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ABSTRACT

We present results from the Austral Winter 2003 observing campaign of SPARO, a 450 �m polarimeter used
with a 2 m telescope at the South Pole. We mapped large-scale magnetic fields in four GMCs in the Galactic disk:
NGC 6334, the Carina Nebula, G333.6�0.2, and G331.5�0.1. We find a statistically significant correlation of the
inferred field directions with the orientation of the Galactic plane. Specifically, three of the four GMCs (NGC 6334 is
the exception) have mean field directions that are within 15

�
of the plane. The simplest interpretation is that the field

direction tends to be preserved during the process of GMC formation. We have also carried out an analysis of pub-
lished optical polarimetry data. For the closest of the SPARO GMCs, NGC 6334, we can compare the field direction
in the cloud as measured by SPARO with the field direction in a larger region surrounding the cloud, as determined
from optical polarimetry. For purposes of comparison, we also use optical polarimetry to determine field directions for
9Y10 other regions of similar size. We find that the region surrounding NGC 6334 is an outlier in the distribution of
field directions determined from optical polarimetry, just as the NGC 6334 cloud is an outlier in the distribution of
cloud field directions determined by SPARO. In both cases the field direction corresponding to NGC 6334 is rotated
away from the direction of the plane by a large angle. This finding is consistent with our suggestion that field direction
tends to be preserved during GMC formation. Finally, by comparing the disorder in our magnetic field maps with the
disorder seen in magnetic field maps derived from MHD turbulence simulations, we conclude that the magnetic
energy density in our clouds is comparable to the turbulent energy density.

Subject headinggs: galaxies: magnetic fields — ISM: clouds — ISM: magnetic fields — polarization —
turbulence

1. INTRODUCTION

It is generally believed that the ionization fraction in inter-
stellar clouds is sufficiently high for flux freezing to apply and
that interstellar magnetic fields are thus well coupled to the gas.
Furthermore, the fields may be strong enough to be dynamically
important and thus may play important roles in star formation.
These issues have been reviewed by Crutcher (2004). Further-
more, as reviewed by Mac Low & Klessen (2004), magnetohy-
drodynamic (MHD) turbulence is probably an important player
in the star formation process.

Submillimeter polarimetry is a technique for mapping in-
terstellar magnetic fields (Lazarian 2000) that is well suited for
studying dense star-forming clouds. In particular, this method ap-
pears to have an advantage over the related technique of optical/
near-IR polarimetry of background stars. Specifically, it has been
shown by Whittet et al. (2001) and Arce et al. (1998) that grain
populations residing in regions that are shielded from the interstel-
lar radiation field have very low polarizing efficiency at optical/
near-IR wavelengths. Moderate shielding (Av ¼ 1Y2 mag) seems
to be sufficient to sharply reduce the efficiency. By contrast, when
we study the submillimeter emission fromhighly obscured regions
(Av � 30 mag) in a dense cloud, we find significant polarization
(Crutcher et al. 2004). Thus, submillimeter polarimetry is espe-
cially useful for such regions.

This discrepancy between optical/near-IR polarization efficiency
and submillimeter polarization efficiency, for highly obscured re-
gions, is explained by Cho & Lazarian (2005) as an effect of grain
size. Under the assumption that grains are aligned by the radia-
tive torque mechanism (Dolginov 1972; Draine &Weingartner
1996, 1997), they show that in highly obscured regions only the
largest grains will be aligned. They argue that these large aligned
grains dominate the submillimeter emission but are relatively less
important for the optical /near-IR extinction.
Maps of submillimeter /far-IR polarization usually cover rel-

atively small sky areas, typically of order 10 arcmin2 (Greaves
et al. 2003; Hildebrand 2002; Dotson et al. 2000). Because giant
molecular clouds (GMCs) usually extend over much larger sky
areas, approaching a square degree, these small-scale maps have
not been very useful for probing the large-scale, or global, mag-
netic field of a GMC. Not every submillimeter polarization map
is small on the sky, however: the ARCHEOPS balloon-borne sub-
millimeter polarimeter (Benoı̂t et al. 2004) mapped the degree-
scale submillimeter (850 �m) polarization of large sections of
the Galactic disk. Binning their data to a resolution of several
degrees, they obtain significant detections of polarization with
magnetic field directions generally running parallel to the Ga-
lactic plane. Because the large-scale Galactic magnetic field de-
termined from optical polarimetry is also known to run parallel
to the plane (Mathewson & Ford 1970), the ARCHEOPS result
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shows that the Galactic field penetrates into the dense gas that
dominates the submillimeter emission. In contrast, the smaller
scale far-IR/submillimeter polarization maps of GMCs in the disk
show a wide range of inferred field directions and no preferred
orientation with respect to the Galactic plane (see Fig. 21 of
Hildebrand 2002).

The South Pole polarimeter SPARO is optimized for submil-
limeter polarimetry on angular scales larger than those typically
accessible from ground-based submillimeter dishes, although not
as large as those studied by ARCHEOPS. With SPARO we can
map fields over a significant fraction of aGMCwhile still resolving
field structure within the cloud. Here we present SPARO polariza-
tion maps for four GMCs in the Galactic disk. Each map extends
over a sky area corresponding to several hundred square arcminutes.

2. OBSERVATIONS AND RESULTS

The observations were made at Amundsen-Scott South Pole
station, using the Viper 2 m telescope (Peterson et al. 2000; Kuo
et al. 2004) together with Northwestern University’s submilli-
meter polarimeter, SPARO (Dotson et al. 1998; Renbarger et al.
2004). Radiation entering SPARO passes through a rotatable
halfYwave plate and is then divided into two orthogonal polar-
ization components, each of which is detected by a separate 3He-
cooled 9 pixel detector array. SPARO thus measures polarization
simultaneously at nine sky positions, arranged in a 3 ;3 square
pattern. Because the South Pole is an exceptionally good submil-
limeter site (Lane 1998), SPARO obtains extremely good sen-
sitivity to spatially extended, low surface brightness emission.
SPARO’s first observations, made during Austral Winter 2000,
were reported by Novak et al. (2003). Here we present results
from our second observing campaign that took place during 2003
AprilYAugust.

For the 2003 observations, the beam FWHM was determined
to be 40 � 0A5, and the pixel-to-pixel separation was 3A3. The
pointing accuracy was �10. SPARO’s spectral passband is cen-
tered at k0 ¼ 450 �m, with fractional bandwidth �k /k0 ¼ 0:10.
Our data acquisition scheme involves carrying out standard ‘‘pho-
tometric integrations’’ at each of six halfYwave plate rotation
angles, successively (Hildebrand et al. 2000). Each photometric
integration, in turn, involves rapidly switching the array footprint
back and forth on the sky between the source position and a ref-
erence position. Reference signals are subtracted from source
signals.We used two reference positions (Hildebrand et al. 2000),
separated from the source position by +0N65 and�0N65 in cross-
elevation, respectively.

Our data reduction procedures follow closely those described
by Hildebrand et al. (2000) with one important difference.
Hildebrand et al. (2000) describe how the ‘‘polarization signal’’
is computed from each photometric integration (see above) by
taking the difference between signals from corresponding pix-
els of the two detector arrays and then dividing this by the sum
of these signals (see their eq. [7]). This corresponds to dividing
polarized flux by total flux. We found that for our observations
the total flux was often not well determined by a single photo-
metric integration, due to variations in atmospheric emission sig-
nificantly above the level of the photon noise. These variations are
usually referred to as ‘‘sky noise,’’ and they affect the total flux
measurement but not the difference signals. In order to circumvent
the problem, we developed a new method for computing the po-
larization signal, which we now describe.

We grouped our data into ‘‘sets’’ consisting of nine identical
‘‘halfYwave plate cycles.’’ As described above, each such cycle
involved six photometric integrations, each taken at a different

halfYwave plate angle. For each set, we computed a single value
for the total flux, or signal sum, for each of the 9 pixels. We also
computed, for each pixel, six values of the difference signal, one
for each halfYwave plate position. These six difference signals
were then divided by the set-average total flux for the correspond-
ing pixel. Our new technique for determining the polarization
signal requires stable atmospheric transmission over timescales
of 1 hr, corresponding to the duration of one set. On the basis
of opacity measurements obtained with the CMU/NRAO tipper
(Peterson et al. 2003), we estimate that signals were stable to
�10%. A more detailed description of the new data analysis pro-
cedure is given by Li et al. (2005), and a similar procedure that
was applied to data from the Hertz polarimeter is described by
Kirby et al. (2005).

The instrumental polarization was determined by calibrating
on the Moon and on the intensity peak of Sgr B2, following the
same procedure that we used for our 2000 observations (Novak
et al. 2003; Chuss 2002). The level of systematic error in our mea-
surements is <0.3%, which translates into an uncertainty in po-
larization angle of less than 9� (1.0%/P).

We observed four GMCs: NGC 6334, the Carina Nebula,
G333.6�0.2, and G331.5�0.1. Three of our targets were chosen
for their high column density and large angular extent as deter-
mined from the dust opacity map of Schlegel et al. (1998). This
map is derivedby combiningCOBEDIRBE and IRAS ISSAmaps.
One of our targets, Carina, has somewhat lower dust opacity than
the others. It was chosen for its high elevation (�60� at the South
Pole), which corresponds to higher atmospheric transmission. In
Tables 1Y4 we give the measured degree and angle of polariza-
tion and associated statistical errors for all sky positions having
P > 2�P. Note that �80% of the measurements have P > 3�P.
All measured degrees of polarization are larger than 0.3%; i.e.,
they are above the level of systematic error. Figure 1 shows the

TABLE 1

Polarization Results for NGC 6334

��a ��a
P

(%) �P �b ��

3.01 �1.34 1.8 0.16 3.0 2.6

4.36 1.67 1.49 0.24 16.6 4.7

�1.34 �3.01 0.84 0.12 40.1 4.2

0 0 1.16 0.05 47.4 1.3

1.34 3.01 0.38 0.13 55.5 9.8

�3.01 1.34 2.05 0.16 58.3 2.3

�1.67 4.36 3.99 0.49 57.3 3.5

�7.36 �0.34 3.18 1.18 61.3 10.6

�6.02 2.68 3.59 1.26 42.4 10.0

�4.67 5.69 8.56 3.24 39.4 10.9

�9.03 4.02 10.13 4.46 59.2 12.6

�2.35 �13.39 1.43 0.27 84.4 5.4

�1.01 �10.37 1.18 0.35 46.8 8.6

0.34 �7.36 0.75 0.25 65.1 9.5

�5.36 �12.04 1.76 0.17 101.8 2.7

�4.02 �9.03 1.72 0.21 72.4 3.5

�2.68 �6.02 1.24 0.21 51.9 4.9

�7.03 �7.69 2.49 0.23 75.0 2.6

�5.69 �4.67 2.37 0.58 42.0 7.0

�8.7 �3.33 3.49 0.9 61.1 7.4

�10.37 1.03 7.85 2.36 98.6 8.6

a Offsets in right ascension and declination are measured in arcminutes
relative to the J2000.0 position (17h20m51.s0, �35�4502600).

b Parameter � is the angle of the E-vector of the polarized radiation,
measured in degrees from north-south, increasing counterclockwise.
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inferredmagnetic field directions (that are orthogonal to themea-
sured polarization directions) and the magnitudes of polarization
(denoted by the lengths of the bars) superposed on IRAS 100 �m
maps.

3. DISCUSSION

In this section we first give an overview of the characteris-
tics of the four GMCs we observed (x 3.1). Then we discuss the
measured degrees of polarization (x 3.2). In the remaining four
subsections we deal with the inferred magnetic field directions,
beginning with an overview of the statistics of these directions
(x 3.3), next comparing with mid-IR intensity maps (x 3.4) and
with information obtained from optical polarimetry of stars (x 3.5),
and finally discussing the relevance to theoretical ideas concern-
ing formation and structure of GMCs (x 3.6).

3.1. Characteristics of the Observed Clouds

3.1.1. The Carina Nebula

Perhaps the best studied of our four targets is the Carina
Nebula (NGC 3372), a very bright emission nebula excited by
OB star clusters and lying at a distance of about 2.7 kpc (x 3.1.6)
in the Carina spiral arm. Optical nebulosity and mid-IR emission
extend over�3

�
in Galactic latitude and�2

�
in longitude (Smith

et al. 2000), but most of the far-IR and radio continuum flux is
concentrated in the central 1� ; 1� region shown in Figure 1

(Shaver & Goss 1970; Zhang et al. 2001). The associated mo-
lecular clouds are referred to collectively as the Carina molecular
cloud complex (Zhang et al. 2001). This complex is elongated in
a direction roughly parallel to the Galactic plane, with an extent
of about 3� (�140 pc) in Galactic longitude. The complex has a
mass of about 7 ; 105 M� (Grabelsky et al. 1988).
The bright central radio peak of the Carina Nebula consists of

two main parts, Carina I and Carina II (Davidson & Humphreys
1997; Whiteoak 1994; Brooks et al. 2001), whose sky locations
are indicated in Figure 1 with filled and open stars, respectively.
Carina I (aka G287.4�0.6) is powered by the OB star cluster
Tr 14, located a few arcminutes to the east of Carina I. Carina II
(aka G287.6�0.6) is powered by another OB cluster, Tr 16, that
contains � Carinae, a very massive (>100M�) evolved star. Star
� Carinae is visible in Figure 1 as the flux peak located a few
arcminutes southeast of Carina II, and this unusual star can also
be seen in Figure 5, as the dominant source near the lower left
corner of the Carina map.
Tr 14 and Tr 16 contain large numbers of unusually mas-

sive stars. Six of the 17 known O3-type stars in our Galaxy are
found in these two clusters (Davidson&Humphreys 1997). Tr 14,
which powers the regionwemapped polarimetrically, is estimated
to be only about 1million years old (Walborn 1995). There is little
evidence for ongoing formation of massive stars within the region
encompassed byTr 14, Tr 16, Carina I, andCarina II (Davidson&
Humphreys 1997), but evidence for ongoing star formation has
been found surrounding this region, especially to the southeast of

TABLE 2

Polarization Results for Carina Nebula

��a ��a
P

(%) �P � ��

4.36 1.67 1.74 0.41 50.6 6.7

5.71 4.68 1.61 0.27 71.2 4.8

7.05 7.7 0.71 0.3 3.6 11.9

1.34 3.01 1.4 0.36 42.4 7.3

2.68 6.02 1.12 0.17 30.7 4.3

4.02 9.03 1.98 0.23 163.9 3.4

�0.33 7.38 1.66 0.21 177.2 3.6

�6.02 2.68 5.45 0.41 8.5 2.2

�4.68 5.71 2.67 0.34 15.4 3.6

�3.34 8.72 2.04 0.41 35.2 5.8

�9.03 4.02 4.46 0.44 12.2 2.8

�7.7 7.05 4.28 0.45 26.7 3.0

�6.35 10.06 3.67 0.46 21.7 3.6

�10.7 8.38 1.99 0.76 37.7 10.9

�9.36 11.37 2.27 0.87 52.2 11.1

3.34 �8.72 1.74 0.41 50.6 6.7

4.68 �5.71 1.61 0.27 71.2 4.8

6.02 �2.68 0.71 0.3 3.6 11.9

0.33 �7.38 1.4 0.36 42.4 7.3

1.67 �4.36 1.12 0.17 30.7 4.3

3.01 �1.34 1.98 0.23 163.9 3.4

�1.34 �3.01 1.66 0.21 177.2 3.6

0 0 2.18 0.12 169.1 1.6

�5.71 �4.68 2.2 0.5 168.8 6.5

�4.36 �1.67 4.79 0.31 4.3 1.8

�10.06 �6.53 4.5 0.93 148.2 5.9

�8.72 �3.34 4.6 0.57 168.7 3.5

�7.38 �0.33 6.14 0.51 179.1 2.4

�11.73 �2 2.96 0.7 1.4 6.8

�10.39 1.02 4.56 0.62 20.4 3.9

a Offsets in right ascension and declination are measured in arc-
minutes relative to the J2000.0 position (10h43m15.s6, �59

�
3303400).

TABLE 3

Polarization Results for G333.6�0.2

��a ��a
P

(%) �P � ��

5.71 4.68 1.04 0.25 111.3 7.0

7.05 7.7 1.69 0.21 127.2 3.5

8.38 10.7 2.21 0.22 125.2 2.9

2.68 6.02 1.35 0.29 139.9 6.1

4.02 9.03 1.67 0.29 139.2 5.0

5.36 12.04 1.87 0.27 138.1 4.2

1.02 10.39 2.41 0.52 156.1 6.2

2.35 13.39 2.4 0.48 158.3 5.7

3.01 �1.34 1.2 0.19 132.8 4.6

4.36 1.67 1.2 0.18 133.4 4.4

�1.34 �3.01 0.57 0.12 144.2 5.8

0 0 0.49 0.07 59.9 3.9

1.34 3.01 0.57 0.11 133.0 5.3

�1.67 4.36 0.78 0.2 142.5 7.5

�7.38 �0.33 1.06 0.14 108.4 3.9

�6.02 2.68 1.41 0.14 114.6 2.8

�4.68 5.71 0.83 0.28 110.2 9.7

�10.39 1.02 0.89 0.23 135.0 7.6

�9.03 4.02 1.5 0.3 113.4 5.7

�7.7 7.05 1.32 0.25 103.3 5.4

�12.04 5.36 1.25 0.39 130.7 8.9

�10.7 8.38 0.72 0.26 107.7 10.2

�2.35 �13.39 0.68 0.13 116.9 5.6

�1.02 �10.39 0.52 0.24 148.1 13.4

0.33 �7.38 0.53 0.23 40.3 12.2

�5.36 �12.04 0.4 0.17 107.4 12.0

�4.02 �9.03 1.74 0.4 145.9 6.6

�7.05 �7.7 1.32 0.35 127.0 7.6

�5.71 �4.68 0.65 0.15 124.2 6.5

a Offsets in right ascension and declination are measured in arc-
minutes relative to the J2000.0 position (16h22m03.s4, �50�0603000).
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�Carinae (Megeath et al. 1996; Smith et al. 2000). For this reason,
Carina is often cited as an example of sequential star formation
(de Graauw et al. 1981; Smith et al. 2000).

3.1.2. G333.6�0.2

The H ii region G333.6�0.2, although unimpressive at optical
wavelengths, is one of the brightest radio sources in the southern
sky (Goss & Shaver 1970). When its infrared counterpart was

discovered byBecklin et al. (1973), they noted that its luminosity
in the 1Y25 �m range was unsurpassed by any other H ii region.
G333.6�0.2 is the bright peak at (0�, 0�) in Figure 1. McGee
et al. (1979) mapped many other radio sources near this peak.
These are often collectively referred to as ‘‘the l ¼ 333

�
complex’’

(de Graauw et al. 1981). At least four of these other sources can
be seen in Figure 1, but only about half of the emission from the
l ¼ 333

�
complex falls within the boundaries of Figure 1, as

the complex extends beyond the southern and western edges of
the image. Maps of the associated CO emission have been ob-
tained by deGraauw et al. (1981) and Bronfman et al. (1989). The
radial velocity of the l ¼ 333

�
complex is about�50 km s�1 and

the distance is about 3.0 kpc (Sollins & Megeath 2004; x 3.1.6).
The complex is elongated parallel to the Galactic plane (McGee
et al. 1979; Russeil et al. 2005; Fig. 1) and has an extent of�1N5
in longitude (estimated from either radio or molecular maps)
corresponding to 80 pc. Cheung et al. (1980) estimate a mass of
105 M� for a region �4 pc in extent centered on G333.6�0.2.
The total mass of the complex must be much larger, perhaps com-
parable to that of the Carina molecular cloud complex (x 3.1.1).

Sollins &Megeath (2004) present strong evidence of ongoing
formation ofmassive stars in G333.6�0.2. Specifically, they find
a molecular core containing �2 ; 103 M� of dense (k106 cm�3)
gas and note that G333.6�0.2 corresponds to a compact H ii

region. Based on the Galactic spiral arm model of Taylor &
Cordes (1993) and on the assumed distance of 3.0 kpc (x 3.1.6),
G333.6�0.2 lies in the Crux spiral arm.

3.1.3. NGC 6334

NGC 6334 is an optically visible H ii region lying at a dis-
tance of 1.7 kpc (Neckel 1978; x 3.1.6). The radio map of Goss
& Shaver (1970) shows ionized gas distributed over a region
�10 pc in size, while the optical nebulosity extends over a region
about 20 pc in extent (Gardner&Whiteoak 1975; Straw&Hyland
1989). The extent of the associated molecular gas is also about
20 pc (Dickel et al. 1977). From these maps we see that gas as-
sociated with NGC 6334 may not extend much beyond the re-
gion shown in Figure 1. Based on the CO map of Dickel et al.
(1977), Straw & Hyland (1989) estimate a mass of 1:5 ; 105 M�
for the entire cloud. Comparing the size and mass of NGC 6334
with values given above for the Carina molecular cloud com-
plex and the l ¼ 333� complex, we see that NGC 6334 may be
somewhat smaller and less massive.

Just as they did for the case of G333.6�0.2, Sollins &
Megeath (2004) present strong evidence of ongoing formation of
massive stars in NGC 6334. They studied the source NGC 6334 I
that lies toward the northern edge of the dense ridge of emission
seen in Figure 1, and they found two molecular cores each con-
taining �103 M� of dense (k106 cm�3) gas, one of which cor-
responds to an ultracompact H ii region. Based on its distance
(1.7 kpc; x 3.1.6) and on the Taylor & Cordes (1993) model,
NGC 6334 is located in the Carina-Sagittarius spiral arm.

3.1.4. G331.5�0.1

Of our four targets, G331.5�0.1 is the one that has been stud-
ied least. This H ii region and six other nearby radio sources form
a group having an extent of about 1� in Galactic longitude and
about 0N5 in latitude (Amaral & Abraham 1991). The group is
centered near l ¼ 331�. Several of these radio sources can be seen
in Figure 1, and several others lie beyond the southern andwestern
edges of the image.

Not all of the members of this group have the same line-of-
sight velocity, so it is generally believed that the group is a super-
position of two unrelated complexes (Russeil et al. 2005; Amaral

TABLE 4

Polarization Results for G331.5�0.1

��a ��a
P

(%) �P � ��

1.67 �4.36 0.4 0.07 62.2 4.7

3.01 �1.34 0.48 0.04 167.3 2.5

4.36 1.67 0.47 0.04 133.1 2.6

�1.34 �3.01 0.44 0.07 120.8 4.6

0 0 0.3 0.05 5.8 4.7

1.34 3.01 0.46 0.04 132.4 2.8

�3.01 1.34 1.14 0.11 123.2 2.8

�1.67 4.36 1.87 0.11 119.2 1.8

5.71 4.68 1.37 0.14 137.5 2.8

7.05 7.7 1.12 0.19 121.3 4.8

8.38 10.7 1.97 0.24 116.3 3.5

2.68 6.02 1.26 0.11 129.9 2.4

4.02 9.03 1.06 0.25 121.8 6.6

5.36 12.04 4.07 0.59 117.9 4.2

1.02 10.39 3.32 0.38 122.3 3.3

2.35 13.39 4.02 0.6 114.6 4.3

10.7 �8.38 1.65 0.55 30.3 9.5

12.04 �5.36 1.5 0.56 33.0 10.6

6.02 �2.68 1.43 0.29 151.6 5.8

�6.02 2.68 2.4 0.38 120.6 4.6

�7.7 7.05 2.45 0.77 113.8 9.1

�12.04 5.36 1.14 0.44 120.2 11.0

�10.7 8.38 3.11 0.84 127.0 7.7

�2.35 13.39 1.23 0.37 132.2 8.6

�1.02 10.39 1.23 0.29 116.0 6.7

0.33 �7.38 0.69 0.3 94.8 12.7

10.39 �1.02 0.81 0.29 158.7 10.2

11.73 2 1.23 0.31 138.8 7.3

13.08 5.01 1.29 0.26 133.5 5.9

7.38 0.33 3.55 0.42 125.7 3.4

8.72 3.34 2.81 0.43 124.4 4.4

10.06 6.35 3.27 0.45 124.9 3.9

�0.33 7.38 1.94 0.23 125.6 3.4

�4.68 5.71 3.55 0.42 125.7 3.4

�3.34 8.72 2.81 0.43 124.4 4.4

�2 11.73 3.27 0.45 124.9 3.9

�6.35 10.06 2.94 0.44 121.4 4.3

�5.01 13.08 2.88 0.76 131.0 7.6

5.01 �13.08 0.91 0.42 110.3 13.2

6.35 �10.06 1.04 0.26 114.1 7.2

7.7 �7.05 0.62 0.25 127.6 11.6

2 �11.73 1.54 0.34 128.1 6.4

3.34 �8.72 1.26 0.25 112.4 5.8

�7.05 �7.7 0.91 0.42 110.3 13.2

�5.71 �4.68 1.04 0.26 114.1 7.2

�4.36 �1.67 0.62 0.25 127.6 11.6

�10.06 �6.35 2.22 0.52 123.2 6.7

�8.72 �3.34 1.54 0.34 128.1 6.4

�7.38 �0.33 1.26 0.25 112.4 5.8

�11.73 �2 2.42 0.48 135.4 5.6

�10.39 1.02 2.35 0.46 126.5 5.6

a Offsets in right ascension and declination are measured in arc-
minutes relative to the J2000.0 position (16h11m59.s0, �51�2804000).
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& Abraham 1991; Caswell & Haynes 1987). Both complexes
are elongated parallel to the Galactic plane, and they are sepa-
rated not only in velocity but also in Galactic latitude. The com-
plex containing G331.5�0.1, which is seen at (0�, 0�) in Figure 1,
has generally more positive latitudes and a higher negative ve-
locity. This complex is referred to by Russeil et al. (2005) as ‘‘the
�87 km s�1 complex.’’ The other complex, which contains the
source G331.3�0.3, seen at (0N0, �0N3) in Figure 1, has gener-
ally more negative latitude and a lower negative velocity. It is re-
ferred to by Russeil et al. (2005) as the ‘‘�65 km s�1 complex.’’
Except for G331.3�0.3, all major flux peaks seen in Figure 1
correspond to the �87 km s�1 complex.

For the most part, sky locations where we obtained polarim-
etry data correspond to the �87 km s�1 complex. About seven
vectors lying at the southeast corner of our polarization map are
closer to G331.3�0.3 than to any source in the�87 km s�1 com-
plex, so they probably correspond to the �65 km s�1 complex.
Note that many of these vectors are more nearly perpendicular to
the Galactic plane, while the vectors for the rest of the map are
more nearly parallel to it.

The distance to the�87 km s�1 complex is still uncertain, but
Russeil et al. (2005) argue for a distance of 5.3 kpc (x 3.1.6). The
�65 km s�1 complex lies at 4.2 kpc, according to these authors.
Molecular emission corresponding to the �87 km s�1 complex
can be seen in the CO maps of Bronfman et al. (1989). The size
and shape of this CO structure are similar to those measured for
the l ¼ 333� complex that contains G333.6�0.2 (x 3.1.2), but the
integrated intensity is somewhat lower. Factoring in the greater
distance, the molecular mass of the �87 km s�1 complex could
be comparable to that of the l ¼ 333� complex. Despite the over-
all paucity of observations for G331.5�0.1, it does seem that ev-
idence for ongoing formation of massive stars has been found.
For example, at the position of this source we find a massive
ammonia core (Vilas-Boas & Abraham 2000), CS emission
(Bronfman et al. 1996), and strong methanol maser emission
(Walsh et al. 1997).

3.1.5. Comparison of the Four GMCs Observed

All four SPARO targets are associated with massive GMCs
(105Y106 M�) and ongoing or recent formation of massive stars.

Fig. 1.—Results of SPARO 450 �m polarimetric observations, shown together with contours of 100 �m intensity from IRAS HiRes data. The contour levels are
(0:10; 0:18; 0:33; 0:60; 1:10; 2:00; 3:65) ; 104 MJy sr�1. The orientation of the Galactic plane is indicated in each panel using dotted lines at b ¼ 0N5 (NGC 6334),
�1� (Carina), and 0� (G333.6 andG331.5), where b is Galactic latitude. Each bar indicates a polarization detection with at least 2 � significance. Vectors are drawn parallel
to the inferredmagnetic field direction (i.e., perpendicular to theE-vector of the polarized emission). The length of each bar is proportional to the degree of polarization (see
keys at lower left or right of each figure). The coordinate offsets are with respect to (17h20m53.s7, �35�4500400) for NGC 6334, (10h43m20.s0, �59�3501500) for the Carina
Nebula, (16h22m08.s6, �50�0605900) for G333.6�0.2, and (16h12m10.s3, �51�2705100) for G331.5�0.2 (J2000.0). The meaning of the star symbols in the Carina map is
discussed in x 3.1.1.
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Using IRAS results as their database, Kuiper et al. (1987) did
a comparative study of 65 of the brightest southern molecular
clouds in the Galaxy, including our four targets. They calculated
60/100 �m color temperatures and column densities. For NGC
6334, G333.6�0.2, and G331.5�0.1, temperatures were in the
range 40Y43 K. These values are near the peak of the distribu-
tion for the 65 sources. For the Carina Nebula, a color temper-
ature of 48 K was found. This value lies in the upper tail of the
distribution. Column densities for Carina were significantly lower
than for our other three targets. One explanation for these dif-
ferences is that Carina is more evolved than the others, so more
gas has been dispersed andmore energy has been released to heat
the dust. This would be consistent with the observed fact thatmas-
sive stars do not seem to be currently forming within the region
corresponding to our polarimetric map of Carina (x 3.1.1).

3.1.6. Methods Used to Determine Cloud Distances

For purposes of comparing our results with optical polarim-
etry (x 3.5) and estimating physical scales corresponding to the
SPARO beam size (x 3.6) we require accurate estimates of the
distances to our targets. Distance determinations for these targets
fall into two categories: stellar distance estimates (e.g., spectro-
scopic parallax) and kinematic distance estimates, based on the
Galactic rotation curve. The latter solution is multivalued, provid-
ing a ‘‘near distance’’ and a ‘‘far distance.’’Using the spectroscopic
parallax method, Neckel (1978) obtained distance estimates for
OB stars presumed to be associated with NGC 6334. On this
basis, they derive a distance of 1:7 � 0:3 kpc for this cloud.

The star clusters Tr 16 and Tr 14 that power the Carina Nebula
are separated by about 15 pc on the sky. The maps in Smith et al.
(2000) show that this nebula is reasonably isolated on the sky,
so it seems likely that the two clusters lie at roughly the same
distance. Distances to these clusters and to specific stars within
them have been obtained by Carraro et al. (2004), Davidson et al.
(2001), Freyhammer et al. (2001), Rauw et al. (2001), Tapia et al.
(2003), and Vazquez et al. (1996). These six independent esti-
mates have amean of 2.7 kpc and a standard deviation of 0.4 kpc.
Our distance estimate does not change significantly if we drop
the requirement that the two clusters must lie at the same distance
and instead simply estimate the distance to Tr 14, which is the
cluster that powers the far-IR flux peak that we mapped polari-
metrically with SPARO.

For G333.6�0.2 and G331.5�0.1, distance estimates are ki-
nematic. For G333.6�0.2, we adopt the value 3.0 kpc, given by
Sollins &Megeath (2004) and Colgan et al. (1993). Other values
found in the recent literature are 3.5 kpc (Russeil et al. 2005) and
2.8 kpc (Vilas-Boas & Abraham 2000). The far kinematic dis-
tance of about 11 kpc can be ruled out because Russeil et al.
(2005) detect optical emission from six sources in the l ¼ 333

�

complex (which they refer to as ‘‘CO cloud I’’). For G331.5�0.1,
it is again the near distance that is almost always quoted, but
in this case it is not as easy to rule out the far distance. The
strongest discriminate seems to be the comparison of absorption
and emission spectra carried out by Dickey et al. (2003) that places
G331.5�0.1 at the near kinematic distance, which is given by
Russeil et al. (2005) as 5.3 kpc.

3.2. Measured Polarization Magnitudes

Hildebrand et al. (1999) show the distribution of measured
magnitudes of 350 �m polarization for a large sample of mea-
surements, obtained from polarizationmaps that generally sample
smaller spatial scales in comparison with our SPAROmaps. The
mean magnitude in the Hildebrand et al. (1999) sample is 1.6%,

while ours is slightly higher at 2.0%. Several factors could ac-
count for this difference. First note that in Figure 1, the higher
degrees of polarization usually are found in regions with lower
column density, a trend that has also been seen in smaller scale
maps (Matthews &Wilson 2000; Henning et al. 2001; Lai et al.
2002; Crutcher et al. 2004). Since the SPARO data sample re-
gions of generally lower column density in comparison with the
regions studied by Hildebrand et al. (1999), this effect could ex-
plain why SPARO sees higher polarization. On the other hand,
SPARO’s large beam averages over more field disorder, which
would tend to reduce the polarization magnitude. Another effect
that could be important is our improved data analysis method
(x 2), which removes the bias toward low polarization magnitude
(Li et al. 2005). Finally, note that Vaillancourt (2002) present
evidence for structure in the polarization spectrum, so the modest
wavelength difference (350 �m vs. 450 �m) could be important.

3.3. Statistics of the Inferred Magnetic Field Directions

Figure 2 shows the distribution of projected magnetic field
position angles, for the entire sample of measurements for all
four clouds. The position angle is given in Galactic coordinates,
with 0� corresponding to Galactic north-south, and with position
angle increasing in the counterclockwise direction. Note that the
measurements tend to cluster near the dark vertical line at posi-
tion angle 90

�
, corresponding to magnetic fields running parallel

to the Galactic plane. Relatively fewmeasurements are found near
the left- and right-hand extremes of the histogram, corresponding
to fields orthogonal to the plane.We can explain this by supposing
that large-scale magnetic fields in GMCs are generally parallel
to the even larger scale Galactic fields in the regions surround-
ing these clouds, which are known to run preferentially parallel
to the Galactic plane (Mathewson & Ford 1970). Much of the
remainder of this paper is devoted to exploring the validity of
this conclusion and its implications.

As a first step, we break the histogram in Figure 2 into four
separate histograms, one for each of our four target GMCs. This
is shown in Figure 3, where we also show vertical dotted lines
indicating the mean position angle for each cloud. The method
we use to calculate this mean is described in the paragraphs be-
low. For three of the four clouds, the mean field direction is nearly

Fig. 2.—Histogram of magnetic field directions for all SPAROmeasurements
(Tables 1Y4), binned in 15� intervals. Position angles are measured fromGalactic
north-south, increasing counterclockwise.
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parallel to the Galactic plane, but for NGC 6334 the mean is
almost perpendicular to the plane.

Because the field direction measurements wrap around, with
0� ¼ 180�, the mean position angle is actually undefined. How-
ever, it is clear that each cloud has a well-defined peak in the
distribution of angles (Fig. 3). We have devised a technique for
estimating the position of this peak, based on the formalism of
Stokes parameters (see, e.g., Jackson 1999). Two of the four
Stokes parameters,Q andU, contain information about the state
of linear polarization of a light beam. They are related to the in-
tensity of linearly polarized flux IPF and angle of polarization� via

Q ¼ IPF cos (2�); U ¼ IPF sin (2�): ð1Þ

Our method is as follows: For a given cloud, we first compute
Qi and Ui for each sky position i where we have detected polar-
ization. Note that by summing these to form Qsum and Usum, one
can determine the polarization state that would be measured by
an imaginary polarimeter that acts by combining all flux from the
region studied by SPARO andmaking one polarization measure-
ment on it. However, since our goal is to study the global field of
each cloud, we do not want regions having high column density
to be givenmoreweight than regions having low column density.
Furthermore, we do not want regions having high grain align-
ment efficiency to be given more weight than regions with low
efficiency. Accordingly, to ensure that each sky position will be
given equal weight, we compute

Q0
i � Qi=IPF; U 0

i � Ui=IPF ð2Þ

and then average all values of Q0
i and U 0

i for a given cloud to
form Q̄0 and Ū 0. From these ‘‘equal weight’’ average values we
can derive a mean polarization angle for the cloud using the
formalism in equation (1). We refer to the mean magnetic field
direction obtained in this way as the ‘‘equal weight Stokes mean,’’
�EWSM. Note that because the total flux and degree of polari-
zation cancel out in equation (2), �EWSM is actually determined
using only the measured angles of polarization. No other infor-
mation is required. Our method for computing �EWSM also yields
another parameter that we refer to as the ‘‘order parameter,’’
defined as o:p:¼½(Q̄0)2 þ (Ū 0)2�1=2. For a set of polarization mea-
surements all having the same position angle, we obtain o:p:¼1.
For a set of measurements having position angles uniformly
spaced over a full 180�, we obtain o:p: ¼ 0. We use this param-
eter in xx 3.5.3 and 3.6.1.
Note that for three of our four clouds, the mean field angle

�EWSM is within 15� of the Galactic plane (Figs. 3 and 4). For a
set of clouds having a random distribution of �EWSM we would
expect on average only one cloud in six to have �EWSM within
15� of the plane. If we choose four random angles between 0� and
180

�
, the probability for obtaining at least three of the four within

the interval 90� � 15� is only (4 ; 5þ 1)/64 ¼ 0:0162. There-
fore, this is unlikely to be a chance alignment. The most likely
explanation is the one we advanced in the first paragraph of this
section: large-scale magnetic fields in GMCs are preferentially
parallel to the fields in the even larger scale regions of the Galaxy
that surround these clouds. We explore this issue further in x 3.5,
where we also examine the case of the discrepant cloud NGC
6334.

Fig. 3.—Histograms of magnetic field directions for all SPAROmeasurements, broken down by cloud. For each panel, a vertical dotted line shows the mean magnetic
field direction for the cloud, computed as described in x 3.3. Position angle is measured in Galactic coordinates, as in Fig. 2.
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3.4. Comparisons with Midcourse Space Experiment
(MSX) Maps

Polycyclic aromatic hydrocarbon molecules (PAHs) can be
used as a tracer of massive star formation (Peeters et al. 2004).
Thesemolecules absorb far-UV photons emitted by stars and trans-
fer the energy into vibrational modes associated with molecular
stretching and bending. The PAHs then cool by emitting IR ra-
diation,mostly in thewavelength range 3Y11�m.The 8�memis-
sion shown in Figure 5 is mostly, although not entirely, due to
PAHs. The main exception is that some of the point sources seen
in these images correspond to stars surrounded by hot dust.

The 3Y11 �m PAH spectrum depends significantly on the
charge states (see Fig. 2 ofAllamandola et al. 1999; Peeters 2002),
which are determined by the ratio of the illuminating UV radi-
ation field to the electron density, G0/ne. In regions having high
G0/ne the ionized states of PAH dominate, while for low G0/ne it
is the neutral states that are more common. In the ionized state,
the intensity of the 8 �m emission is much higher. In crossing
the boundary of an H ii region, ne changes dramatically but G0

changes relatively little. The result is a sharp change in the 8 �m
brightness at the boundary of an H ii region. This effect can be
seen in the 8 �mmap of Carina shown in Figure 5. The shapes of
the bipolar H ii bubbles seen in this figure are very close to shapes
seen in the superbubble simulations of Silich & Franco (1999).

Fig. 4.—Histogram of the mean magnetic field direction for each GMC (x 3.3).
Position angle is measured in Galactic coordinates, as in Fig. 2. Three out of the
four clouds have mean fields that are within 15� of being parallel to the Galactic
disk. NGC 6334 is the outlier, with a field rotated away from the plane by �70�.

Fig. 5.—Results of SPARO 450 �m polarimetric observations, shown together with false color 8 �m maps from MSX. The vectors are drawn parallel to the inferred
magnetic field direction and their lengths are proportional to the degree of polarization. Note that in Carina the fields follow the curvature of theH ii bubbles. A similar effect
is seen in G333.6�0.2 (x 3.4). The coordinate offsets are with respect to (17h20m51.s0, �35�4502600) for NGC 6334, (10h43m15.s6, �59�3303400) for the Carina Nebula,
(16h22m03.s4, �50�0603000) for G333.6�0.2, and (16h11m59.s0, �51�2804000) for G331.5�0.2 (J2000.0).
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OB stars ionize their surroundings, and the ionization pres-
sure wave propagates outward from the star-forming region. The
speed of propagation is inversely proportional to the density of
the ambient interstellar medium (ISM), so H ii regions usually
grow fastest along the direction perpendicular to the Galactic
plane. This explains the bipolar morphology of the H ii bubbles
(Silich & Franco 1999; Smith et al. 2000).

Note that the magnetic field directions we determined for
Carina closely follow the boundaries of the two expanding H ii

bubbles (Fig. 5). This can be understood as the effect of the ex-
pansion of the bubble on the magnetic field. In this model, we
must assume that the expansion of the ionization front is accom-
panied by bulk gas motion, such that gas is generally flowing in
a direction that points away from the center of the bubble. This is
reasonable as the ionized gas will be heated and will tend to ex-
pand. In this case the gas just beyond the edge of each bubble will
be compressed in a direction perpendicular to the bubble edge.
Under flux-freezing conditions, such compression will have a
strong effect on themagnetic field. The result will be that the field
will tend to be parallel to the compression front (see, e.g., Novak
et al. 2000), precisely as we observe in Carina.

However, there is an alternative explanation that could ac-
count for the observed parallelism between the edges of the bub-
ble and the field without requiring a compression front. To see
this, note that gas expansion, under flux-freezing conditions,
will always cause distortions in the ambient magnetic field re-
gardless of the existence or nonexistence of a compression front
external to the bubble. A concrete example is provided by the
model of Tomisaka (1998) where it is the magnetic tension rather
than external gas pressure that acts to resist the expansion of the
bubble.

The bubble-like structures seen in Carina are muchmore strik-
ing than the structures seen in the three other 8 �m maps shown
in Figure 5. This may indicate that, in comparison with our other
three targets, Carina has suffered a relatively greater amount of
disruption induced by star formation. If so, that would explain
why Carina shows more variation in inferred magnetic field di-
rection in comparison with the other SPARO targets (Fig. 3).
This interpretation is consistent with what we learned from the
comparison between the four clouds (x 3.1.5).

High-resolution radio polarization measurements of galaxies
show that the magnetic field is well aligned with spiral arms
(Neininger 1992; Neininger & Horellou 1996; Patrickeyev et al.
2005). Because field disorder is magnified when observed along
the field direction, one might argue that the lesser degree of uni-
formity of the fields in Carina is a result of the near coincidence
of the line of sight and the tangent to the Carina spiral arm at
the location of the cloud. (The angle between the line of sight
and the arm tangent is�20�, much lower than for NGC 6334 or
G333.6�0.2.) However, the strong correlation between the fields
and the bubble boundaries shows that the main reason for the
field disorder is star formation.

G333.6�0.2 also contains bipolar PAH bubbles. These can be
seen in the image shown in Figure 5, at position (0N10, �0N05)
and (0N0, 0N05). They are much easier to see in the recently ob-
tained SpitzerGLIMPSE images (B.Whitney 2005, private com-
munication). In contrast to the case of Carina, our polarization
map for G333.6�0.2 covers a region significantly larger than the
area containing the bubbles. The field in G333.6�0.2 is basically
uniform, but note that the field lines running near the ‘‘Galactic
north’’ edge of the northern bubble appear to be pushed outward
by the bubble. NGC 6334 also shows bubble-like structures in
Figure 5, but the strongest such structures occur at locations for
which we have no SPARO polarization data.

3.5. Comparison with Stellar Polarization Data

It has been shown that Galactic magnetic fields tend to be
parallel to the Galactic disk on large scales. For example, opti-
cal polarization measurements for stars more distant than 2 kpc
show inferred field directions that are mostly parallel to the plane
(Mathewson & Ford 1970). As discussed in x 3.3, our observa-
tions suggest that on the scales of our SPARO polarization maps
(much smaller than 1 kpc), this tendency is still evident. This
can be understood if the processes that act to accumulate diffuse
gas and thereby form a GMC do not significantly alter the mean
magnetic field direction in the gas. But in this case, how do we
account for the outlier NGC 6334? One answer to this question
is suggested by the fact that even though the large-scale Galactic
field is parallel to the disk, there are nevertheless spatial fluctua-
tions in the Galactic field that occur on scales that are larger than
the size of a GMC (e.g., Mathewson & Ford 1970). If NGC 6334
happened to form in a region where such fluctuations had resulted
in a field significantly different from the large-scale average, then
this could explain the discrepancy.
In principle, this idea can be tested by comparing SPARO

results for each cloud with the field direction in the surround-
ing diffuse medium as sampled by optical polarimetry of stars.
In practice, we have only been able to do this for NGC 6334, the
closest of our four targets. Here we describe the results of this
analysis, which was carried out using a stellar polarimetry data-
base published by Heiles (2000). Since this database was created
by combiningmany previous polarization catalogs, it is referred
to by the author as an ‘‘agglomeration.’’ When computing the
field direction in the surrounding diffusemedium,wemust choose
a length scale to characterize this larger region. The natural choice
is the accumulation length, defined so that the cube of this length
corresponds to the volume of diffuse ISM containing a gas mass
equal to the mass of a GMC. Williams et al. (2000) estimate an
accumulation length of 400 pc for the Galactic disk.
A stellar polarization measurement gives the mean field direc-

tion, weighted by density of dust particles, along the line of sight.
To determine the field in a particular region, one must subtract
the foreground polarization, inferred from foreground stars, from
that measured for background stars (e.g., Marraco et al. 1993).
In our analysis of the Heiles (2000) database, we carry out such
subtractions. Stellar distancemeasurements are important because
wewill rely on them to define the foreground and background stars
for a given region. Based on comparisons among the various cat-
alogs that he has agglomerated, Heiles (2000) estimates a typical
distance uncertainty of about 20%.

3.5.1. Evidence of Bias in the Heiles Database

Besides stellar distance, another factor that is relevant to the
problem of foreground effect subtraction is extinction. For the
Heiles (2000) database, Figure 6 shows how the selective extinc-
tion, E(B� V ), varies with distance. Each point represents the
mean E(B� V ) for stars within a 100 pc interval. In Figure 6 we
have included only stars having bj j � 0N1, where b is the Galac-
tic latitude. The figure shows that the selective extinction grows
quite linearly up to�1.5 kpc, with a slope close to 0.6mag kpc�1

given bySpitzer (1978). Beyond this distance, the extinction tends
to level off. There are three effects that could contribute to this
flattening of the extinction curve: (1) There is more dust nearer
to the Sun than farther from it (i.e., we live within a local density
enhancement). (2) The database is biased against stars that have
both large distances and large extinctions. Such stars would be
relatively faint, so in a flux-limited sample there could be a selec-
tion effect that tends to exclude them. We refer to this selection
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effect as ‘‘Kapteyn universe bias.’’ (3) For a fixed latitude, sight
lines to more distant stars extend to larger distances away from
the Galactic plane, where there is less dust.

Because we have restricted b to �0N1, we can be reasonably
sure that explanation 3 does not play a large role. This is because
no sight line in our sample extends farther than 5 pc from the Ga-
lactic plane, for distances up to 3 kpc. A distance of 5 pc is much
smaller than the scale height of the H i gas (Spitzer 1978). Given
that the dust density should be highest at the location of the spi-
ral arms and that the Sun is situated about halfway between two
such arms, each about 2 kpc distant (Xu et al. 2006), it seems
highly unlikely that explanation 1 could account for all of the
flattening seen in Figure 6. Thus, explanation 2 must play a sig-
nificant role.

Kapteyn universe bias can introduce uncertainties in the cor-
rection for foreground polarization. For this reason, we believe
that using the data of Heiles (2000) to study regions much beyond
1.5 kpc will give unreliable results. We have chosen to study re-
gions as far as 1.7 kpc so that we can include the vicinity of
NGC 6334 (d ¼ 1:7 kpc; x 3.1.6). The next closest source, Carina,
lies at a distance of 2.7 kpc, well into the flat part of the extinc-
tion curve. In x 3.5.4 we show that Kapteyn universe bias does
not affect our main conclusions for regions as far as 1.7 kpc.

3.5.2. Choice of Cells for Analysis

In our analysis of the Heiles (2000) database, we divide the
nearby (d � 1:7 kpc) regions of the Galactic plane into ‘‘cells’’
with dimensions roughly corresponding to the accumulation length
(�400 pc; second paragraph of x 3.5). One such cell is centered
on NGC 6334. For each cell, we collect data from Heiles (2000)
and apply a correction for foreground polarization in order to
estimate the mean magnetic field direction within that cell. For
the NGC 6334 cell, we compare this result with the mean field
direction inferred from the SPARO data. The other cells serve as
comparison regions.

Our cells are cuboids in (l, b, d )-space, where l and b are
Galactic longitude and latitude and d is distance from the Sun.
All cells are centered on b ¼ 0

�
and centered on one of three

possible values of d: 0.7, 1.2, and 1.7 kpc. As viewed from far
above the Galactic plane, they tile the local region of the Galactic
disk, forming three complete 360� rings of cells, with the whole
pattern centered on the Sun. The angular size of a cell along its
l-dimension decreases with distance so that we can keep the cor-
responding spatial scale (measured in pc) approximately con-
stant. Thus, the number of cells in a given ring increases with the
d-value of that ring. The cells’ angular size along the b-dimension
also decreases with distance, for the same reason. The cells’ lin-
ear sizes deviate somewhat from 400 pc, especially along the
b-dimension, for reasons explained below.

For each cell, we construct foreground (background) cells that
are similar to the main cell but centered on the near (far) face
of the main cell (see Fig. 7). As described in the next section, the
polarization measurements for ‘‘foreground stars’’ (stars lying
within the foreground cell) are used to correct the polarization
measurements for each ‘‘background star’’ (star lying in the back-
ground cell), thus providing a set of rough estimates for the stellar
polarization induced by dust lying within the main cell.

As noted above, our intent was to have cells with dimensions
corresponding to the accumulation scale, estimated to be 400 pc.
We modified the in-plane spatial footprint of each cell, (�l, �d ),
from (400 pc, 400 pc) to (300 pc, 500 pc) in order to take into
account the uncertainty in stellar distances. This is why the three
rings are separated by 500 pc in d. At the distance of our far-
thest background cells, centered at d ¼ 1:7þ 0:25 ¼ 1:95 kpc,
the 20% distance uncertainty translates to approximately 400 pc.
Thus, even after increasing �d from 400 to 500 pc, distance un-
certainty is still an important limitation to the accuracy of our
analysis. However, increasing �d to 600 pc or higher while pre-
serving nonoverlapping cells would have resulted in a sample
containing only two rings of cells rather than three, as there would
not have been enough space for the foreground cells correspond-
ing to the closest ring of main cells.

For each ring, we adjusted �l slightly from 300 pc so that
the full 360� are covered by an integer number of cells. For the
1.7 kpc ring, the longitudinal dividing lines of the cells are chosen
so that one cell is centered onNGC 6334. For the two closer rings,
we have arbitrarily chosen l ¼ 0� as a dividing line.

The size of the cells along the direction perpendicular to the
Galactic plane (�b) has been set at 120 pc. The reason that we
chose such a relatively small value for �b is related to the scale
height of Galactic gas. Since the thickness of the H i disk is
240 pc (Spitzer 1978), setting �b to 400 pc would have resulted
in the inclusion of relatively high latitude background stars hav-
ing relatively little line-of-sight dust within the main cell. The
polarization induced by this relatively small column of dustwould
have been very small, so the inferred foreground-corrected polar-
ization angles corresponding to these stars would have been very
uncertain. Because our method for determining the mean mag-
netic field angle for each cell (x 3.5.3) gives equal weight to each
background star, the use of �b ¼ 400 pc would have thus resulted
in loss of accuracy. We chose �b to equal half of the thickness
of the H i disk in order to preferentially sample the denser part of
this gas layer. Note also that all four of the GMCs observed with
SPARO lie within 30 pc of the Galactic plane. The resulting �l ; �b
sizes are 24� ; 10�, 15� ;6�, and 10� ; 4� for rings at d ¼ 0:7, 1.2,
and1.7 kpc, respectively. Finally, note that for the NGC 6334 cell
we have explored the effect of increasing �b (x 3.5.5).

3.5.3. Selection and Processing of Stellar Polarization Data
for a Single Cell

In order to correct for the effects of foreground polarization,
we use the method introduced byMarraco et al. (1993). For each

Fig. 6.—Plot of mean selective extinction E(B� V ) vs. distance, for stars in
the Heiles (2000) database. We restricted the distance to the range shown and
Galactic latitude to b ¼ �0N1. The data are binned in 100 pc intervals. The left
solid line is a linear fit to the points having d � 1500 pc, forced to pass through
the origin. The right solid line indicates the mean for points with d > 1500 pc,
which is 0.7. The dotted line shows an extension of the left solid line. These lines
are used to develop a correction for Kapteyn universe bias (x 3.5.4).
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star in the background cell, we first collect a subset of the stars in
the foreground cell, chosen to have sky coordinates reasonably
close to those of the background star (Fig. 7). Then linear func-
tions of l and b, q(l; b) ¼ c1 þ c2l þ c3b and u(l; b) ¼ c4 þ
c5l þ c6b, are fitted to the normalized Stokes parameters, qf and
uf , of the subset of foreground stars. Next, the contributions of
the dust in the main cell to the Stokes parameters of the back-
ground star, qb and ub, are estimated by qb � q(l0; b0) and ub �
u(l0; b0), where (l0; b0) are the coordinates of the background
star. In this way we can estimate the polarization introduced to
the background star by dust in the particularmain cell under study.
We refer to this as the polarization residue, and it contains infor-
mation about the magnetic field direction in the cell.

During the analysis, several criteria are used to reject stars.
First, stars with nonpositive values for selective extinction are
not used. Also, a background star is rejected if it has fewer than
four corresponding foreground stars (Fig. 7). Although three stars
are sufficient for the fit, we found that occasionally they will lie
close to a straight line on the sky, thus making the fit very un-
reliable. A background star having polarization residue below
0.2% is also rejected as being too close to the 0.1% accuracy of
the Heiles (2000) database.

For three cells in our sample, we show in Figure 8 the polar-
ization residues for all unrejected background stars. The mean

field direction for a given cell is estimated by the equal weight
Stokes mean �EWSM (x 3.3) of the polarization residues. Cells con-
taining fewer than five polarization residues are rejected. A total
of 22 of the 75 cells in our study survive this cut. A further cut is
made based on the order parameter (o.p.; x 3.3). Figure 8 illus-
trates how the order parameter is related to the degree of uni-
formity in the field directions given by the polarization residues.
We see that for the cell with o:p: ¼ 0:21, one would not conclude
that the overall field direction for the cell is constrained in any
way, so the mean field direction determined for this cell has little
meaning. For the cell with o:p: ¼ 0:41, however, the vectors
suggest that there is a well-defined mean field direction. The
criterion we used is o:p: 	 0:3, which results in rejection of half
of the remaining 22 cells.
Using the analysis described above, we obtain mean field di-

rections for 11 cells, and their distribution is shown in Figure 9.
More than half of the cells have magnetic field angles within 30�

of the Galactic plane, and the equal weight Stokes mean of the 11
angles is 103�, which is reasonably close to the direction of theGa-
lactic plane. The cell corresponding to NGC 6334 is shaded in
Figure 9. Note that NGC 6334 falls in the same bin in this figure
as it did in Figure 4,wherewe showed the distribution of theGMC
field directions determined by SPARO. The polarization residues
for the NGC 6334 cell are shown in the top panel of Figure 8.

500 pc

Fig. 7.—Main, foreground, and background cells, used for analysis of stellar polarization data (x 3.5.2). Illustration is referenced to (l, b, d )-space. Thick solid lines
show the main cell (having dimensions 500 pc ;300 pc ;120 pc) within which we want to estimate the mean magnetic field angle. Note that although the main cells are
cuboids in (l, b, d )-space, in real space they have slightly curved faces and they tile the local region of the Galactic disk in three rings (x 3.5.2). For each main cell, the
corresponding background (foreground) cell is centered on the far (near) face of the main cell. The background cell is shaded. Stars in the background (foreground) cell are
defined as background (foreground) stars. For each background star (e.g., Galactic coordinates [l0, b0]) several corresponding foreground stars (restricted to [l0 � 1N5,
b0 � 1N5]) are used for removing foreground polarization effects. Filled star symbols show one background star with four corresponding foreground stars.

LI ET AL.350 Vol. 648



3.5.4. Correction for the Effects of Kapteyn Universe Bias

As discussed in x 3.5.1, there is evidence for Kapteyn universe
bias in the Heiles (2000) database. If we assume that this bias is
the only effect contributing to the flattening of the extinction curve
of Figure 6, then we can derive a ‘‘bias correction’’ that we can
apply to the Heiles database in order to remove the bias. Although
it is not clear that all of the flattening is due to Kapteyn universe
bias (x 3.5.1), we nevertheless apply this correction in order to
get a rough idea of the possible effects of the bias on our analysis.

Our bias correction is based on the reasonable assumption that
the bias affects the normalized Stokes parameters q and u in the
same way that it affects the measured values of selective extinc-
tion. The correction works as follows: First, we extend an extrap-
olation of the linear portion of the extinction curve over the full
range of distances (see Fig. 6, dotted line). We assume that this
would be the measured extinction curve in the absence of the
bias. Next, we multiply all of the normalized Stokes parameters

measured for stars having d 	 1:5 kpc by a correction factor that
depends on distance and is determined by taking the ratio of the
extinction value given by the extrapolation (dotted line) to that
given by the data themselves (estimated by the horizontal line).

If we apply this bias correction to the Heiles data before using
it in our analysis, we find that 10 cells (rather than 11) survive the
various cuts. The resulting distribution of magnetic field direc-
tions for these cells is shown in Figure 10. Note that the peak
corresponding to fields parallel to the Galactic plane is some-
what stronger. The NGC 6334 cell is again indicated as a shaded
box, and its field direction is essentially unchanged. (Note that
many of the stars we use in our analysis have distances less than
1.5 kpc, so for these stars the bias correction has no effect.)

There are two reasons to suspect that our correction for Kapteyn
universe bias may be too strong. First, if Kapteyn universe bias
is not the only reason for the flattening of the extinction curve,
then wewill be overcorrecting. The second reason is that some of
the cuts we made on the data may have served to eliminate back-
ground stars with relatively stronger bias (the ‘‘P 	 0:2%’’ cut)
and also cells with relatively stronger bias (the ‘‘o:p: 	 0:3’’ cut).
(To understand the effect of the o.p. cut, note that the Kapteyn
universe bias tends to dilute the ‘‘real’’ polarization residues and
thus could reduce the agreement among vectors in a cell.) In this
case, applying the bias correction to the surviving cells, which
have relatively weaker bias, will result in overcorrection. Keep-
ing these possibilities in mind, all we can conclude from our
analysis is that our best estimate for the true distribution of field
directions probably lies somewhere between the histograms of
Figures 9 and 10.

In x 3.3 we noted that three of our four GMCs have mean
magnetic field directions lying very close to the Galactic plane
and that the probability of this being due to chance alignment is
very low. There remained the problem of understanding the out-
lier, NGC 6334. The result of our study of the local Galactic field
on�400 pc scales is that the NGC 6334 region turns out to again
be an outlier. Specifically, in terms of the angular displacement of
its field from the orientation of the Galactic plane, the NGC 6334
cell is either the third highest of 11 (Fig. 9) or the highest of 10
(Fig. 10), depending on whether or not the bias correction is

Fig. 8.—Three examples illustrating the use of the order parameter (o.p.). The
thin, dark bars show optical polarization residues for three of the cells used in our
analysis of optical polarization data (x 3.5). Their orientations indicate the di-
rection of the inferred magnetic field that is parallel to the angle of polarization,
and their lengths are proportional to the degree of polarization. The key for these
lengths is provided by the thicker bars in each panel, which are drawnwith length
corresponding to 1% polarization. Meanwhile, the orientation of each thick bar
indicates the equal weight Stokes mean of the polarization residues for each cell.
Note that the greater the degree of uniformity in the directions of the thin bars, the
higher the corresponding o.p. value. The top panel corresponds to the cell cen-
tered on NGC 6334.

Fig. 9.—Histogram of magnetic field directions determined from optical
polarimetry data, for 11 ‘‘cells’’ in the Galaxy (x 3.5). The shaded box corre-
sponds to the cell centered on NGC 6334. The data have not been corrected for
Kapteyn universe bias. Position angle is measured in Galactic coordinates, as in
Fig. 2.
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applied. We conclude that the most likely explanation for the
discrepant SPARO result for NGC 6334 is that the cloud formed
in a somewhat unusual region of the Galaxy, where the field di-
rection (on�400 pc scales) is nearly perpendicular to the Galac-
tic plane. As a whole, our results for the four clouds suggest that
the mean field direction inside a GMC is roughly parallel to that
in a surrounding region having size approximately given by the
accumulation length.

3.5.5. Dependence on Assumed Distance of NGC 6334 and Cell Size

We concluded above that the cell corresponding to NGC 6334
is an outlier with respect to the distribution of cell field directions.
Next we show that this conclusion is reasonably robust in the
sense that it does not depend sensitively on the precise distance
assumed for NGC 6334, nor on the precise cell dimensions.

As noted in x 3.1.6, the uncertainty in the distance to NGC
6334 is given as 0.3 kpc. This is due to systematic, not statistical,
errors (Neckel 1978). We have repeated the analysis for this cell
while displacing its center in 100 pc increments along the line of
sight away from the nominal value of 1.7 kpc. For distance val-
ues of 1.5, 1.6, 1.7, 1.8, and 1.9 kpc, we findmagnetic field direc-
tions (measured counterclockwise from Galactic north) of�21�,
5�, 20�, 37�, and �23�. For cells centered at 1.4 and 2.0 kpc,
there are fewer than five background stars, which is below our
threshold for analysis as discussed in x 3.5.3. Although there
is thus significant variation with distance, in all five cases the field
direction is closer to being perpendicular to the Galactic plane
than to being parallel to the plane.

We changed the size of the cell centered on NGC 6334 to
examine the effect on mean field direction. Shrinking any of the
three dimensions to half the original size will not change the mean
field direction bymore than 8�. Increasing the size along either the
line-of-sight or latitude directions will not change the mean field
direction by more than 15

�
. Finally, if we increase the dimension

along the longitudinal direction by a factor of 2, the o.p. drops
from 0.41 to 0.25, leading to rejection of the cell (see x 3.5.3).

3.6. Comparisons with Simulations

3.6.1. Estimating Magnetic Field Strength from the Degree
of Field Disorder

Better constraints on magnetic field strengths in molecular
clouds are needed in order to constrain theories of star formation

(Crutcher 2004). In principle, the method of Chandrasekhar
& Fermi (1953) can be used to derive the field strength from
the dispersion in measured submillimeter polarization directions
(Ostriker et al. 2001; Heitsch et al. 2001). In practice the effects
of beam dilution complicate this issue (Heitsch et al. 2001; Houde
2004), and this problem is especially severe for SPARO due to
the 40 beam size. For this reason, we instead make a direct com-
parison of the degree of disorder in field angle seen in our mea-
surements with that seen in three-dimensional MHD turbulence
simulations of GMCs presented by Ostriker et al. (2001), after
first smoothing the latter to the coarse resolution of SPARO. We
again use the order parameter (o.p.; x 3.3) to quantify the disorder
in magnetic field direction.
Ostriker et al. (2001) use their numerical simulations to follow

the time evolution of initially smooth, self-gravitating, isothermal
gas. The initial velocity field corresponds to Komolgorov-type
turbulence with Mach number equal to 14. The initial magnetic
field is uniform, but three models are considered with three dif-
ferent field strengths corresponding to� ¼ 1, 0.1, and 0.01,where
� ¼ c2s /v

2
A, cs is the sound velocity, and vA is the Alfvén velocity.

During the evolution, the turbulence decays and theMach number
drops. Snapshots of density, velocity, and magnetic field structure
are shown for various Mach numbers.
Ostriker et al. (2001) give simulations of optical polarization

measurements for background stars observed through their sim-
ulated clouds. It is assumed that all grains along the line of sight
have equal polarization efficiency. Two such optical polarization
maps are given, both corresponding to M ¼ 7, with � ¼ 1 and
0.01, respectively (Figs. 22 and 23 of Ostriker et al. 2001). The
corresponding � ¼ 0:1 map is not shown, but the authors note
that it is very similar to the � ¼ 1 case. We have obtained the
� ¼ 0:1 map from E. Ostriker (2005, private communication),
andwe average the o.p. values obtained from these twomaps and
refer to the average values as the o.p. for the ‘‘� 	 0:1 case.’’
For grains aligned by a uniform magnetic field, the degree

of optical polarization is linearly proportional to column density,
while the submillimeter polarization magnitude has no depen-
dence on column density (for low optical depth). This illustrates
that it is the submillimeter polarized flux rather than the sub-
millimeter polarization magnitude that will generally be propor-
tional to the optical polarization magnitude. Accordingly, when
we bin optical polarization vectors to SPARO’s resolution, we
combine them as if they were polarized flux, using the method
of Stokes parameters. In principle, we should combine Stokes
parameters derived from each simulation resolution element
that lies within a 40 SPARO beam, but Ostriker et al. (2001) only
give optical polarization vectors for a 12; 12 grid of points. How-
ever, this grid is dense enough to provide many optical vectors per
SPARO beam (see below) so it should be sufficient for reasonable
estimates.
The length L of each side of the cubical simulation box of

Ostriker et al. (2001) is not well defined, but by assuming a tem-
perature of 10K and amean density of 100 cm�3, they obtain L ¼
8 pc for theM ¼ 7 simulations. For NGC 6334, where our beam
size is approximately 2 pc, we thus obtain 16 simulated SPARO
vectors from each simulated cloud map (each vector is derived
from binning nine simulated optical vectors). The resulting o.p.
values are 0.97 and 0.15 for � ¼ 0:01 and � 	 0:1, respectively.
For G333.6�0.2, we obtain only four simulated SPARO vectors
(each comes from binning 36 simulated optical vectors), and we
find o.p. values of 0.98 and 0.35 for the low- and high-� cases, re-
spectively. G331.5�0.1 is too distant for meaningful comparisons.
Our results for the Carina Nebula are not suitable for com-

parison with the turbulence simulations of Ostriker et al. (2001).

Fig. 10.—Similar to Fig. 9, but with a correction for Kapteyn universe bias
applied. Again, the cell corresponding to NGC 6334 is denoted by the shaded box.
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The reason is that these authors simulated the inertial range of
the turbulence, with a Kolmogorov-type energy spectrumover the
entire 8 pc simulation cube. Our observation of Carina, on the
other hand, shows field structure determined by the�10 pc scale
curvature of theH ii bubbles (Fig. 5), not a turbulent cascade in the
inertial range. The field structure is the result of energy injection,
with bubbles depositing energy directly into the field on�10 pc
scales.

The simulated turbulence maps correspond to the case in
which the initial field direction is perpendicular to the line of
sight, so the o.p. values we have derived from the simulations are
in fact upper limits. Figure 24 of Ostriker et al. (2001) shows that
the angle between the field and the line of sight has a dramatic
effect on the degree of disorder in the inferred field directions.

From our maps of NGC 6334 and G333.6�0.2, we obtain o.p.
values of 0.73 and 0.80, respectively, indicating that � ¼ 0:01 is
preferred over � 	 0:1. The product of � with the square of the
Mach number gives the ‘‘turbulent beta,’’ �t, which provides a
direct comparison of magnetic and turbulent energy densities. We
see that our comparison strongly favors �t ¼ 0:5 over �t 	 5,
implying that the magnetic energy density is comparable to the
turbulent energy density.

There are two main limitations to our comparison of SPARO
data with simulations. First, there is a relatively small overlap
between the smaller spatial scales of the simulations and the
larger scales of the SPARO data. Secondly, the assumption that
all grains have equal polarizing efficiency is probably wrong (Cho
& Lazarian 2005). Despite these questions, it seems difficult to
reconcile our observations of reasonably uniform fields withmod-
els having very weak fields.

3.6.2. Comparing Fields inside GMCs with Larger Scale
Galactic Fields

We showed in x 3.3 that three of our four target GMCs have
mean field directions, determined from SPARO data, that are
within 15� of the Galactic plane. As we noted, the probability for
obtaining this result by pure chance is below 2%. This suggests
a correlation between GMC fields and the larger scale Galactic
field. NGC 6334 is the outlier in our sample of four GMCs, hav-
ing its mean field rotated 70� clockwise from the plane. In x 3.5
we used the Heiles (2000) stellar polarization database to exam-
ine Galactic fields on scales roughly corresponding to the GMC
accumulation length (�400 pc). We obtained mean field direc-
tions for a set of 10Y11 regions, one of which is centered on the
closest of our four targets, NGC 6334, while none of the other
SPARO targets are close enough to obtain reliable determinations
of field direction from the Heiles database. Within this sample of
10Y11 regions, we again find a tendency for the ‘‘accumulation-
scale field’’ to be parallel to the Galactic plane (Figs. 9 and 10),
and we find that NGC 6334 is again an outlier in the distribution,
having its accumulation-scale field more aligned with the Ga-
lactic latitude direction than with the Galactic longitude direc-
tion. We can explain both the tendency for fields in GMCs to
align with the Galactic plane and also the agreement of the field

direction in NGC 6334 with the direction of the Galactic field
local to NGC 6334 by supposing that fields in GMCs are gen-
erally parallel to the local Galactic fields.

Is this effect seen in simulations of GMC formation? MHD
simulations of the process whereby gas uniformly spread through a
galactic disk becomes concentrated into GMCs via self-gravitating
instabilities have been carried out, for example, by Kim &Ostriker
(2001) and Kim et al. (2003). The work by Kim & Ostriker (2001)
included only two dimensions (thin disk limit), and the particular
instabilities that they studied for the Galactic disk (as opposed
to the Galactic center) took too long to develop. They were thus
judged to be unlikely candidates for GMC formation unless they
could be enhanced by additional agents. Nevertheless, for pur-
poses of comparison with our observations we note that their
model M23 (Fig. 13 of their paper) shows continuity and align-
ment between fields inside dense clouds and those in the lower
density surrounding medium, while their model M10 (Fig. 12 of
their paper) shows no such correlation. The main difference is the
field strength.

In principle, comparisons of such models with our results
could test theories for GMC formation, but in practice such com-
parisons may lead to ambiguous results, for present simulations.
The problem is that the simulations seem to produce only clouds
having angular momentum perpendicular to the Galactic plane.
For the two-dimensional simulations this is true by definition,
but even in the three-dimensional simulations of Kim et al. (2003)
we find that angular momentum of collapsing gas clouds is or-
thogonal to the plane, presumably because it is inherited from
Galactic shear. In this case the predominant mode for field dis-
tortion is to shear the fields out into spiraling patterns, with the
spiral lying in the Galactic plane (Fig. 12 of Kim & Ostriker
2001). Unfortunately, because SPARO sight lines extending from
the Sun to disk GMCs are parallel to the plane, the in-plane spiral
field distortion patterns described above will be indistinguish-
able from the case of continuous, ordered fields extending into
GMCs with no or little change in direction.

Could the correlation we observed between GMC fields and
local Galactic fields be merely a consequence of field twisting
induced by clouds rotating preferentially about axes orthogonal
to the Galactic plane? While we cannot rule this out, it is worth
noting that observations of GMCs in M33 (Rosolowsky et al.
2003) have failed to find a strong tendency for cloud rotational
axes to be perpendicular to the disk of this spiral galaxy. Thus, it
seems that the more likely explanation for the correlations we
have discovered is that Galactic fields do indeed pass into GMCs
with little change in direction. When more realistic MHD sim-
ulations are available that better match the recent observational
data on cloud rotation axes, it will be interesting to compare them
with our observations of magnetic field structure.

This work was supported by NSF Award OPP-0130389. We
thankEveOstriker for providing of the simulated polarimetrymap
and Roger Hildebrand and Ellen Zweibel for helpful comments.
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