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ABSTRACT

Aims. We seek an accurate distance to the Pipe nebula.

Methods. The B-band linear polarimetry collected for stars from the Hipparcos catalogue is used to investigate the dependence of the
measured interstellar polarization as a function of the star’s trigonometric parallax.

Results. The linear polarization obtained for 82 Hipparcos stars in the general direction of the Pipe nebula are presented and analysed.
The distribution of the obtained position angles suggests the existence of two polarizing components. One of them has low average
column density and seems to be closer than ~70 pc to the Sun, while the other component has a higher column density and seems
to belong to a very extended interstellar structure. The obtained parallax-polarization diagram indicates a low degree of polarization
for stars with 7y > 8 mas, while a steep rise in polarization is observed for stars with 7y ~ 7 mas, corresponding to a distance of

approximately 140 pc.

Conclusions. Our analysis suggests a distance of 145 + 16 pc to de Pipe nebula, meaning that this cloud is part of the Ophiuchus dark
cloud complex. There is evidence that the largest filament of the Pipe nebula has collapsed along the magnetic field lines, indicating
that magnetic pressure plays an important role in the evolution of this cloud.

Key words. ISM: clouds — ISM: individual objects: Pipe nebula — stars: distances — stars: individual objects: Hipparcos —

techniques: polarimetric

1. Introduction

The knowledge of accurate distances to molecular clouds is cru-
cial for calibrating the physical parameters associated with them.
Elegant methods for analysing star counts have been worked
out by many astronomers and are frequently used to estimate
distance, extinction power, and radial extension of interstellar
clouds. However, these techniques are unable to give accurate
distances since they rely on assumptions that may be inadequate
for the region under investigation.

Another classical approach has been to use the photometry
of dense grids of stars in a photometric system able to measure
accurate colour excesses and provide rather precise photometric
distances. Stromgren photometry has been successfully applied
for this purpose, but stars with spectral types later than G2 — G5
have not been accurately calibrated in this photometric system.

The availability of high-quality Hipparcos trigonometric
parallaxes has inspired alternative methods. For instance, Knude
& Hgg (1998) combined the (B—V) provided by the Hipparcos
and Tycho catalogues with spectral classification from the litera-
ture to estimate colour excesses, and to further construct colour
excess vs. distance diagrams for several local interstellar clouds.
In spite of this method being very useful as a first attempt at es-
timating the distance to local interstellar clouds, the use of spec-
tral types retrieved from survey catalogues may jeopardise the
accuracy of the obtained result.

The literature provides many examples where Hipparcos
parallaxes are combined with other measurements in order to

* Based on observations collected at Observatério do Pico dos Dias,
operated by Laboratério Nacional de Astrofisica (LNA/MCT, Brazil).
** Tables 1 and 2 are only available in electronic form at
http://www.aanda.org

yield distance estimates to objects of interest. For instance, in a
previous work we successfully combined Hipparcos parallaxes
with linear polarimetry using CCD imaging to investigate the
distribution of the interstellar medium in the vicinity of the dark
cloud Lupus 1 (Alves & Franco 2006).

In this paper we present the results of B-band linear po-
larimetry using CCD imaging obtained for stars selected from
the Hipparcos catalogue (ESA 1997) with lines of sight toward
the Pipe nebula, a dark cloud that seems to be associated with
the large Ophiuchus molecular complex.

Although apparently a potential site for stellar formation,
the Pipe nebula has not attracted attention until recently. The
detailed map of '>CO obtained by Onishi et al. (1999) for the
whole Pipe nebula point to a mass of ~10* M, and indicates that
the nebula consists of many filamentary structures. In spite of the
many identified C'30 cores whose masses are typically ~30 M,
star formation seems to be active only on Barnard 59 (B 59), lo-
cated at the northwestern extremity of the nebula. However, there
is evidence that B 59 is producing young stars with high effi-
ciency (Brooke et al. 2007). Based upon stars from the 2MASS
catalogue, Lombardi et al. (2006) produced a high-resolution ex-
tinction map of the Pipe nebula. The near infrared extinction map
correlates well with the molecular one and corroborates the esti-
mated mass.

Previous distance estimates suggest that the Pipe nebula is a
local cloud; however, the estimated values are rather uncertain.
Onishi et al. (1999) suggest a distance of ~160 pc, supposing that
this cloud is connected with the Ophiuchus dark cloud complex
(they assumed the value estimated by Chini 1981). Lombardi
etal. (2006) obtained 130*3 pc from a method similar to the one
applied by Knude & Hgg (1998), in agreement with the value
suggested by de Geus et al. (1989) and Bertout et al. (1999)
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for the distance to the Ophiuchus complex (note that de Geus
et al. formally estimate a distance range of 60—205 pc for the
Ophiuchus dark clouds, with their centre defined as 125 +25 pc).

The good quality of our polarimetric data allows us to probe
the interstellar medium in the direction of the Pipe nebula and to
obtain an accurate distance to this cloud.

2. Observations and data reduction

The polarimetric data were collected with the IAG 60 cm tele-
scope at the Observatério do Pico dos Dias (LNA/MCT, Brazil)
in missions conducted from 2003 to 2005. These data were ob-
tained with the use of a specially adapted CCD camera to al-
low polarimetric measurements — for a suitable description of
the polarimeter see Magalhdes et al. (1996). The B-band linear
polarimetry using CCD imaging was obtained for 82 Hipparcos
stars with trigonometric parallaxes 7y > 5mas, which cor-
responds to a distance coverage up to 200pc and ratios of
the observational error to the trigonometric parallax given by
O,/ < 1/5. The selected stars have lines of sight toward a
large region around the Pipe nebula, limited by Galactic coordi-
nates: —5° <[ < +4°, +1° < b < +9°, covering an area slightly
larger than the one surveyed in molecular lines by Onishi et al.
(1999).

When in linear polarization mode, the polarimeter incorpo-
rates a rotatable, achromatic half-wave retarder followed by a
calcite Savart plate. The half-wave retarder can be rotated in
steps of 2225, and one polarization modulation cycle is covered
for every 90° rotation of this waveplate. This arrangement pro-
vides two images of each object on the CCD with perpendicular
polarizations (the ordinary, f,, and the extraordinary, f., beams).
Rotating the half-wave plate by 45° yields in a rotation of the
polarization direction of 90°. Thus, at the CCD area where f,
was first detected, now f; is imaged and vice versa. Combining
all four intensities reduces flatfield irregularities. In addition, the
simultaneous imaging of the two beams allows observing under
non-photometric conditions and, at the same time, the sky po-
larization is practically canceled. Eight CCD images were taken
for each star with the polarizer rotated through 2 modulation cy-
cles of 0°, 2225, 45°, and 67°5 in rotation angle. For each star, an
optimum integration time was chosen to obtain a high signal-to-
noise ratio, but they stay below the CCD saturation level.

The CCD images were corrected for readout bias, zero level
bias, and relative detector pixel response. After these normal
steps of CCD reductions, we performed photometry on the pair
of polarized stellar images in each of the eight frames of a given
star using the IRAF DAOPHOT package. In many cases, we
gathered as much as ~10° counts per stellar beam after perform-
ing aperture-photometry. From the obtained file containing count
data, we calculate the polarization by using a set of specially de-
veloped IRAF tasks (PCCDPACK package; Pereyra 2000). This
set includes a special purpose FORTRAN routine that reads the
data files and calculates the normalized linear polarization from
a least-square solution that yields the per cent linear polarization
(P), the polarization position angle (6, measured from north to
east), and the per cent Stokes parameters Q and U, as well as
the theoretical (i.e., the photon noise) and measured (o p) errors.
The last are obtained from the residuals of the observations at
each wave-plate position angle (y;) with respect to the expected
cos4y; curve and are consistent with the photon noise erros
(Magalhaes et al. 1984). For a good review of the basic concepts
and error analysis for polarimetric data obtained with dual-beam
instruments, the reader is referred to Patat & Romaniello (2006).
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Zero-polarization standard stars were observed every run to
check for any possible instrumental polarization and for sys-
tematic errors of our polarimetry. The measured polarizations
proved to be small and in good agreement with the values listed
by Turnshek et al. (1990). The reference direction of the po-
larizer was determined by observing polarized standard stars
(Turnshek et al. 1990), complemented with polarized stars from
the catalogue compiled by Heiles (2000). The present project
shared some of the observing nights with the one used to col-
lect the data described in our previous work (Alves & Franco
2006), to which we refer the reader for a detailed description of
the standard stars used and their standard errors.

Table 1 displays the obtained results for the observed stars,
together with their identification in the Hipparcos (HIP) cat-
alogue (Col. 1), the Michigan two-dimensional classification
(Houk 1982; Houk & Smith-Moore 1988), when available
(Col. 2), equatorial coordinates for the equinox 2000.0 (Cols. 3
and 4), Galactic coordinates (Cols. 5 and 6), visual magni-
tude (Col. 7), trigonometric parallax and standard error (Cols. 8
and 9), polarization and measured error (Cols. 10 and 11), and
the orientation angle of the polarization vector (Col. 12), respec-
tively. The polarization measured errors, op, are smaller than
0.08% for all observed stars. They are even substantially smaller
than this in many cases because of the large gathered counts
of ~10° and the small systematic errors of our polarimeter. This
accuracy is corroborated by the small errors found for the zero
polarization standard stars (Alves & Franco 2006, Table 1).

As mentioned earlier, an optimum integration time was cho-
sen to obtain a good signal-to-noise ratio for the selected target.
Because the targets were usually bright, most of the obtained
CCD frames only allowed accurate polarization measurements
for the Hipparcos program stars, however, in few cases we were
able to get the degree of polarization for other stars appearing
in the frames. Since this information will be useful in our later
discussion, these results are introduced in Table 2, which gives
the star’s identification, when available (Col. 1), equatorial coor-
dinates for equinox 2000.0 (Cols. 2 and 3), Galactic coordinates
(Cols. 4 and 5), polarization and measured error (Cols. 6 and 7),
and the orientation angle of the polarization vector (Col. 8),
respectively.

3. The sightline toward the Pipe nebula
3.1. Magnetic field structure

Based upon data from the 2MASS catalogue, Lombardi et al.
(2006) constructed a high-resolution extinction map of the Pipe
nebula. The area covered by the map basically coincides with the
one investigated here. In Fig. 1 we overlay the obtained polariza-
tion vectors in this extinction map. Since most of the observed
stars show a low degree of polarization and these value are not
essential at this stage of our analysis, we have plotted polarized
vectors proportional to the square root of the polarization degree:
with this convention one gets a better view of the orientation pat-
tern. We interpret the polarization of background stars as due to
dichroic absorption by a medium of magnetically aligned grains.
The polarization position angles therefore map the global struc-
ture of the magnetic field within the medium.

At first glance we note, as indicated by the few highly polar-
ized stars in Fig. 1, that the largest filament from (I, b) ~ (0°,4°)
to (I,b) = (357°,7°), corresponding to the “stem” of the “pipe”,
is roughly perperdicular to the large-scale magnetic field shown
by the polarized stars (P 2 1%) in the region. This orientation
suggests that the cloud collapse was steered preferentially along
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Fig. 1. Dust extinction map of the Pipe nebula molecular complex obtained by Lombardi et al. (2006), contour levels in steps of 0"5 and lowest
contour Ax = 05. The positions of the observed Hipparcos stars are marked by the filled circles, and the lines give the obtained polarization
vectors. The lengths of these vectors are proportional to the square root of the degree of polarization, according to the scale indicated in the upper

left-hand corner. Thick lines refer to measurements having P/op > 4.

the field lines and that magnetic pressure continues to support
the cloud in the direction of the elongation. In the stellar forma-
tion scenario proposed by Shu et al. (1987), this situation should
culminate in the formation of low-mass stars, similar to what is
observed at other star formation sites, such as the Chamaeleon I,
Lupus, and Taurus-Auriga dark clouds (McGregor et al. 1994;
Strom et al. 1988; Tamura & Sato 1989, and references therein).

A more accurate analysis of Fig.1 shows, however, some
stars having polarization almost orthogonal to the one presented
by stars with a higher degree of polarization. This fact led us
to suppose the existence of two absorbing components subject
to almost orthogonal magnetic fields. This supposition may be
tested by analysing the distribution of the obtained position an-
gles. However, the uncertainty in this quantity correlates with the
signal-to-noise of the polarization measurement, which is P/o,
(see for instance, Naghizadeh-Khouei & Clarke 1993), and since
the majority of the observed stars show a low degree of po-
larization, the signal-to-noise is usually small for our objects.
To avoid polluting the distribution of the polarization angles by
large uncertainties, only stars having P/op > 2.0 were con-
sidered. The obtained distribution is given in Fig. 2 (left-hand
panel) and seems to support the existence of two, almost orthog-
onal, components. The shaded area in this histogram represents

stars having P/op > 4.0. Note that the bin [0°, 30°] was shifted
by 180° and appears at the end of the histogram. Stars belong-
ing to the first component (~60°) show a low degree of polar-
ization, suggesting an origin in a low column-density medium
(hereafter “diffuse component”), while many stars in the second
component (~160°) are more heavily polarized (hereafter “dense
component”). We note that no stars introduced in Table 2 were
included in the histogram in Fig. 2; however, all star showing a
relatively high degree of polarization, in that table, have a posi-
tion angle in the interval defined by the dense component.

One should be aware that a larger and more accurate sample
is required in order to establish the existence and characteristics
of these two components; however, previous works have already
pointed out the complex nature of the magnetic field toward this
direction in the solar neighbourhood. The skyplots presented
by Axon & Ellis (1976, Figs. l1a and b) show this complexity
around the area investigated here and support the existence of
two dominant components. More recently, Leroy (1999) anal-
ysed polarization data for stars with Hipparcos parallaxes in the
solar vicinity. The results indicate the existence, in some direc-
tions, of patches of polarizing material closer than 70 pc. That
seems to be the case of the diffuse component presented by our
stellar sample. Figure 2 (right-hand panel) shows the distribution
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Fig. 2. left: distribution of the observed position angles. The figure shows the histogram obtained for 40 stars having P/op > 2. The shaded area
represents stars with P/op > 4. The distribution clearly suggests the existence of two components. right: distribution of position angles as a
function of the Hipparcos parallaxes, where stars with P/op > 4 are represented by filled circles. The +10 were estimated using the method
proposed by Naghizadeh-Khouei & Clarke (1993). The shaded area indicates the suggested distance interval (145 + 16 pc) to the Pipe nebula (see

text).

of polarization angles as a function of the Hipparcos paral-
laxes. If one take into account those stars belonging to the group
with higher signal-to-noise, (P/op > 4), the diffuse component
seems to appear at a distance of about 70 pc (ry = 14.37 mas —
HIP 86226). The dense component seems to set in farther than
that.

It is remarkable, from Fig. 1, that the two stars having lines-
of-sight on each side of the northwestern extremity of the Pipe
nebula (close to the location of B 59) show position angles that
are almost aligned with the direction of the stem and supposedly
associated to the diffuse component. Our measured polarization
for HIP 84144 (left-hand side of the nebula) has a low signal-to-
noise and consequently a very suspicious value for the position
angle; however, HIP 84175 (right-hand side of the nebula) has a
high signal-to-noise and its position angle can be trusted. This is
among the three stars having P/op > 4, position angle 6 ~ 75°,
and a distance compatible with the one expected for the Pipe
nebula (see Fig.2 (right-hand panel) and the discussion intro-
duced in Sect. 4), the other two stars are clearly identifiable to
the left of HIP 84144 in Fig. 1.

In a forthcoming observational program we are planning to
acquire deep CCD imaging polarimetry for lines of sight through
dense cores in the Pipe nebula. The purpose of the intended data
is to investigate the geometry and influence of the magnetic field
over this nebula in detail. It is particularly interesting to examine
the geometry of the magnetic field in the vicinity of B 59.

3.2. Interstellar dust distribution

Figure 3 shows a plot of the linear polarization against stellar
parallax. The obtained distribution clearly shows a small degree
of polarization at large parallaxes, for 7y > 8mas, followed
by a remarkably steep rise in polarization that occurs close to
my =~ 7mas, indicating that the Pipe nebula is located at a dis-
tance of ~140pc. This value is consistent with the distance sug-
gested by Lombardi et al. (2006). Before trying to better esti-
mate the distance to the Pipe nebula, it is instructive to compare
our parallax-polarization diagram with the parallax-extinction
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Fig. 3. The obtained parallax-polarization diagram. Error bars (+1o7,
+1op) are indicated for stars with degree of polarization higher
than 0.25%.

diagram obtained by Lombardi et al. (2006, Fig. 11). As pointed
out by those authors, their diagram shows large scatters in the
parallax and estimated interstellar absorption making the inter-
pretation not straightforward. It is worthwhile noting that the
large scatters in parallax are mainly caused by their being less re-
strictive in the selection criteria then we were; i.e. they accepted
all stars with ratio of the observational error to the trigonometric
parallax given by o, /my < 1, while we used o, /gy < 1/5.
On the other hand, uncertainties in spectral classification cause
scattering in the estimated extinction values. Because of that, the
distance where the reddening sets in cannot be clearly defined in
their diagram as it can be in ours.

The parallax-polarization diagram shown in Fig. 3 suggests
that the volume located in front of the Pipe nebula is almost free
of interstellar dust. The similarity of this diagram to the one ob-
tained for a region ~23° apart in the Lupus dark cloud com-
plex is remarkable (Alves & Franco 2006, see Fig.4a). Both
diagrams indicate that the clouds composing the Ophiuchus and
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Lupus complexes may somehow be physically associated. It im-
mediately raises the question of how these clouds are related to
the structure of the Galactic environment in the solar neighbour-
hood. Current evidence suggests that the solar system is embed-
ded in an irregularly-shaped low-density volume (“local cavity’)
of the local interstellar medium, partially filled with hot (~10° K)
coronal gas (“Local Bubble”, or LB for short) detectable in soft
X-rays (e.g. Snowden et al. 1998; Sfeir et al. 1999; Vergely et al.
2001; Lallement et al. 2003, and references therein). Although
there is some agreement that the hot component has likely been
produced by a series of several supernovae explosions within the
past few million years (e.g. Maiz-Apellaniz 2001; Berghofer &
Breitschwerdt 2002; Fuchs et al. 2006, and references therein),
the global characteristics of all the interstellar medium in the so-
lar neighbourhood is a debated issue.

Two scenarios have been suggested for explaining at least
some of the main observational facts. One scenario claims the
interaction of two physically separate phenomena. The LB is in-
teracting with its neighbouring superbubble shell (Loop I) gen-
erated by stellar winds or supernovae from the nearby Scopius-
Centaurus OB association, in turn resulting in a circular ring
of neutral hydrogen at the location of the interaction of these
two shells. Inside this ring there is a sheet of neutral hydro-
gen, forming a “wall” that separates the two bubbles (Egger
& Aschenbach 1995). The other scenario argues that the LB is
part of an asymmetrically-shaped superbubble created by stellar
wind and supernovae explosions associated with the Sco-Cen as-
sociation. The LB was sculpted by the free expansion of this su-
perbubble into the low-density interarm region surrounding the
solar system (Frisch 1981, 1995).

In the interacting bubbles’ model, the wall has an estimated
neutral hydrogen column density, N(HT), of ~10*° cm~2 (Egger
& Aschenbach 1995; Sfeir et al. 1999), which corresponds to
E(Mb - y) = 07013 (adopting the gas-to-dust ratio N(H)/E(b —
y) = 7.5 x 10?! atomscm™>mag™' suggested by Knude 1978),
and to a maximum expected degree of polarization of ~0.16%
(Serkowski et al. 1975). It is worth noting that the linear polar-
ization is by definition a positive quantity, suffering a positive
bias that is not negligible at low polarization levels. By apply-
ing the method introduced by Simmons & Stewart (1985), one
may estimate the unbiased degree of polarization and confidence
intervals. Most of the stars introduced in Table 1 showing low
degree of polarization may in fact be totally unpolarized, con-
firming the low-column density nature of the observed volume.
Our sample shows, however, 6 stars within 100 pc from the Sun
which seem to present some degree of polarization, supposedly
caused by the diffuse component mentioned earlier in Sect. 3.1.
One of these stars is HIP 83578 (d = 76f2 pc) with a corrected
degree of polarization P = 0.118% (P = [0.076,0.160]% — con-
fidence interval at 99%, Simmons & Stewart 1985), which sug-
gests the existence of absorbing material at distances smaller
than ~70pc with a density consistent with the expected one
for the interface wall between the Local and LoopI bubbles.
Although similar results are obtained for the remaining 5 stars,
they do not prove the existence of an interface separating our
local cavity from the LoopI bubble. Indead, the obtained polar-
ization may be produced by the interstellar matter outflowing
from the Loop I bubble, in the sense proposed by Frisch (1995).

Moreover, in a previous polarimetric investigation Tinbergen
(1982) identified a dust cloud at a distance between 0 and
20pc from the Sun, with an inferred gas column density of
~10" atomscm™ and a very patchy distribution, since only
about 30% of the stars in the surveyed region (350° < [ <
20°, -40° < b < -=5°) showed polarization above 20.

601

High-resolution interstellar line studies also show a complex
multicomponent structure of the interstellar medium in this
Galactic direction (e.g., Crawford 1991; Génova et al. 1997).

4. Distance

Our stellar sample contains 19 stars with trigonometric paral-
laxes within the range 6 < 7y < 8, corresponding to the distance
interval 125 < d,; < 167 pc. Among them, 10 show a low degree
of polarization, i.e. measured polarization smaller than 0.1%, in-
dicating that they are supposedly foreground objects and may
be used to impose a minimum value for the distance to the Pipe
nebula. The farthest of them, HIP 84930, has a corrected degree
of polarization P = 0.044% (P = [0.000,0.128]%) and mea-
sured parallax of my = 6.12 + 1.01 mas, which locates this star
at 1633; pc. Based on the data of this star alone, the lower limit
for the value of the distance to the Pipe nebula would be 140 pc,
which corresponds to the upper limit suggested by Lombardi
et al. (2006). At only ~4’ from HIP 84930 we find HIP 84931,
another object with a low degree of polarization and a measured
parallax of 7y = 6.70 + 0.87 mas (149*33 pc).

Figure4 shows images from the Digitized Sky Survey
centred, respectively, on HIP 83194 (left-hand panel) and
HIP 84144 (right-hand panel), two frames from which we were
able to measure polarization for some of the field stars (see
Table 2). Owing to the measured low degree of polarization
(P = [0.000,0.041]% for HIP 83194 and P = [0.000, 0.156]%
for HIP 84144, confidence interval at 99%), both stars seem to
be foreground objects at 7y = 7.37 + 1.14mas (1367 pc) and

g = 7.04 + 0.95 mas (142’:%% pc), respectively, while the field
stars prove the existence of polarizing material beyond the loca-
tion of HIP 83194 and HIP 84144 — none of the field stars have
accurate distance determination. HIP 83194 lies outside the lim-
its of Fig. 1; and HIP 84144, as mentioned in Sect. 3.1, is the star
on the left-hand side of the northwestern extremity of the Pipe
nebula having a polarization position angle supposedly aligned
with the Pipe nebula’s stem. The field stars show polarization
with position angles consistent with the one presented by stars
affected by the dense component, and interestingly, the two stars
in the field of HIP 84144 show polarization roughly perpendicu-
lar to the large axis of the Pipe nebula.

The upper limit for the distance to the Pipe nebula is im-
posed by the star with the highest degree of polarization in our
sample, i.e. HIP 84391. Its measured parallax of 7y = 7.17 £
1.02mas (140*33 pe) limits the distance to ~160 pc. Two other
stars show a degree of polarization higher than 1%, HIP 84695
at gy = 7.11 + 1.42 mas (14132pc), and HIP 85318 at 1y =

6.43 + 1.17mas (156734 pc). A weighted average of these three

parallaxes yields (7) = 6.91+£0.68 mas (145*1$ pc), which can be
accepted as the best estimate of the distance to the Pipe nebula.
This value is about 10% larger than the one recently suggested
by Lombardi et al. (2006).

Three stars deserve a comment. They are the objects hav-
ing P/o, > 4 and position angle 8§ ~ 75°, which were men-
tioned in Sect.3.1. Their estimated distance locate them some-
where between the front and the back sides of the Pipe nebula,
and they show a degree of polarization that is intermediate be-
tween the unpolarized foreground stars and the rather polarized
background ones. We designated them “midground” objects in
Table 3, which summarises the important parameters of the stars
relevant to the estimate of the distance to the Pipe nebula. An
interesting question that needs further investigation concerns the
origin of the polarization shown by these stars: is it produced
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Fig. 4. Measured polarization for stars in the vicinity of HIP 83194 (left-hand panel) and HIP 84144 (right-hand panel). The Hipparcos stars are
centred on each panel. The length of the vectors correlates linearly with the degree of polarization, according to the scale indicated in the left-hand

corner.

Table 3. Stars relevant to the estimate of the distance to the Pipe nebula.

HIP l b Pmin/Pmaxn dmin/dmaxb AKC
¢ 0O (%) (pc)  (mag)
foreground objects
83194 3552 +8.8 0.000/0.041 117/161 -
84144 357.6 +7.2 0.000/0.156  125/164 0.12
84930 3592 +5.9 0.000/0.128 140/196 0.16
84931 359.1 +5.8 0.000/0.163  132/172 0.16
midground objects
84175 357.0 +6.7 0.089/0.135  147/194 0.08
85071 05 +63 0.191/0.307 138/184 0.15
85154 1.7 +6.8 0.235/0.438  141/189 0.23
background objects
84391 3583 +6.9 2.360/2.762  122/163 0.10
84695 3599 +7.0 1.045/1.426  117/176 0.19
85318 358.8 +4.3 1.110/1.319  131/190 0.24

¢ Lower/upper value for the degree of polarization at 99% confidence
level (Simmons & Stewart 1985); ¢ estimated 1o, minimum/maximum
trigonometric distance; ¢ estimated from the dust extinction map con-
structed by Lombardi et al. (2006).

by a foreground low column density medium or is the magnetic
field in the vicinities of the Pipe nebula characterised by two or-
thogonal components?

The last column of Table 3 gives the dust extinction, Ak, es-
timated from the extinction map obtained by Lombardi et al.
(2006), and shows that all stars, but HIP 83194 located outside
the area mapped by them, have line-of-sight toward directions
affected by dust extinction. In fact, HIP 84391, the star showing
the highest degree of polarization in our sample, seems to be in
the direction of the second lowest dust extinction among them,
which is proof that the unpolarized stars listed in this table are
really foreground objects.

It is interesting to compare the obtained distance to the Pipe
nebula with estimates for sites of star formation in its neighbour-
ings. Unlike the Pipe nebula that has attracted attention only re-
cently, many objects in its surroundings have been the subject of
numerous investigations. One of the most studied objects is the

p Ophiuchi cloud complex, one of the nearest star-forming re-
gions, located about 14° to the northwest of the Pipe nebula, on
the edge of the Upper Scorpius subgroup in the Sco-Cen OB as-
sociation. Quoted distances to the Ophiuchus dark clouds com-
prise 125+ 25 pc (de Geus et al. 1989), 128+ 12 pc (Bertout et al.
1999), and 165 = 20 pc (Chini 1981). Recently Vaughan et al.
(2006) analysed the X-ray halo around GRB 050724, which has
a line of sight through the Ophiuchus molecular complex, con-
cluding that the observed narrow halo must have been caused by
a concentration of dust at a distance of 139 + 9 pc from the Sun.
The latter seems to be the best estimated value so far for the dis-
tance to the Ophiuchus dark cloud complex and is in excellent
agreement with the distance we obtained for the Pipe nebula. It
is worthwhile noting that the distance we obtained for the Pipe
nebula is also in perfect agreement with the distance of 145+2 pc
suggested for the Upper Scorpius subgroup (de Bruijne et al.
1997; de Zeeuw et al. 1999).

Moreover, the distance obtained for the Pipe nebula is also
very similar to the one suggested for the Lupus1 dark cloud
(Franco 2002; Alves & Franco 2006), indicating that the inter-
stellar medium toward these directions may somehow be asso-
ciated, forming a large interstellar structure. It must be noted
that our polarization data do not support the scenario proposed
by Welsh & Lallement (2005), which depicts the distribution
of the interstellar gas toward the Ophiuchus and Lupus dark
clouds. According to their picture, dense gas exists at a distance
of ~50pc from the Sun toward these directions, which is not
confirmed by our polarization data, unless the gas is disassoci-
ated from dust.

5. Conclusions

By analysing the obtained B-band CCD imaging linear po-
larimetry for 82 Hipparcos stars with the line of sight toward the
area containing the Pipe nebula, we have reached the following
conclusions:

— There is evidence that the polarization angles have an al-
most orthogonal two-component distribution. One of these
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components, if it exists, could be caused by a low column-
density medium (~10?°atomscm™2) closer than ~70pc,
which may be either related to the interface wall between
the Local and LoopI bubbles or to some other kind of inter-
stellar structure. The other component seems to be caused by
a higher column-density medium.

— We found that the “stem” of the “pipe” is aligned perpen-
dicularly to the general direction of the local magnetic field
provided by the dense component. This fact may be an indi-
cation that the stem is the result of a magnetically controlled
collapse. To test this hypothesis further, we are planning new
observations to prove the densest parts of the Pipe nebula’s
“stem”.

— The distribution of linear polarization against trigonometric
parallaxes suggests that the Pipe nebula is located at a dis-
tance of 145 + 16 pc from the Sun. The volume in front of
this cloud is almost empty of absorbing material. However,
few stars up to about 100 pc show clear signs of polarization,
which may be caused either by an extended low column den-
sity medium or by small diffuse clouds.

As a final remark, we notice that the Pipe nebula seems to pro-
vide a particularly suitable laboratory in which to study the phys-
ical processes experienced by the interstellar clouds during the
phase of contraction to form low-mass stars. Such potential has
been proven by the recent identification of more than 150 dense
cores in this cloud (Alves et al. 2007). Additionally, in the sce-
nario proposed by Preibisch & Zinnecker (1999, 2007), the Pipe
nebula may be the place where the next generation of nearby
stars will be formed in a sequence just after the association in
p Ophiuchi. In fact, this process has already started in the north-
western part of the cloud, as shown by the evidence in B 59,
where there are at least 5 Ha known emission-line stars and
at least 20 other candidate low-mass young stars (Brooke et al.
2007), which suggest that this core is producing young stars with
high efficiency.
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Table 1. B-band linear polarization of Hipparcos stars. For an explanation of each column, see note below.

HIP Spectral Q2000 (52000 l b %4 TH O P op 6
Type (h m s () ) () (mag) (mas) (mas) (%) (%) ®)
83194 F2V 1700 09.08 -275805.7 355.16 8.80 8.45 7.37 1.14  0.005 0.018 177.2
83239 G122V 17004042 2747324 35537 8.82 8.18 21.37 1.16 0.047 0.025 157.0
83541 KI1V 1704 27.79 2834553 35524 7.67 6.59 5531 0.89 0.148 0.056 110.3
83578 G3V 17045276  -272259.2 356.27 8.3l 890 13.19 1.37 0.119 0.016 74.0
83659 B9.SV 1705 56.67 -285221.5 35520 7.24 7.55 6.02 0.92 0428 0.031 2.8
84076 F31V/V 17112094 -250153.4 359.05 852 8.30 9.90 1.45 0.154 0.058 130.8
84131 GOV 17 11 56.68 -292827.8 35549 5.83 9.29 11.12 1.57 0.045 0.043 4.1
84144 G811l 17121097 -270231.7 35751 7.20 6.75 7.04 0.95 0.062 0.040 69.6
84147 A0V 1712 13.62 -251518.1 35898 8.23 6.52 8.81 0.94 0.118 0.030 64.4
84175 B9 V(n) 171225.07 2745432 35695 6.74 6.12 5.97 0.81 0.113  0.008 76.0
84181 G2V 171231.27 -2513373 359.04 8.19 829 11.60 1.33  0.042 0.075 40.4
84284 GOV 17134599 -240307.9 0.18 8.63 9.01 11.83 1.49 0.139 0.032 37.0
84314 F2/3V 17141425 -265903.3 35782 6.86 6.64 11.78 0.80 0.076 0.034 166.3
84322 K2V 1714 17.77 2842244 35641 5.86 9.34 2935 1.49 0.063 0.036 29.0
84355 F7V 17144532 2855172 35630 5.65 9.28 7.64 141 0.124 0.026 34.9
84356 F8/GOV 17 1445.74 -255526.0 358.76 7.38 9.12 7.55 1.27 0.011 0.020 161.3
84391 G8 III/IV 171513.23 -263150.2 35832 694 7.63 7.17 1.02 2585 0.049 173.1
84407 G8IV 17152221 -275813.1 357.16 6.09 8.54 10.18 1.11  0.038 0.029 24.2
84416 GO 171528.03 2459334 359.62 7.78 9.95 14.59 1.75 0.067 0.020 163.8
84445 B9/9.5V 171551.36  -301238.2 35538 4.71 6.20 8.81 0.98 0.038 0.015 146.5
84494 KI11II 171627.67 -251819.5 35950 7.42 7.14 6.14 0.88 0.354 0.028 55.2
84497 G1V 171629.87 2733549 357.63 6.12 8.22 17.05 1.08 0.042 0.020 37.1
84533 FOV 17165432 -302105.0 35539 4.44 7.27 15.15 1.10 0.045 0.027 8.7
84605 B9.5SV 1717 39.53 2637443 35855 6.44 6.81 7.45 1.17 0.103  0.042 453
84609 GOV 17174194 2856179 356.65 5.11 8.69 15.19 1.28 0.044 0.034 77.6
84611 G2/3V 171743.17 -304613.7 355.15 4.06 8.96 13.68 141 0.076 0.021 131.0
84636 G3V 171807.07 2404222 0.73  7.81 6.59 21.20 0.92 0.130 0.047 153.7
84665 G3V 1718 30.88 -293319.8 356.25 4.61 8.74 10.96 1.35 0.024 0.017 125.1
84684 KOV 17184391 2929235 35633 4.1 9.67 17.40 1.80 0.035 0.026 117.0
84695 F2V 17185047 -251037.0 35991 7.05 9.62 7.11 142 1.246 0.063 169.8
84761 F6V 1719 30.88 -225930.9 1.82  8.15 9.34 9.39 1.68 0.082 0.043 89.2
84806 F5V 172000.41 -3025449 35571 3.85 8.80 9.75 1.29 0.003 0.011 53.4
84851 G8II/IV 172030.72 -263259.1 35898 5.96 7.09 7.47 091 0.064 0.038 117.2
84888 F7/81V+F/G 172054.67 -272039.7 35838 5.44 7.94  10.21 1.58 0.069 0.039 151.5
84907 KO/1V +(G) 1721 07.58 2441 00.7 0.61 6.90 8.61 20.58 1.18  0.023 0.045 36.9
84930 Al1I1V/V 172124.68 -262605.7 359.19 5.86 8.02 6.12 1.01 0.054 0.031 136.7
84931 A2V 17212598 2630043 359.14 5.82 7.53 6.70 0.87 0.082 0.033 71.9
84936 G1V 172131.61 -225533.1 2.14 7.80 870 17.63 1.64 0.057 0.060 20.5
84987 G2V 1722 13.52 3139283 35497 276 9.03 10.88 1.39 0.033 0.014 25.0
84995 FOV 17222222 -311750.5 35529 294 8.28 7.07 1.25 0.077 0.049 1533
84999 GOV 17222453 -301214.2 356.19 3.55 8.02 14.81 1.48 0.040 0.029 8.8
85071 A2/31V 172309.70 -250551.1 0.53 6.28 7.28 6.33 0.88 0.251 0.021 74.2
85081 G8/KOV 172317.67 -275801.0 358.16 4.65 942 14.78 1.79 0.044 0.029 39.9
85100 FOV 172332.66 -314201.2 355.10 2.51 776 12.34 1.08 0.033 0.021 64.7
85132 KOIV/V 17235399 -294915.8 356.69 3.50 7.59 1256 1.13  0.025 0.021 108.3
85154 KO III 1724 03.51 -235039.5 1.69 6.81 6.67 6.19 0.90 0.339 0.038 81.4
85176  F5/6 V 17242386 -224803.1 261 732 8.65 14.95 226 0.101 0.043 1115
85215 GO 17244577 2746427 35850 4.49 9.73  10.08 1.94 0.042 0.024 46.6
85246 G 172510.78 24 3020.1 1.28 6.23 9.80 18.23 1.79  0.066 0.027 13.0
85257 F8V 172517.80 -260845.8 359.92 5.30 9.11 8.10 1.49 0.036 0.038 80.4
85278 A2/31V 172529.64 2940142 357.01 3.30 6.82 5.25 1.05 0.633 0.057 170.6
85285 G3/5V 172536.62 2137541 375 773 8.37  20.78 1.21  0.083 0.039 1274
85299 G3/6V 172551.17 -283919.0 35790 3.80 9.03 14.24 1.52  0.042 0.045 167.8
85315 F5V 1726 01.34 -231017.4 251 6.81 8.19 9.28 1.11  0.090 0.054 57.6
85318 B9/9.5V 1726 05.87 2735583 358.81 434 7.49 6.43 1.17  1.226 0.027 159.6
85320 G8I1V/V 1726 06.87 2832359 358.03 3.81 7.78 8.71 1.14  0.026 0.029 169.6
85391 B9.5/A0V 1726 55.30 -255636.2 0.30 5.11 6.42 7.71 0.85 0.049 0.067 102.0
85395 G3V 1727 00.86 -251617.5 0.87 5.46 9.49 7.99 1.35 0.049 0.050 178.2
85521 F31V/V 1728 38.76  -253038.1 0.87 5.02 7.06 9.06 1.81 0.028 0.040 125.0
85524 FOV 172840.84 -312303.0 35597 1.77 7.60 11.12 0.99 0.110 0.044 80.5
85538 G112V 172849.94 -264346.5 359.87 432 8.63 13.19 1.34 0.043 0.017 107.9
85548 G2V 172900.20 -242011.1 1.90 5.60 8.39 17.25 2.00 0.049 0.024 167.2
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Table 1. continued.

HIP Spectral 2000 02000 [ b % Ty o P op 0
Type (h m s) (0] ) () (mag) (mas) (mas) (%) (%) )
85561 K5V 172906.74 -235009.4 234  5.85 9.61 55.03 1.68 0.010 0.041 126.8
85681 F5V 173033.65 -271211.8 359.69 3.73 8.55 11.20 1.82  0.091 0.031 32.7

85703 F21V 173049.61 -235029.7 255 552 7.39  10.46 096 0.083 0.037 107.3
85783 BOII/III 17314438 -261610.8 0.62 4.02 6.05 7.47 1.10  0.020 0.039 123.1
85797 G2/3V 17315207 -313053.8 35623 1.13 9.55 9.34 1.63  0.037 0.038 54.2

85877 F3V 173300.37 -2419225 241 484 8.48 9.70 1.37  0.065 0.032 169.1
85882 G5V 173304.02 -250251.3 1.81 443 9.66 13.47 1.50 0.042 0.029 1383
85909 G2/3V 173320.66 -272810.7 359.80 3.07 9.48 8.62 1.60 0.022 0.025 141.1
85920 G3V 173329.09 2404173 2.69 4.88 855 13.91 1.28 0.053 0.018 78.3
85954 FOIV 1734 02.39 2301526 3.63 533 7.36  13.38 2.00 0.033 0.042 1794
86086 F5V 173534.06 —243741.3 247 418 7.70  18.51 1.06 0.053 0.070 168.7
86226 GOV 173716.09 -243536.1 271 3.87 872 1437 1.26 0.073 0.016 54.5
86278 F3V 173746.85 2323214 379 442 8.28 8.98 1.78 0.083 0.033 140.1
86327 K5 173819.92 -271218.2 062 228 1035 18.49 222 0.029 0.050 114.8
86376 F5V 173900.71 282444.6 359.68 1.51 7.68 12.29 1.07 0.025 0.029 42.8
86385 F8V 17390597 -265614.6 094 228 7.70  19.38 1.18  0.065 0.042 69.5
86633 FOV 17420529 -265044.1 1.37  1.76 8.10 5.67 1.08 0.444 0.029 147.1
86719 F8 174308.13 -261037.1 206 191 1001 10.16 1.80 0.109 0.051 1784
86858 F5V 17444870 —263519.8 191 1.38 8.80 10.21 1.55 0.087 0.010 125.7

86866 G8IV/V 17445453 2441024 355 235 8.84 8.77 144 0273 0.024 1472

Note: Columns 1 to 9 give the HIP number, spectral type, the right ascension and declination for the equinox 2000.0, Galactic longitude and
latitude, visual magnitude, trigonometric parallax, and standard error, respectively. Columns 10 and 11 give the obtained linear polarization and
measured error, respectively, and Col. 12 the position angle (measured from north to east) of the polarization vector.

Table 2. Measured polarization for some stars contained in the same CCD frames as of the Hipparcos stars. For an explanation of each column,
see note below.

Star @2000 02000 [ b P op 0
identification (h m s) ey e @ @)
Field of HIP 83194

165948.97 2754384 355.16 890 0.439 0.116 19.5

1659 58.30 2754264 355.18 8.87 0.717 0.156 26.9

HD 153351 170007.66 2757115 355.17 8.81 0289 0.062 1579

GSC06818-02124 17002326 -275947.8 355.17 8.74 0.710 0.057 12.6
Field of HIP 84144

CD-2611983 171147.58 -270539.0 35741 7.24 1.105 0.051 29.2

CD-26 11991 17121225 2658489 35756 7.23 2090 0.117 18.3
Field of HIP 84611

HD 156198 171729.04 -304258.8 355.17 4.13 0.593 0.012 6.4
Field of HIP 84888

HD 156882 172105.61 2725045 35834 536 0.091 0.048 90.7
Field of HIP 85797

HD 158598 17313496 -312933.6 35622 120 0959 0.038 156.7
Field of HIP 86226

HD 159746  173719.89 -243354.0 274 388 0.793 0.053 1363
Field of HIP 86327

173806.62 2715553 055 229 3.021 0.027 170.3

HD 316049 17 3828.71 -271300.7 063 224 3736 0.108 169.0

Note: Star identification, when available, right ascension and declination for the equinox 2000.0, Galactic longitude and latitude are given in
Cols. 1 to 5, respectively. The other columns give the measured linear polarization, measured error, and position angle (measured from north to
east) of the polarization vector, respectively.




