical image of the Pipe Nebula. The white box represents a6◦ × 8◦

area. The Ophiuchus streamers can be seen immediately to theupper right of this
box. The Pipe molecular complex is one of the closest complexes of this size and
mass, and it is particularly well positioned along a relatively clean line of sight to the
rich star field of the Galactic bulge. Image courtesy of JerryLodriguss.

of cloud and situated within a high pressure bubble of hot gasapparently adjacent to
the Pipe complex. B68 is a starless core and perhaps the best example known in Nature
of a pressure truncated, isothermal sphere in hydrostatic equilibrium, otherwise known
as a Bonnor-Ebert sphere (Alves et al. 2001). Its proximity and simple structure have
made this core an excellent target for quantitative measurement of the structural (Alves
et al. 2001), chemical (Hotzel et al. 2002; Bergin et al. 2002, 2006; Lai et al. 2003;
Maret et al. 2006), and dynamical (Lada et al. 2003; Redman etal. 2006) conditions
in a quiescent, starless core. And these conditions may be representative of the initial
conditions for star formation. Other cores of the Pipe complex have also been included
in general surveys of cloud complexes that have been published:

• Dieter (1973) studied formaldehyde (H2CO) in a sample of 381 Lynds objects,
some associated with the Pipe Nebula.

• Feitzinger & Stüwe (1984) optically selected catalog of dark nebulae and glob-
ules includes some regions of the Pipe, including the prominent FeSt 1-457.

• Clemens & Barvainis (1988) optically selected catalog of small dark clouds in-
cludes some of the Pipe cores.
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Figure 2. Optical image of the Pipe Nebula. Image courtesy ofManuel Jung.

• Tachihara et al. (2002) included 14 C18O cores of the Pipe Nebula presented in
Onishi et al. (1999) (see Sect. 2.1.) in a statistical analysis of a sample of 179
C18O cores from several star forming regions.

• Kandori et al. (2005) studied the near-infrared dust extinction distribution to-
wards a sample of 10 Bok globules, including the Pipe Nebula’s FeSt 1-457, that
they conclude is on the verge of star formation.

2. The Molecular Cloud

2.1. Pipe Nebula in CO: NANTEN Observations

The first complete study of the Pipe Nebula appears in Onishi et al. (1999). This work
presents a NANTEN12CO survey covering∼ 27 square degrees at a 4′ grid spacing
(2′.7 beam size, see map in Figures 7 and 8). Smaller regions of the Pipe were also
observed in13CO and C18O. Assuming a distance to the Pipe of 160 pc1, Onishi et al.
(1999) derive a12CO mass of∼ 104 M⊙. A total of 14 C18O clumps2 was found with

1There are currently two directly derived distances to the Pipe Nebula: 130+24

−58 pc from Lombardi et al.
(2006), and 145±16 pc from Alves & Franco (2007).

2Although Onishi et al. (1999) call these C18O objects “cores”, we will use here the word “core” for
dense and well defined, 0.1-0.4 pc enhancements over a smooth, essentially structure-less, background of
molecular gas.
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Figure 3. Large-scale extinction map of the Pipe, Ophiuchus, Lupus region (Lom-
bardi et al. 2008).

typical masses around 30 M⊙. The study confirms that the Pipe Nebula is one coherent
structure and not a series of chance alignments. Regarding star formation activity in
the Pipe, these authors looked for association between IRASselected YSO candidates
and dense gas as traced by13CO and C18O only to find that, apart from the B59 region,
most of the candidates are not associated with the13CO emission region and none is
associated with C18O regions. This suggests strongly that currently there is only active
star formation in B59 (the “mouthpiece” of the smoking Pipe)and also the brightest
C18O region in the Pipe. They also found a new CO outflow towards the center of B59,
which further implies ongoing star formation in this region.

Onishi et al. (1999) consider that the Pipe Nebula might be shaped byθ Oph,
a B2 star located not far from the cloud (170−18

+24
pc, Hipparcos), although they also

conclude this is not likely. These authors further suggest that another member of the OB
association,τ Sco, a B0 star at 132−13

+14
(Hipparcos), although further away, is affecting

B59. A scenario is proposed where the wind fromτ Sco compressed the molecular gas
in B59, causing it to collapse and form stars.

The Pipe Nebula is located inside the Loop I super-bubble (Breitschwerdt et al.
2000), a bubble of pressurized hot gas powered by supernovaefrom the nearby Sco
OB2 association. Clearly, the particular environment in which the complex is embed-
ded has to have an influence on the overall physical conditions of the complex. It is
perhaps not coincidental that the “stem” of the Pipe is more or less parallel to the Ophi-
uchus streamers and that both “point” towards the Upper-Scorpius group of the Sco
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Figure 4. Optical extinction map taken from the survey of Dobashi et al. (2005).
The Pipe stem is approximately parallel to the Ophiuchus streamers. Being an opti-
cal extinction map this map saturates at about few Av, so, forhigh column density
regions, there is not a good correlation between this map andthe NIR extinction map
(see Figure 11).

OB2 association, as noted by Onishi et al. (1999), although one can find filamentary
clouds all across the Galactic plane, not necessarily associated with supernova powered
bubbles.

2.2. Pipe Nebula in Dust Extinction: 2MASS-NICER Maps

Dust extinction does not suffer from the effects inherent inthe traditional density tracing
methods in molecular clouds (radio spectroscopic techniques and dust thermal emission
as detected by far infrared and radio continuum techniques), such as deviations from
local thermodynamic equilibrium, opacity variations, chemical evolution, small-scale
structure, depletion of molecules, unknown emissivity properties of the dust, and un-
known dust temperature. Dust extinction maps are then the best representations of the
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Figure 5. Chart 20 from the Barnard photographic atlas (Barnard 1919) with over-
lay marking Barnard’s vacancies (Equatorial coordinates,equinox 1875). The Pipe
lies towards the bottom of the picture. The full Barnard atlas is available online at
http://www.library.gatech.edu/barnard

density distribution inside a molecular cloud when column density ranges from 1021

(3σ level) up to a few 1023 cm−2, being limited at the high density regions where no
background star light can be detected through the cloud. Nevertheless, this limitation
applies to only a very small area (typically much less than 1%) of the total area of a
molecular cloud. An example of a globule in the Pipe complex is seen in Figure 9,
which shows a 2MASS composite JHK image of the globule FeSt 1-457.

Lombardi et al. (2006) presented a 8◦×6◦ extinction map of the Pipe Nebula, at
relatively high resolution (1′, or ∼7500 AU), using about 4.5 million stars from the
Two Micron All Sky Survey (2MASS), see Figure 10. The map was computed with
the maximum likelihood technique NICER (Lombardi & Alves 2001), a technique that
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Figure 6. Barnard 68, one of the starless Pipe Nebula cores, as seen from the
VLT. B68 is a starless core and perhaps the best known examplein Nature of a
pressure truncated, isothermal sphere in hydrostatic equilibrium, otherwise known
as a Bonnor-Ebert sphere. Figure from Alves et al. (2001).

generalizes the approach taken by the NICE method (Lada et al. 1994; Alves et al. 1998)
to any combination of wavelengths. The extinction study by Lombardi et al. (2006)
finds a “normal” extinction law towards this cloud (E(J −K) = (1.85± 0.15)E(H −

K)) and derives a distance towards the complex of 130+24
−58

pc by comparing Hipparcos
and Tycho parallaxes with measured extinctions of optically bright stars in the region.
They computed a total mass of 104 M⊙ assuming this distance, or about 30% more
than the mass estimated by Onishi et al. (1999) using CO (accounting for the different
assumed distances). The Pipe may be one of the closest, if notthe closest, relatively
massive molecular cloud complex to Earth. Regarding the distance to the Pipe Nebula,
note that recently Alves & Franco (2007) have made use of B-band linear polarimetry
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Figure 7. NANTEN12CO map of the Pipe Nebula complex taken from Onishi
et al. (1999). The map covers about∼ 27 square degrees and was constructed from
a 4′ grid spacing (2′.7 beam size). B59, the only star forming region of the complex,
is marked. Figure kindly provided by Toshikazu Onishi.

collected for Hipparcos stars to investigate the dependence of the measured interstellar
polarization as a function of the star’s trigonometric parallax. These authors derive a
distance to the complex of 145±16 pc.

A direct comparison between the Lombardi et al. (2006) extinction map and the
Onishi et al. (1999)12CO map allowed the dermination with unprecedented accuracyof
the relationship between the near-infrared extinction andthe12CO column density and
hence (indirectly) the12CO X-factor (estimated to be1.1 × 1020 cm−2 K−1 km−1 s in
the range AV from 0.9 to 5.4 mag). Finally, this study uncovered a large population of
red stars whose colors are distinct from the color of background giants. These red stars,
likely rare OH-IR stars, appear distributed over the entirestudied field but preferentially
towards the Galactic plane. They were also the brightest stars in the field and have a
very narrow distribution in magnitudes suggesting that they are all at about the same
distance, likely close to the Galactic center.

2.3. Cloud Structure and the Stellar IMF

Alves et al. (2007) presented a study dedicated to the dense cores in the Pipe Nebula and
their mass spectrum. They used the high dynamic range extinction map of Lombardi
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Figure 8. NANTEN12CO contours overlaid on the POSS plate of the Pipe Nebula
complex (taken from Onishi et al. (1999)). The lowest contour level and the contour
intervals are 7 and 4 K km s−1, respectively. The well known B68 (see Figure 6)
core can be clearly seen at coordinatesl ∼1.5◦ andb ∼7◦. Figure kindly provided
by Toshikazu Onishi.

et al. (2006) to identify 159 dense cores and measure their individual masses.3 They
were able to construct a robust core mass function that extends to lower masses (and
column densities) than are typically measured using other techniques. For example,
most of these cores would fall below the detection limits of typical millimeter-wave
continuum surveys which measure thermal dust emission (a commonly used density
tracer), given their low mass and low contrast against a largely uniform background.
Given the low level of star forming activity in the cloud and the fact that the vast ma-
jority of its large population of cores appear to be starless, (see next Section), the Pipe
Nebula is likely to be a very young molecular cloud in an earlystage of evolution.

The Alves et al. (2007) study presented the first robust evidence for a departure
from a single power-law form in the mass function of a population of dense molecular
cores. Moreover the core mass function was found to be surprisingly similar in shape to
the stellar IMF, but scaled to a higher mass by a factor of about 3 (see Figure 12). These
results further suggested that the distribution of stellarbirth masses (IMF) is the direct
product of the dense core mass function and a uniform star formation efficiency of
30%±10%, and that the stellar IMF may already be fixed during or before the earliest
stages of core evolution. The typical density of∼104 cm−3 measured for the dense

3An electronic table with the coordinates and basic cores properties can be found at:
http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/462/L17/
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Figure 9. The Bok globule FeSt1-457 is one of the Pipe globules, here seen in a
composite J, H, K image from the 2MASS survey. Image courtesyInfrared Process-
ing and Analysis Center & University of Massachusetts.

cores in this cloud suggests that the mass scale that characterizes the dense core mass
function may be the result of a simple process of thermal (Jeans) fragmentation in cold,
10 K gas.

This sample of coresis the largest identified to date in a single molecular cloud
complex. Because these cores are all at about the same distance from Earth, they rep-
resent a prime laboratory for follow-up molecular spectral-line and dust continuum
studies. Such studies should be able to produce highly desired quantitative information
about the detailed chemical, physical and dynamical statesof a dense core population.

3. The Nature of the Dense Core Population

Three recent papers investigate the nature of the population of the Pipe cores revealed
by the near-infrared extinction method, through dedicatedmolecular line observations
of these cores.

Muench et al. (2007) present molecular line observations of94 Pipe cores us-
ing the Arizona Radio Observatory 12 m telescope in the J = 1-0transition of C18O.
They used the measured core parameters, T∗

R, ∆v, vlsr, radius, and mass, to explore
the internal kinematics of the cores, as well as their radialmotions through the larger
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Figure 10. Dust extinction map of the Pipe Nebula molecular complex. This map
was constructed from near-infrared observations (1.25µm, 1.65µm, 2.2 µm) of
about 4 million stars in the background of the complex. A total of 159 individual
cores were identified and are marked by open circles. Most of these cores appear as
distinct, well separated entities facilitating the measurements of their basic physical
parameters. The peak extinctions of the cores range from 3.5to 27 visual magnitudes
(but note that the peak extinction is a function of resolution, hence the true peak
extinction is likely higher than 27 mag) with sizes (radii) between about 0.1 to0.4 pc
and masses ranging between 0.5 to28 M⊙.

molecular cloud. They find that the vast majority of the dark extinction cores are true
cloud cores, rather than a superposition of unrelated filaments. While they identify no
significant correlations between the cores’ internal gas motions and their other physi-
cal parameters, they find spatially correlated radial velocity variations that outline two
main kinematic components of the cloud. The largest is a 15 pclong filament that is
surprisingly narrow both in spatial dimensions and in radial velocity. Beginning in the
“Stem” of the Pipe (see Figure 13), this filament displays uniformly small C18O line
widths (∆v∼0.4 km/s), as well as core-to-core motions only slightly in excess of the
gas sound speed (see Figure 14). The second component outlines what appears to be
part of a large (2 pc; 103 M⊙) ringlike structure. Cores associated with this component
display both larger line widths and core-to-core motions than cores in the main cloud.
These authors argue that the Pipe molecular ring may represent a primordial structure
related to the formation of this cloud.

Rathborne et al. (2008) present a survey of NH3 (1,1), NH3 (2,2), CCS (21-10), and
HC5N (9,8) emission toward 46 of these cores. An atlas of the 2MASS extinction maps
is also presented. In total, they detect 63% of the cores in NH3 (1,1), 22% in NH3 (2,2),
28% in CCS, and 9% in HC5N emission (see one of the cores of the atlas in Figure 15).
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Extinction map (cores subtracted)

Extinction map (original)

1 pc

Figure 11. Comparison between the original NICER map and thecore subtracted
version of the same map. The mass spectrum of the subtracted cores appears in
Figure 12. The cores and the more diffuse, almost structureless, cloud material in
which they seem embedded are two fundamentally different components of molecu-
lar cloud structure (Alves et al. 2007).
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Figure 12. Mass function of the Pipe Nebula dense molecular cores (filled cir-
cles). The blue line represents the stellar IMF of Muench et al. (2002). See Figure 3
of Alves et al. (2007) for a similar comparison with the IMF ofKroupa (2001) and
Chabrier (2003). The blue dashed line represents the stellar IMF binned to the reso-
lution of the data and shifted to higher masses by about a factor of 3. The dense core
mass function is essentially the same as the stellar IMF function, apart from a uni-
form star formation efficiency (SFE) of about 30%. The mass spectrum is complete
to about 1 M⊙. Figure from Alves et al. (2007).

They find that the cores are associated with dense gas (∼104 cm−3) with 9.5 K≤TK≤17
K. Compared to the C18O of Muench et al. (2007), they find the NH3 line widths are
systematically narrower, implying that the NH3 is tracing the dense component of the
gas and that these cores are relatively quiescent. They find no correlation between core
line width and size, in clear deviation from the Larson laws.The derived properties of
the Pipe cores are similar to cores within other low-mass star-forming regions: the only
differences are that the Pipe cores have weaker NH3 emission and most show no current
star formation as evidenced by the lack of embedded infraredsources. Such weak NH3
emission could arise due to low column densities and abundances or reduced excitation
due to relatively low core volume densities. Either alternative implies that the cores are
relatively young. Thus, the Pipe cores represent an excellent sample of dense cores in
which to study the initial conditions for star formation andthe earliest stages of core
formation and evolution.

Finally, Lada et al. (2008) present the results of a systematic analysis of the entire
core population (see Figure 16). From the analysis of extinction data they show that
the cores are dense objects characterized by a narrow range of density with a median
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Figure 13. Smoothed13CO channel maps at 3.5 (white contours) and 5.0 (red
contours) km/s, illustrating the two primary velocity components of the Pipe Nebula
(data from Onishi et al. 1999). These components trace the large-scale kinematic
feature we refer to as the Pipe molecular ring. Black contours correspond to the
wavelet-subtracted map of Alves et al. (2007), overplottedon the complete 2MASS
extinction map (inverted gray-scale). From Muench et al. (2007).

value of n(H2) = 7×103. The non-thermal velocity dispersions measured in molecular
emission lines was found to be subsonic for the large majority of the cores and show
no correlation with core mass (or size). Thermal pressure was found to be the domi-
nating source of internal gas pressure and support for most of the core population. The
total internal pressures of the cores is roughly independent of core mass over the en-
tire (0.2-20 M⊙) range of the core mass function (CMF) indicating that the cores are
in pressure equilibrium with an external source of pressure. This external pressure is,
these authors argue, most likely provided by the weight of the surrounding molecu-
lar cloud. Most of the cores appear to be pressure confined, gravitationally unbound
entities whose fundamental physical properties are determined by only a few factors,
which include self-gravity, gas temperature, and the simple requirement of pressure
equilibrium with the surrounding environment. The entire core population is found to
be characterized by a single critical Bonnor-Ebert mass of approximately 2 M⊙ (see
Figure 17). This mass coincides with the characteristic mass of the Pipe CMF suggest-
ing that the CMF (and ultimately the stellar IMF) has its origin in the physical process
of thermal fragmentation in a pressurized medium.
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Figure 14. Spatial distribution of Pipe cores. Top: Spatialvariations in vlsr of the
Pipe cores observed in C18O. Bottom: Spatial distribution of Pipe cores with and
without C18O measurements, with underlying reverse gray-scale image of the Pipe
Nebula in extinction (Lombardi et al. 2006). Three subregions of the Pipe referred to
in text (Stem, Bowl, and Smoke) and used to characterize the sample are so labeled.
The “Stem” of the Pipe displays uniformly small C18O line widths (∆v∼0.4 km/s),
as well as core-to-core motions only slightly in excess of the gas sound speed. From
Muench et al. (2007).

4. Ongoing Star Formation: Barnard 59

The only significant star forming activity known in the Pipe Nebula is confined to the
B59 region (see location of B59 in Figures 5 and 7). Perhaps the most obvious signpost
of this activity is the outflow found by the NANTEN survey (Onishi et al. 1999). There
is as yet no evidence for star formation in any of the other 158dense cores in the cloud.
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Figure 15. Extinction map (left) and spectra (right) towardPipe core 102. From
Rathborne et al. (2008).

An estimate of the total mass of the B59 region, as taken from the Lombardi et al.
(2006) 2MASS-NICER map and assuming a distance of 130 pc, points to about 120
M⊙. Figure 18 presents the 2MASS-NICER map of B59 at a resolution of 1′ where the
overall spider-like structure of the cloud (a denser core atthe convergence of filaments)
can be appreciated. The small embedded cluster found by Spitzer (Brooke et al. 2007)
and discussed below is centered on the core. B59 appears in the 350µm survey of Wu
et al. (2007).

4.1. Visible Stars

Several faint variable stars were found in and around B59 by Swope (1928). Merrill
& Burwell (1950) found Hα emission in one of Swope’s variables (KK Oph or AS
220) while in the 1950s and 1960s several other Hα emitters were found in the B59
area at Lick Observatory by Stephenson & Sanduleak (1977) and The (1964). More
recently, one more Hα star was found by Kohoutek & Wehmeyer (2003). Recently,
Herbig (2005) presented a Keck HIRES study of the Hα stars IX, KK, and V359 Oph
and HD 154851 that lie towards the northern edge of B59. This study concludes that
HD 154851 is a background Be star, V359 Oph is a conventional TTauri star, and KK
Oph, a visual binary, is composed of an interesting HAeBe star as primary and a K-type
T Tauri star as secondary. IX Oph is perhaps the spectroscopically most interesting of
these four, but radial velocity and interstellar line strengths and structure indicate that
IX Oph is a high-luminosity background star, and that its location near B59 and other
PMS objects is likely an accident of projection.

During a campaign to determine statistical properties of visual pre-main sequence
binaries, Reipurth & Zinnecker (1993) studied eight Hα stars towards B59 and found
two of them to be visual binaries separated by about 3′′. These two visual binaries (B59-
1 and B59-2) appear later in a Speckle holography survey of young binaries by Koresko
(2002) where it was found that B59-1 has a well resolved tertiary at a resolution of 100
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Figure 16. Mass-radius relation for the dense cores in the Pipe Nebula. The short-
dashed line represents the least-squares fit to the data. Thelong-dashed line indicates
the sensitivity threshold of the observations. From Lada etal. (2008).

mas, while there is evidence that B59-2 also has a tertiary, albeit at a closer, unresolved,
separation.

4.2. Embedded Sources

Regarding potentially younger PMS sources, likely still embedded in the cloud, Reipurth
et al. (1996) identified a cold 1.3 mm source projected on the core of B59 (B59-MMS1),
with a peak flux of about 725 mJy but without an IRAS 12µm counterpart and prob-
ably also without an IRAS 25µm counterpart. Recently, Brooke et al. (2007) used the
Spitzer Space Telescope to image B59 and reveal a small embedded cluster (of about 20
members) associated with B59 (see Table 1 and Figure 19). Remarkably, 13 of the 20
sources appear within 0.1 pc of the peak of column density. One of the detected embed-
ded objects is probably associated with the millimeter source B59-MMS1. This deeply
embedded object has a bolometric luminosityLbol = 2L⊙, has extended structure at
3.6 and 4.5µm, possibly tracing the edges of an outflow cavity.
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Table 1. Candidate Young Stars in B59a. From Brooke et al. (2007)

No. 2MASS Other RA DEC J H Ks AV
g AV

h

Name ID (J2000) (J2000) (JHK) (Map)

1 J17110392- LkHα 346 NW 17 11 03.91 -27 22 55.2 10.46 8.99 7.76 2.6 10.0 b
2722551 (0.03) (0.03) (0.02) (1.7) (0.6)

2 J17110411- LkHα 346 SE 17 11 04.12 -27 22 59.3 9.75 8.79 8.05 0.0 9.9
2722593 (0.03) (0.04) (0.03) (1.5) (0.6)

3 J17111182- · · · 17 11 11.82 -27 26 55.0 14.09 12.62 11.76 5.6 19.2
2726547 (0.02) (0.03) (0.02) (1.4) (1.9)

4 J17111445- · · · 17 11 14.45 -27 26 54.4 11.62 10.42 9.63 2.7 22.4
2726543 (0.02) (0.02) (0.02) (1.3) (2.8)

5 J17111626- · · · 17 11 16.27 -27 20 28.8 11.23 9.70 9.07 8.3 7.3
2720287 (0.02) (0.02) (0.02) (0.8) (0.3)

6 J17111631- KW 2 17 11 16.32 -27 25 14.6 10.58 9.37 8.75 4.2 14.7 c
2725144 (0.02) (0.02) (0.02) (1.1) (2.3)

7 J17111726- IRAS17081- 17 11 17.28 -27 25 08.2 13.61 10.82 8.77 13.0 15.7
2725081 2721 (0.04) (0.04) (0.03) (1.8) (2.5)

8 J17111827- · · · 17 11 18.13 -27 25 49.3>18.4 15.12 11.95 44 25.3
2725491 (0.08) (0.03) (8) (6.2)

9 J17112153- IRAS17082- 17 11 21.50 -27 27 42.3 12.74 10.57 8.98 8.7 26.9
2727417 2724 (0.02) (0.02) (0.02) (1.7) (5.0)

10 · · · · · · 17 11 22.10 -27 26 2.0 · · · · · · · · · · · · 46.1
(20.0)

11 J17112317- · · · 17 11 23.18 -27 24 31.5>18.8 >17.8 15.08 · · · 25.7 d
2724315 (0.14) (5.7)

12 J17112508- · · · 17 11 25.08 -27 24 42.7 16.52 13.61 11.57 14.7 27.2
2724425 (0.11) (0.03) (0.02) (2.2) (5.7)

13 J17112701- B59-1 17 11 26.95 -27 23 48.4 11.88 10.14 9.08 7.5 24.4 e
2723485 (0.04) (0.04) (0.03) (1.5) (2.4)

14 J17112729- · · · 17 11 27.06 -27 25 29.5 13.17 10.65 9.11 13.7 33.2
2725283 (0.02) (0.02) (0.02) (1.3) (8.6)

15 J17112942- · · · 17 11 29.31 -27 25 36.3 13.28 11.74 10.70 5.1 23.6
2725367 (0.02) (0.02) (0.02) (1.3) (3.7)

16 J17113036- · · · 17 11 30.29 -27 26 29.3 11.91 10.00 8.89 9.3 20.7
2726292 (0.03) (0.02) (0.02) (1.4) (2.7)

17 J17114099- IRAS17085- 17 11 40.99 -27 18 37.0 10.64 8.75 7.54 8.2 8.4
2718368 2715 (0.02) (0.04) (0.02) (1.4) (0.8)

18 J17114182- B59-2 17 11 41.73 -27 25 50.3 11.3 10.4 10.1 4.1 11.7 f
2725477 (0.2) (0.2) (0.2) (4.3) (0.6)

19 J17114315- · · · 17 11 43.16 -27 30 58.6 14.09 12.75 11.91 4.1 10.1
2730584 (0.03) (0.03) (0.03) (1.4) (1.2)

20 J17120020- LkHα 347 17 12 0.20 -27 20 18.1 10.54 9.64 9.17 1.4 6.9
2720180 (0.02) (0.03) (0.02) (1.1) (0.8)

a Within field covered by both IRAC and MIPS 24µm. Uncertainties in parentheses. Adopted
flux zero points for the 2MASS J, H, and Ks filters are 1594, 1024, and 667 Jy, respectively.
b Triple star : LkHα 346 SE (IRAS17079-2719) is labeled the primary (A) and has a tertiary
companion (C) according to Chelli et al. (1995). The AC pair is unresolved bySpitzer. LkHα
346 NW, or (B), is the brighter infrared source.
c Hα emission (Kohoutek & Wehmeyer 2003).

d Probably MMS1 of Reipurth et al. (1996). See text.

e The source is triple according to Koresko (2002). The brighter source is the primary (plus
tertiary), for which the position and fluxes are given.
f The source is double (Reipurth & Zinnecker 1993), possibly triple (Koresko 2002). The
brighter mid-infrared source is the secondary, for which the position and fluxes are given. The
JHK fluxes are from Koresko (2002).
g Extinction from dereddening to T Tauri JHKs locus.

h Cloud extinction from background stars.



Pipe Nebula 19

10-1.0 100.0 101.02 3 4 5 6 7 8 2 3 4 5 6 7 8 2

Core Mass (solar mass)

0

2

4

6

8
M

/M
B

E

Non-equilibrium

Equilibrium

Pipe Cores

Figure 17. Ratio of core mass to Bonnor-Ebert critical mass for each individ-
ual core plotted against core mass. The entire core population appears to be
characterized- by a single critical Bonnor-Ebert mass of∼ 2 M⊙. Cores with masses
in excess of the critical mass are likely out of equilibrium and destined to form stars.
There is also a large population of cores that are presently in equilibrium states.
Most of these are likely in stable equilibrium states and thus are unlikely to collapse
to form stars unless further perturbed via an increase in theexternal pressure, loss
of internal pressure support (e.g., cooling), or a combination of both effects. From
Lada et al. (2008).

5. The Status of the Pipe Nebula

Despite its proximity, size, mass, and visual prominence inthe night sky, little is still
known about the Pipe dark cloud. This is almost certainly dueto its most mysterious
property, the lack of any significant star formation activity. Without visible HII regions,
reflection nebulae, water masers, or bright infrared protostars, it has attracted scarce
attention from research astronomers. However these very attributes make this cloud a
compelling object for study. What is it about this nearby complex containing signifi-
cant amounts of cold dust and gas that makes it so unusual compared to its better known
star-forming cousinsρ Ophiuchi, Taurus, and Chamaeleon? Is there some specific dif-
ference in the physical state of this cloud compared to all the others that prevents star
formation from occurring? If so, knowledge of this difference would provide a valuable
insight into the fundamental physics of the star formation process. Perhaps the more
likely possibility is that the cloud lacks star formation because it is extremely young,
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Figure 18. B59 extinction map from Román-Zúñiga et al. (2008). The overall
spider-like structure of the cloud (a denser core at the convergence of filaments) is
clearly seen. The small embedded cluster found by Spitzer (Brooke et al. 2007) is
centered on the triangular shaped core, and quite remarkably, more than half of its
members are found projected within 0.1 pc of the peak of the density. The total mass
of B59 is estimated to be about 120 M⊙. The map was constructed using a catalog
that combines data from 2MASS, ESO NTT (SOFI) and VLT (ISAAC), and IRAC
(3.6, 4.0, 5.0 and 8.0 microns) . Halftone appears in Av=1.0 mag increments. Black
contours go from Av=4.0 to 20.0 in steps of 2.0 and then from 20to 35 in steps of
5.0. White contours go from Av=40.0 to 80 in steps of 10.0

only recently formed, and in an earlier stage of evolution than its more famous cousins.
In this case knowledge of its physical nature could provide important information con-
cerning the initial conditions of star formation and, in particular, provide the first clear
insights into the little understood processes of dense coreformation and early evolu-
tion, and in doing so even perhaps the origin of the stellar IMF. Finally, the Pipe Nebula
may be rare but not necessarily unique among dark clouds; there are other nearby com-
plexes which lack obvious star formation activity. The mostprominent example being
the Coalsack which appears completely devoid of star formation, although it is signifi-
cantly less massive than the Pipe cloud. Another example maybe the large and massive
cloud complex that makes up the visually prominent Aquila Rift, significant portions
of which also lack active star formation.
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Figure 19. Multi-wavelength views of the B59 region.(a) Three-color composite
in IRAC filters: 3.6µm (blue), 4.5µm (green), and 8.0µm (red ). (b) MIPS 24µm
image revealing the young star cluster. Non-star like features seen±2′ roughly north
and south of bright objects are artifacts due to latent images. (c) Source ID key for
candidate young stars from Table 1 of Brooke et al. (2007), with IRAC 4.5µm image
in background. Young star IR spectral classes have the following symbols: Class I
(circles), Flat (squares), and Class II (diamonds). The scale bar is for an adopted
distance of d= 130 pc.(d) Estimated AV from 2MASS data with Digital Sky Survey
Red image. The extinction map has resolution∼100′′ and contours at AV = 10, 14,
19, 30, and 45 mag.(e) MIPS 24µm image with CS (J= 2–1) integrated intensity
contours with a 60′′ beam from C. DeVries (2006, private communication). Contours
are at 0.36, 0.50, 0.70, and 0.85 K km s−1. CO red outflow (dark cross), and CO
blue outflow peaks (dark plus signs) are from Onishi et al. (1999). These are the
peak positions of the integrated line flux in red and blue channels. A third blue CO
outflow peak is off the map to the SE.(f) Same as(a), but stretched to show extended
emission. Figure and caption taken from Brooke et al. (2007).
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