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ABSTRACT

We report the detection of polarized emission in the vicinity of the Galactic center for 158 positions within
eight different pointings of the Hertz polarimeter operating on the Caltech Submillimeter Observatory. These
pointings include locations 2’ offset to the east, northeast, and northwest of M—0.02—0.07; locations to the
southeast and northwest of the 20 km s~! cloud (M—0.13—0.08); CO 0.02—0.02, M0.07—0.08; and
MO0.11-0.08. We use these data in conjunction with previous far-infrared and submillimeter polarization
results to find that the direction of the inferred magnetic field is related to the density of the molecular
material in the following way: in denser regions, the projected field is generally parallel to the Galactic plane,
whereas in regions of lower density, the field is generally perpendicular to the plane. One possible explanation
for this result is that an initially poloidal field has been sheared into a toroidal configuration in regions that
are dense enough such that the gravitational energy density is greater than the energy density of the magnetic
field. Another possibility is that winds due to supernovae in the central molecular zone are responsible for
deviations from a toroidal field outside of the densest molecular regions.

Subject headings: dust, extinction — Galaxy: center — ISM: magnetic fields — submillimeter —

techniques: polarimetric

1. INTRODUCTION

Despite significant advancement over the last two
decades, the Galactic center magnetosphere is still not well
understood; however, determining the geometry and
strength of the magnetic field in this region is crucial to
developing an understanding of the dynamics of the Galac-
tic center. Another reason that the magnetosphere is of
interest lies in the Galactic center’s role as an active galactic
nucleus. In the central engines of galaxies, magnetic fields
are believed to be important in angular momentum
transport and jet dynamics.

The most striking evidence for the existence of magnetic
fields in the Galactic center is the existence of the non-
thermal filaments (NTFs) of the Galactic center radio arc
(GCRA; Yusef-Zadeh, Morris, & Chance 1984). Radio
polarization measurements have confirmed the synchrotron
nature of the emission from these filaments and support the
notion that the filaments trace magnetic field lines (Tsuboi
et al. 1986). Almost all of the confirmed NTFs that have
been discovered in the Galactic center region are aligned
with their long axes within 20° of perpendicular to the plane
of the Galaxy (LaRosa et al. 2000). The presence of these
filaments has led to the idea that these filaments trace the
inner part of a dipole or poloidal magnetic field.

In many cases NTFs are observed to be interacting with
Galactic center molecular clouds. The best example of this
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is in the center of the GCRA, where the 25 km s~ molecular
cloud associated with G0.18—0.04 (the Sickle) is coincident
with the filaments (Serabyn & Giisten 1991). The lack of
observed distortion of the filaments allows one to set a lower
limit for the strength of the magnetic field. This argument
yields B>a few mG (Yusef-Zadeh & Morris 1987a,
1987b). The association of molecular clouds with NTFs has
motivated the idea that the generation of the relativistic
electrons required to create these NTFs could occur as a
result of a molecular cloud/magnetic flux-tube interaction.
The specific mechanism thought to be responsible for the
generation of these relativistic electrons is magnetic recon-
nection between the fields in the flux tube and those in the
cloud (Serabyn & Morris 1994; for a review, see Davidson
1996).

Magnetically aligned dust grains emit polarized radia-
tion in the far-infrared and submillimeter. Thus, polarim-
etry at these wavelengths has proven to be a reliable
technique for measuring the magnetic field configuration,
projected into the plane of the sky and integrated along
the line of sight. Previous polarimetry data have shown
that the field in the dense molecular clouds is not gener-
ally consistent with the poloidal field traced by the fila-
ments. Novak et al. (2000) have shown that in the
molecular cloud M—0.13-0.08, the field is nearly parallel
to the Galactic plane, indicating that gravitational rota-
tion and infall have sheared out the field into a toroidal
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configuration. In addition, 60 um polarimetry of the TABLE 1
molecular cloud associated with the Sickle indicates that MO0.13-0.08
the field in this region is parallel to the Galactic plane
(Dotson et al. 2000). Ao? Ad P ¢
Uchida, Shibata, & Sofue (1985) have constructed a (aresec) (arcsec) (%) op  (deg) oy
model that connects poloidal and toroidal fields. Because _54 7 304 106 1081 86
the magnetic flux is frozen into the matter, differential _136 7 221 071 991 9.0
rotation and infall can shear an initially poloidal field into a -36 90 261 094 1002 98
toroidal one in sufficiently dense regions of the Galactic cen- -36 108 498 148 1024 7.8
ter. Novak et al. (2003) have shown that on large scales, the 18 —54 121 041 1073 94
dust in the central molecular zone (CMZ) of the Galaxy is 36 =54 L4r 040 913 81
permeated by a field that is oriented in a direction parallel to 4 —36 L4l 042 05 87
the plane of the Galaxy. They compare their observation to ;; 7222 ;g; gi; z;g i;
the spatial distribution of the direction of Faraday rotation 9% Tsa 246 057 89 66
in the Galactic center and show that these two different 108 _s4 220 070 538 95
techniques for measuring fields yield results that are
consistent with the model of Uchida, Shibata, & Sofue ¢Sky positions are relative to 17145m37:30),
(1985). —29°05'39"78 (J2000.0).

In this paper we find that the inferred magnetic field direc-
tion in the cold dust of the central 50 pc is dependent on the
submillimeter flux. In underdense regions, the field aligns
with that of the brightest NTFs in a direction perpendicular
to the plane. In overdense regions, however, the field has a
toroidal geometry. We consider two possible explanations
for this result. The first is that the field in the dust is gener-
ally toroidal, but turbulence introduced by explosions in the

Galactic center has caused deviations from a toroidal field TABLE 2
in the underdense regions. CO0.02—0.02
The second possibility involves extending the ideas that
underlie the model of Uchida et al. (1985) to the inner 50 pc Ao? A P é
of the Galactic center. In this case, the vertical field found in (arcsec) (arcsec) (%) op (deg) oy

the underdense regions is associated with the poloidal field

of the NTFs. In these underdense regions, there is insuffi- -4 18 276 085 1076 8.8
. . L. S . —54 18 2.75 0.74 88.5 7.7
cient mass to distort this initially poloidal field. However, in 36 _sa 166 114 1077 90
dense molecular clpuds, the _gr.a.wtatlonal energy glenslty is _36 _36 317 060 1038 54
strong enough to distort the initial field configuration into a 36 ~18 266 059 1002 62
toroidal magnetic field structure. -36 0 3.16  0.63 91.3 57
Section 2 describes the observations. In § 3 we discuss our —-36 18 182 0.59 854 94
interpretation. Finally, our conclusions are summarized in -36 36 3.08  0.73 803 6.8
§4. —18 —54 3.20 0.89 112.8 8.2
—18 -36 1.46 0.39 98.0 7.7

—18 —18 1.74 0.42 78.5 6.9

2. OBSERVATIONS —18 0 2.72 0.55 83.2 5.8

. . . . . —18 18 2.33 0.56 66.4 6.8

The data were obtained using the University of Chicago 18 16 200 057 689 82
32 pixel Hert; .polarlmeter (Dowell et al. 1998) at the _18 4 220 069 632 96
Caltech Submillimeter Observatory (CSO) on Mauna Kea, 0 36 174 036 818 6.0
Hawaii, in April of 2001. The beam size of Hertz is 20" 0 —18 209 032 952 43
FWHM with a pixel spacing of 18”. The central wavelength 0 0 113 0.32 751 82
of the Hertz passband is 350 gm with a AX\/X of 0.1. 0 18 1.88 043 796 6.5
0 36 2.75 0.45 60.7 4.7

The observing technique used with Hertz involves a com-
bination of high-frequency “ chopping,” in which the array 0 54 247 080 790 9.6

footprint is alternately pointed at the source and a reference 18 —36 133034 172
position 6’ away in cross-elevation, and low-frequency ig 713 fi; 8;2 3;; 2' é
“nodding,” during which the source is alternately placed in 18 18 237 049 G749
the right- and left-hand beams of the telescope. One undesir- 18 36 308 0.60 765 57
able complication that this observational scheme introduces 36 36 171 059 754 99
is the problem of polarized flux in the reference beam. This 36 —18 1.69 038 68.6 65
problem is discussed in detail in § 3.4. For a full description 36 0 198  0.30 67.6 4.3
of the observing and analysis procedures, see Schleuning 36 18 243 052 63.5 6.3
etal. (1997) and Dowell et al. (1998). 36 36 3.53  0.85 67.7 1.0

During the observations, a total of 158 new polarization 54 —18 223 075 587 98
measurements were obtained, having a polarimetric signal- 4 0 32 070 63 63
to-noise ratio greater than 3. These data are given in a Sky positions are relative to 17045m425 10, —28°56'5"1

Tables 1-7. (32000.0).



TABLE 3 TABLE 5

NORTHWEST OF M0.02—-0.07 East oF M0.02—-0.07
Ac? A& P 10} Aa? A& P 1)

(arcsec) (arcsec) (%) op (deg) 0y (arcsec) (arcsec) (%) op (deg) 4
—54 0 2.13 0.51 102.8 7.1 —54 -36 1.49 0.31 58.5 6.5
—54 36 1.68 0.47 80.7 8.0 —54 —18 1.03 0.18 49.7 5.1
—36 18 0.97 0.32 83.0 9.4 —54 0 1.26 0.16 49.3 35
-36 36 1.45 0.40 79.0 7.8 —54 18 1.18 0.16 53.7 3.9
—18 -36 2.05 0.41 92.9 5.8 —54 36 1.44 0.26 53.0 5.0
—18 0 1.46 0.46 78.9 8.9 -36 —54 1.38 0.38 54.7 8.1
—18 36 2.01 0.46 61.9 6.4 -36 -36 1.30 0.22 43.5 4.8

0 36 1.33 0.46 73.3 9.7 -36 —18 0.67 0.18 47.3 7.6
18 -36 1.07 0.30 60.8 7.8 -36 0 0.71 0.17 43.8 6.6
18 0 1.36 0.34 56.4 7.1 -36 18 0.80 0.16 39.1 5.8
18 18 1.63 0.37 55.5 6.4 -36 36 1.60 0.21 35.2 3.6
18 36 1.49 0.48 60.6 9.0 -36 54 1.34 0.38 41.3 8.2
18 54 2.60 0.73 64.3 7.8 —18 —-54 2.38 0.56 34.4 6.5
36 -36 0.98 0.34 66.7 9.7 —18 —18 0.59 0.19 37.5 9.2
36 —18 1.50 0.31 50.5 5.9 —18 18 1.18 0.24 24.2 5.9
36 0 1.12 0.33 45.5 8.4 —18 36 2.15 0.23 36.1 3.0
36 18 2.31 0.36 58.0 4.3 —18 54 1.44 0.39 25.2 8.1
36 36 2.22 0.47 58.9 6.1 0 —54 2.25 0.64 51.1 8.2
54 -36 2.56 0.80 52.2 9.0 0 -36 1.82 0.30 37.3 4.7

0 —18 1.52 0.21 31.0 4.0
a Sky positions are relative to 171454657, —28°57'30”0 0 0 115 0.21 39.6 5.1
(J2000.0). 0 18 194 026 379 38
0 36 2.53 0.32 28.0 3.6
0 54 2.27 0.56 37.6 7.3
TABLE 4 18 ~18 127 025 276 55
NORTHEAST OF M0.02—0.07 18 0 0.94 0.27 34.2 8.3
18 18 2.13 0.34 34.1 4.7
At AS P i 18 36 3.25 0.52 38.4 4.6
(aresec)  (arcsec) (%) op  (dew) o 18 54 355 079 312 67
36 —18 1.61 0.35 29.8 6.4
—54 —18 0.84 0.26 68.8 9.1 36 0 2.25 0.38 39.7 4.9
—54 0 0.78 0.24 62.0 8.8 36 18 2.48 0.45 39.1 5.2
—54 18 1.33 0.23 55.8 5.0 36 36 4.00 1.19 41.0 8.6
—54 36 1.27 0.33 43.8 7.5
_136 _18 0.88 0.23 53.1 75 a Sky positions are relative to 17745m5953, —28°59'4"5
~36 18 117 021 372 50 (J2000.0).
—36 36 0.81 0.22 38.1 7.4
-36 54 1.13 0.35 48.7 9.1
—18 -36 1.52 0.22 57.9 44
—18 —18 1.46 0.23 434 4.5 TABLE 6
—18 0 1.28 0.25 42.5 5.6 MO0.07—0.08
—18 18 1.46 0.37 422 7.2
—18 36 1.70 0.28 29.2 4.5 Aa? AS P P
—18 54 2.35 0.36 42.7 4.4 (arcsec) (arcsec)® (%) op (deg) o

0 -36 1.44 0.25 54.6 5.2

0 —18 1.58 0.26 41.0 4.6 —54 —18 2.64 0.88 49.3 9.5

0 0 1.58 0.26 39.5 4.7 -36 —18 1.76 0.47 60.7 7.8

0 18 1.92 0.42 29.4 5.8 -36 0 2.54 0.83 54.8 9.0

0 36 1.99 0.40 44.0 5.7 -36 36 5.82 1.97 46.2 9.6

0 54 2.16 0.45 47.3 6.0 —18 —54 2.04 0.60 37.4 8.6
18 —54 2.30 0.55 65.5 7.2 —18 -36 1.44 0.27 45.0 5.4
18 -36 1.08 0.30 41.1 7.9 —18 —18 1.18 0.28 48.1 6.8
18 —18 1.13 0.33 44.5 8.4 —18 0 1.65 0.52 47.2 9.0
18 0 1.90 0.41 25.7 5.8 —18 18 2.16 0.76 57.6 9.2
18 18 1.75 0.46 38.0 7.4 0 —-54 1.17 0.40 176.2 9.9
18 36 2.94 0.65 34.3 6.1 0 -36 1.13 0.23 4.4 5.8
18 54 3.25 0.72 494 6.5 0 0 0.62 0.22 55.2 9.9
36 -36 1.81 0.51 45.0 8.1 18 —54 1.74 0.46 160.0 7.3
36 —18 1.20 0.44 20.7 9.9 18 —18 0.88 0.23 158.1 7.5
36 18 3.30 0.60 29.0 5.0 18 54 2.39 0.80 131.4 9.5
54 0 4.63 1.09 37.7 7.0 36 -36 1.79 0.49 158.1 7.3
54 18 6.69 1.41 32.9 6.0 36 —18 2.13 0.30 138.7 4.0

aSky positions are relative to 17h45M5530, a Sky positions are relative to 17/46M433, —28°54'44"3

—28°57'29"7 (32000.0). (J2000.0).
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TABLE 7
MO0.11-0.08
Ac? As? P 1)

(arcsec) (arcsec) (%) op (deg) o)
—54 18 1.99 0.46 74.9 6.9
—54 36 1.62 0.55 73.2 9.9
-36 -36 1.09 0.35 113.1 9.2
=36 54 2.25 0.51 35.6 6.6
—18 36 1.14 0.29 61.7 7.6

18 —54 2.01 0.60 0.4 8.5
18 -36 0.84 0.22 174.3 7.6
18 —18 1.02 0.19 161.1 5.4
18 0 0.73 0.19 125.8 7.3
36 -36 1.95 0.43 168.1 6.5
36 —18 0.75 0.24 166.3 9.3
36 18 0.93 0.28 151.3 8.9
54 0 1.42 0.46 140.1 9.4

a Sky positions are relative to 17746m1052, —28°53/6"3
(J2000.0).

3. DISCUSSION
3.1. Morphology of the Inner 50 pc

The magnetic field vectors inferred from these new data
are shown in blue in region 111 of Figure 1. The black vectors
in this region are those from Novak et al. (2000). Also
shown in this figure are 100 ym data from the Kuiper
Airborne Observatory (Dotson et al. 2000) of the arched
filaments (region II) and 60 ym data (Dotson et al. 2000) of
the Sickle (region I). The 100 and 60 um data have beam
sizes of 35” and 22", respectively. The contours trace 850 um
flux (Pierce-Price et al. 2000). Major molecular features are
labeled.

3.1.1. M—0.13—-0.08

The molecular cloud M—0.13—0.08 (commonly called
the 20 km s~! cloud ”) has an elongated shape, and its long
axis is oriented at a shallow (15°) angle to the Galactic plane
(see Fig. 1). The cloud is known to be located in front of the
Galactic center because it appears in absorption in the mid-
infrared (Price et al. 2001). In projection, the long axis of
this cloud points in the direction of Sgr A*, a configuration
that suggests that this cloud is undergoing a gravitational
shear as it falls toward Sgr A*. This is supported by other
observations including a high-velocity gradient along the
long axis (Zylka, Mezger, & Wink 1990), increasing line
widths and temperatures along the cloud in the direction of
Sgr A* (Okumura et al. 1991), and an extension of the cloud
detected in NH; emission to within 30” of Sgr A* in projec-
tion (Ho et al. 1991). Novak et al. (2000) have discovered
that the magnetic field structure is such that the field is par-
allel to the long axis of the cloud. They point out that for
gravitationally sheared clouds, a consequence of flux-
freezing is that regardless of the initial configuration of the
field, the field will be forced into a configuration in which it
is parallel to the long axis of the cloud. In addition, these
authors note that this is not only true for the dense material
inside of the cloud but also for the more diffuse molecular
material that belongs to the ambient region. Furthermore,
they note that the southern end of this cloud exhibits a flare
both morphologically and in magnetic field structure. They
suggest that this flare is a connection to the large-scale
poloidal field traced by the NTFs.
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Fic. 1.—Inferred magnetic field directions for polarization measure-
ments in the Galactic center are displayed on 850 um contours from
SCUBA/JCMT (Pierce-Price et al. 2000). The length of each ““ vector” is
proportional to the measured degree of polarization (see key at lower left),
and the orientation of each vector is drawn parallel to the inferred magnetic
field direction, i.e., perpendicular to the measured direction of polarization.
Region I shows 60 um polarimetery of the Sickle (Dotson et al. 2000). (Note
here that the lowermost vector in region I is a bit suspect because of possible
reference beam contamination.) Region II shows 100 um polarimetry of the
arched filaments (Dotson et al. 2000). Region I1I shows new 350 um polar-
imetry (blue vectors) along with previously published 350 um polarization
results (black vectors; Novak et al. 2000). Important dust features are
shaded and labeled. The axes scales are offsets in arcminutes from the posi-
tion of Sgr A* (a = 1704540304, § = —29°0028"07 [J2000.0]). Assuming
a distance to the Galactic center of 8.0 kpc, 1'corresponds to 2.3 pc.

Our seven new vectors in this region provide additional
support for this interpretation, but a more extensive polari-
metric mapping of this cloud is necessary before a complete
interpretation is made.

3.1.2. G0.18—0.04

The H 11 region G0.18—0.04 (commonly called the Sickle)
can be seen in 20 cm thermal emission in Figure 2. It is
believed to be the ionized surface of a molecular cloud that
is interacting with the radio arc (Serabyn & Giisten 1991).
Its molecular counterpart (M0.20—0.033; Serabyn & Morris
1994) can be seen in Figure 3b. It has been suggested that
this interaction is responsible for producing the relativistic
electrons necessary to light up the radio arc via magnetic
reconnection (Serabyn & Giisten 1991; Davidson 1996).
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Fi1G6. 2.—Inferred B-vectors superposed on a 20 cm continuum VLA image (Yusef-Zadeh et al. 1984). Important thermal and nonthermal structures are
labeled in yellow and white, respectively. The 100 pm vectors appear to trace the arched filaments. The magnetic field in the molecular cloud associated with
G0.18—0.04 (the Sickle) is perpendicular to the field traced by the NTFs of the radio arc.

The relationship between the geometry of the cloud and
its magnetic field structure is similar to that of
M—0.13—-0.08. The cloud is elongated parallel to the plane
of the Galaxy, and its magnetic field, as inferred from far-
infrared polarimetry, is parallel to the long axis. These
similarities to M—0.13—0.08 suggest a similar origin of the
field geometries of the two clouds.

One difference between this cloud and M—0.13—0.08 is
that in the case of the former there is no observed flaring of
the field. This fact makes it difficult to determine the
direction of the motion in the plane of the sky. The stark 90°
difference between the toroidal field observed in the molecu-
lar material and the pristine poloidal geometry of the super-
posed radio arc manifests little morphological connection
between the toroidal field and the poloidal field in this vicin-
ity. There are several possibilities for why this might be the
case. First, the polarimetry coverage may be too limited in
this region. More data taken in surrounding region may
reveal a connection to a poloidal field. Second, this cloud
may be more evolved than M—0.13—-0.08, and so we may

be observing a magnetic field that has had enough time to
shear into a more parallel configuration than that of
M—0.13—0.08. Finally, because this molecular cloud is
farther from the dynamical center of the Galaxy than
M-0.13-0.08, the tidal forces on it are weaker, thus
allowing for a more uniform shearing along its length.

3.1.3. M0.11—0.08 and M0.07—0.08

MO0.11-0.08 and MO0.07—0.08 are two peaks of a
molecular cloud complex that, like M—0.13—0.08 and the
molecular cloud associated with the Sickle, is elongated
nearly parallel to the plane with its long axis directed toward
Sgr A*. The radial velocity of this complex has been
measured to be ~50 km s~ (see Fig. 3¢).

The inferred magnetic field configuration for this complex
displays a geometry that is quite unique. The field appears
to tightly wrap around the southern and eastern edges of
this cloud. One possible interpretation of the curvature of
the magnetic field is that the cloud is moving toward the
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FIG. 3.—Maps of CS line emission (Tsuboi, Ukita, & Handa 1997) with polarization data superposed. The origin of the coordinate system is Sgr A*. (a)
Structures at ~—15 km s~!, the most prominent of which is the molecular material associated with the arched filaments. (b) Material at ~30 km s~!. The
molecular material associated with the Sickle (v ~ 25 km s~!) is visible here. (¢) Material at ~50 km s~!. M—0.11-0.08, M0.07—0.08, and M—0.02—0.07 are
all prominent at this velocity. Note that the magnetic field vectors at the southwestern edge of M0.07—0.08 trace the edge of the cloud. This suggests that the
cloud has a velocity in the plane of the sky that is directed toward M—0.02—0.07, a region of predominantly poloidal flux. (¢) Material at ~85 km s~!. Note
the edge of the bright cloud in the lower right of the panel seems to be traced by the 100 zm magnetic field vectors.

Sgr A* region in projection and is sweeping up magnetic
flux from the intercloud medium. The direction of travel
inferred from the polarization data indicates that in projec-
tion, this cloud is moving toward a region dominated by a
poloidal field (see northeast side of M—0.02—0.07 in Fig. 1).
As the cloud moves through the less dense intercloud
medium, this poloidal flux then is wrapped around the cloud
into a toroidal configuration as seen along the eastern edge
of the cloud. The result is an observed transition between
poloidal and toroidal fields.

In the densest regions of this cloud complex, there
are few measurements; however, those that exist hint at a
field that is parallel to its long axis, similar to that of

M—-0.13—0.08 and the molecular cloud associated with the
Sickle.

3.1.4. The X Polarization Feature

The 350 um polarimetric observations of M—0.02—0.07,
the circumnuclear disk (CND), and CO 0.02—0.02 provide
evidence for a magnetic field structure that is continuous
with that derived from the 100 gm polarimetric observ-
ations of the arched filaments to form an “X-shaped”
feature that we will refer to as the “ X polarization feature.”
The feature extends (in the coordinate system of Fig. 1)
from (—1’, 13’) down through (5, 0). This feature is cen-
tered on CO 0.02—0.02. Its upper arms are traced by the
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arched filaments, and its lower arms end in M—0.02—0.07
and M—0.13—0.08. The organization of the magnetic field
vectors appears to be on scales (50 pc) significantly larger
than those of typical Galactic center molecular clouds
(5-10 pc). This fact reinforces the notion that the vectors
trace a single global field that is subject to environmental
forces. The continuity of the vectors on the eastern side of
this feature suggest that these vectors may trace the edge of
an expanding shell.

Another possibility is that the X polarization feature is a
line-of-sight superposition of regions of poloidal and
toroidal fields. The orientation of the observed magnetic
field at any given location depends on the relative polarized
emission from poloidal and toroidal regions that intersect
the line of sight. For example, the poloidal field is seen to
dominate in the eastern part of the M—0.02—0.07 cloud and
at the western edge of the arched filaments. The toroidal
field dominates at the eastern edge of the arched filaments
and around the CND. The two fields mix in CO 0.02—0.02.

Another example of line-of-sight mixing of poloidal and
toroidal fields occurs at the western edge of the arched
filaments. Here there exist several magnetic field vectors
oriented perpendicular to the plane that are in close
proximity to G0.084-0.15 (see Fig. 2), an NTF that traces
the poloidal field. Just to the north, the magnetic field
vectors return quite abruptly to a toroidal configuration in
the vicinity of the molecular features that correspond to the
arched filaments. It is possible that the molecular material
at v ~ —15 km s~! (See Fig. 3a) is displaced along the line
of sight from G0.08+40.15 and that the net polarization
observed consists of contributions from dust associated
with the respective neighborhoods of these two features. To
the south of G0.08+0.15, the vectors again become indica-
tive of a field distorted by gravity as they wrap around the
molecular cloud visible in Figure 3d.

3.2. Polarized Flux

Figure 4 shows the relationship between Galactic center
polarization magnitude measured by Hertz and the 350 um
flux measured by the Submillimeter High Angular Resolu-
tion Camera (SHARC), a 350 um photometer with a 15"
beam (Dowell et al. 1999). A linear fit to this log-log plot
gives a slope of —0.67. In this plot, we have included all
points with a polarization signal-to-noise ratio (S/N)
greater than 3 and have corrected the polarization by P’ =
(P? — 0%3)1/ % in order to account for the systematic over-
estimation of polarization (Serkowski 1974) inherent in the
conversion from ¢ and u to P and ¢. Figure 4 shows a
depolarization effect associated with an increase in 350 um
flux.

Because of a concern over a selection effect that systemati-
cally excludes low polarizations at low fluxes, the test was
repeated with an S/N cutoff of 1. In this case, the resulting
slope is —0.73, which is not very different from —0.67. We
conclude that this selection effect is of minimal importance.
The test was repeated for the 11 individual Hertz pointings
corresponding to both this work and that of Novak et al.
(2000). For each pointing, a polarization versus flux com-
parison was made using measured relative fluxes that we
obtained simultaneously with the polarization measure-
ments. In this way, for each pointing, we obtained a slope.
The average of these slopes was —0.96, and the standard
deviation was 0.32.
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FiGg. 4—The 350 um polarization plotted against 350 um flux. The
polarization data are from Novak et al. (2000) and this work, with a 3 o cut-
off applied. The flux values are from SHARC/CSO (Dowell et al. 1999) and
are expressed as a fraction of the flux measured at the peak of Sgr B2. The
slope of the best-fit line is —0.67.

These slope values are similar to those found by
Matthews, Wilson, & Feige (2001) and Matthews et al.
(2002) for various Galactic molecular clouds. Matthews et
al. (2002) suggest three possibilities for the depolarization
effect (see also Schleuning 1998 and Dotson 1996). First, the
lower polarization could be due to poor grain alignment or
low polarization efficiency in the cores of these clouds. Sec-
ond, the depolarization could be a result of a geometrical
cancellation of the front and back of a three-dimensional
field that is threaded through the optically thin cloud.
Finally, it is possible that turbulence in the cores of clouds
leads to a spatial structure of the magnetic fields that is too
small to be resolved by Hertz’s beam.

The evidence for depolarization in the Galactic center
does not provide enough information to differentiate among
the three proposed explanations; however, it does indicate
that the depolarization effect is observable in regions that
are a factor of ~10 larger than molecular clouds in the disk
of the Galaxy.

3.3. Polarization Angle versus Flux

Figure 5 illustrates the dependence of the polarization
angle on the flux measured by SHARC (Dowell et al. 1999).
In this figure, the absolute deviation from a poloidal field
(|6 — Ppoloidal]) 1s plotted against 350 um flux. At high fluxes
we find the field to be generally toroidal, while at low fluxes,
the field tends to be more poloidal in direction. In the
following discussion, we offer two explanations for this
relationship.

One possible interpretation of this result relies again on
the model of Uchida et al. (1985). In this picture, the field in
the neutral clouds was initially in a poloidal configuration.
In regions where the gravitational energy density is higher
than the energy density due to the magnetic field, the motion
of the dense clouds has sheared the field into a toroidal con-
figuration. Put another way, the underdense regions are
dominated by magnetic energy, and thus the initial poloidal
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FiG. 5.—For each of the polarization measurements in Fig. 1, we plot the
magnitude of the difference between the magnetic field direction and the
perpendicular to the Galactic plane versus 350 ym flux. The 350 pm flux
was measured by SHARC/CSO (Dowell et al. 1999) using a 15” beam. By
including polarization measurements for all three wavelengths, we are
assuming that the polarization angle will not change significantly from 60
to 350 um.

field configuration is preserved. Conversely, in overdense
regions, the magnetic energy density is insufficient to over-
come the kinetic motions of the clouds in the Galactic
potential, and thus the field is observed to be toroidal.
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Assuming that this model applies to the relationship man-
ifested in Figure 5 allows one to estimate a characteristic
strength for the magnetic field that threads the neutral
clouds in the central 50 pc. One can infer that there exists a
critical mass density at which the energy density of the
poloidal field equals that of the gravitational energy density.
In order to proceed with the estimate, we will assume
that this density corresponds to a measured angle
| — @poloidat] = 45°. This choice is somewhat arbitrary. In
order to find the flux corresponding to this angle, we per-
form various binnings as shown in Figure 6. Linear fits to
each of these four plots give a flux of 125 Jy beam~!. To a
crude approximation, this energy balance condition is
represented by

Here the kinetic energy density of material orbiting in the
gravitational potential well of the Galaxy is equated to the
magnetic energy density.

The key to this problem now becomes the estimate of p
and v. The velocity, v, can be estimated from typical cloud
velocities (Tsuboi, Handa, & Uchida 1999) and is expected
to be 50150 km s~!. The density can be determined as
follows.

The brightness one observes from a thermal source
having an optical depth 7, is

I, =B,(T)(1-e"), (2)

where B,(T) is the Planck function.
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Fi1G. 6.—The points in Fig. 5 are grouped into flux bins, and the mean polarization angle in each bin is plotted against the mean flux in each bin. For each
binning, the critical flux for equality of magnetic and gravitational forces has been calculated by fitting a line and then determining the flux value for a 45°
deviation from a poloidal field. The average of the four resulting values for the critical flux is 125 Jy beam~!, and the standard deviation is ~ 1 Jy beam~!.
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In the case of 350 um observations, the optical depth is
generally small. For 7, < 1,

I, =7,B,(T). (3)

SHARC measures F,, = I,AQ, the flux of the incoming radi-
ation, where AQ2 is the solid angle subtended by a SHARC
array element. From these equations, it is possible to
express the optical depth of the dust layer as a function of
temperature and measured flux:
F,
T BAT)AQ @
We can also express the optical depth as a function of
grain properties along the line of sight. Once again, we are
working in the limit 7, < 1. We can imagine a column of
dust along the line of sight that extends through the entire
depth of the Galactic center. The optical depth is propor-
tional to the number density of dust grains along the line of
sight (N,). It is also proportional to the typical geometrical
cross section of each of the grains (o,); however, since the
grain sizes are generally much smaller than the wavelength
of the radiation, the efficiencies of the grains for emitting,
scattering, or absorbing light are much lower than this
blackbody approximation indicates. Thus, we write the
optical depth as

Ty = NgQ.04 , (5)

where Q, is the emissivity of the dust grains and is generally
much less than unity for submillimeter radiation.

Once the N, is found, the total dust mass observed by a
SHARC beam is

Md = NddedAQDz . (6)

Here D is the distance to the source and AQD? is simply the
physical size of SHARC’s beam at a distance D; p; and
vg ~ (4/3)ma® are the density and volume of a dust grain,
respectively. If we then make the appropriate substitutions
and assume a gas-to-dust ratio, X' > 1, we get the following
expression for the total mass:

4F,psaD? X
30.B,(T)

Putting in the appropriate numbers for 350 um radiation
yields

M F, D\* X
A 269 x 107 (VT 1)
My Jy gem3 ym

Qe
(®)

The density can be calculated by assuming a value for the
depth of the dust layer (L):

M= (7)

kpc

M
P=AQDL ®)

We use the grain properties of Dowell et al. (1999; see also
Hildebrand 1983) for our grain model. These are a = 0.1
um, Q, = 1.9 x 104, X = 100, and p; = 3 g cm~3. In addi-
tion, Pierce-Price et al. (2000) have used the Submillimeter
Common-User Bolometric Array (SCUBA) on the James
Clerk Maxwell Telescope (JCMT) to map the CMZ at 450
and 850 um. They have found the dust temperature to be
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relatively uniform over the CMZ and adopt a value of 20 K.
With these numbers, one can get an estimate of the magnetic
field strength as a function of velocity of the material and
the thickness of the dust layer:

L 172 v
B— . 1
3 mG (200 pc) 100 km 51 (10)

Based on CS measurements of the CMZ (Tsuboi et al.
1999), most molecular material has v < 150 km s~!. The
CMZ has a projected diameter of 200 pc (Morris & Serabyn
1996). Assuming cylindrical symmetry, this is approxi-
mately the depth of the material along the line of sight.

The magnetic field configuration is most certainly more
complicated than in the simple model assumed here. Specifi-
cally, the field strength is most likely not constant over the
regions of different field geometries. In addition, our esti-
mates of the various parameters that enter into the calcula-
tion contain uncertainties and will most likely be refined
with additional measurements. However, the crux of the
above calculation is that if this model is correct, the sub-
millimeter and far-infrared polarimetric observations are
consistent with a mG field that permeates the cold dust of
the central 50 pc.

Based on ram pressure equilibrium arguments, Yusef-
Zadeh & Morris (1987a, 1987b )have argued that the field in
the radio arc is ~1 mG. Furthermore, it has been suggested
(Yusef-Zadeh & Morris 1987a, 1987b) that a uniform
poloidal field permeates the central 50 pc. However, the
theory of a pervasive mG field has several potentially
serious problems. Most notably, a 3 mG field yields a
synchrotron lifetime of a few hundred years. Such a short
lifetime makes it difficult to explain the synchrotron features
in the Galactic center. Even if one assumes that the above
calculation is slightly overestimated and that the field is of
the order 1 mG, the synchrotron lifetime estimate is still
only a few thousand years. In order to get around such an
objection, one could postulate the existence of many sources
of relativistic electrons scattered throughout the central
50 pc; however, there is little direct evidence for this.

In addition, with the exception of localized OH maser
emission studies (Yusef-Zadeh et al. 1996) and studies of the
CND (Plante, Lo, & Crutcher1995), there is little evidence
for such strong fields from direct Zeeman measurements.
Sofue et al. (1987) have derived fields of 10-100 uG for the
arched filaments and the radio arc using Faraday rotation
measurements. Using equipartition arguments, Tsuboi et al.
(1986) have found a field of the same order in the plumes
that make up the extension of the radio arc on the eastern
side of the Galactic center lobe. More recently, Uchida &
Giisten (1995) have used a large beam to probe eleven fields
in the CMZ and were unable to detect such strong fields.

On the other hand, the line-of-sight field probed by both
Zeeman and Faraday rotation measurements may be
naturally suppressed by the intrinsic field geometries. In the
central 50 pc, the above model would predict geometries
that are mostly confined to the plane of the sky. In the case
of Uchida & Giisten (1995) the beam sizes may be large
enough such that spatial variations of the field within
the beam may be causing the strength of the field to be
underestimated.

In the wake of the above caveats, we cautiously associate
the field in the underdense neutral regions with that
observed in the hot gas. In this case, the global poloidal field
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postulated by Yusef-Zadeh & Morris (1987a, 1987Db)
couples to the neutral clouds and becomes sheared into a
toroidal field in regions of gravitational dominance.

Because of the problems with the pervasive mG field
hypothesis, we propose an alternative explanation for the
relationship seen in Figure 5. Conceivably, winds due to
supernovae in the Galactic center could result in driving an
initially toroidal field into a wvertical configuration.
Recently, Bland-Hawthorn & Cohen (2003) have found
mid-infrared features that they have interpreted as a bipolar
wind having an energy on the order of 10% ergs. Such an
energy is comparable to that of a ~mG field in the region of
interest and could be responsible for the relationship seen in
Figure 5.

The idea that winds are responsible for the pattern seen
in the polarimetric observations also has problems. The
geometry of the radio arc makes it difficult to explain this
feature using a bipolar wind. Thus, it seems likely that there
is a poloidal field in the Galactic center, and it is logical that
the vertical fields we find in the underdense neutral regions
be associated with this poloidal field. In addition, the polar-
imetry data for clouds such as M—0.13—0.08, M0.11—-0.08,
and M0.07—0.08 suggest a transition to a toroidal geometry
rather than from a toroidal geometry. Higher resolution
polarimetry combined with increased spatial coverage may
be able to differentiate between these two possible processes.

3.4. Reference Beam Contamination

In performing differential measurements using chopping
techniques, polarized flux in the reference beam positions is
always a potential hazard. Because of the extended nature
of the dust in the Galactic center, it is of particular impor-
tance to understand the possible effect of reference beam
contamination on the data presented here. Several attempts
have been made to quantify this issue (Novak et al. 1997;
Schleuning et al. 1997; Matthews et al. 2001). The goal of
this section is to assess the level of reference beam contami-
nation in our data. Note that throughout this analysis
quantities pertaining to the “reference beam” such as P,
and I, refer to the average of these quantities over the multi-
ple reference beam positions used in the observations.

Since the quantitative result of this work centers on the
relationship shown in Figure 5, we are concerned primarily
with the polarization angle (¢), and so we wish to estimate
the maximum effect of polarized flux in the reference beam
on ¢. For the rest of this section, we follow the notation of
Novak et al. (1997), who give the difference between the
source polarization angle (®,) and that measured ($,,) as

&, -, = lta.n_l Prwsin 26 . (11)
2 VP2, — P2w?cos 26

m

Here P, is the polarization in the reference beam, 6 is the dif-
ference between the measured polarization angle and the
polarization angle of the reference beam (®,, — ®,), and wis
the ratio of flux in the reference beam to that measured for a
given source (I, /I,,). Alternatively, since Iy = I, + I,, w can
be expressed as (I,;/I, — 1)71. Here I, is the intrinsic source
flux.

It is desirable to estimate the maximum effect the
reference beam contamination could have on these
measurements. Specifically, we wish to understand how
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reference beam contamination could affect the results
shown in Figures 5 and 6.

In order to evaluate equation (11), we need to make esti-
mates of w, P,,, P,, and ®,. We find from the SCUBA survey
(Pierce-Price et al. 2000) that the average ratio of the flux in
the main beams of our six sources to that in the reference
beams is I;/I, = 1.9. This leads to w = 1.1. The average 350
um polarization measured by Hertz in the Galactic center is
1.9%. Thus, we assign P,, = 0.019.

Finally, we need to make an estimate of P, and ®,, the
quantities describing the polarization properties of the
reference beam flux. To do this, we note that Novak et al.
(2003) have mapped the CMZ in 450 um polarimetry. They
find that the average polarization into a 5’ beam is 1.4% and
that the field is nearly toroidal. Because they use a 30’ chop
throw, their reference beam is well off of the CMZ, and the
contamination should be negligible. Assuming no signifi-
cant wavelength dependence between 350 and 450 um, we
set P, =0.014 and ®, = —58%4, the polarization angle that
corresponds to a toroidal field.

The difference between the measured and actual polariza-
tion angle (®; — ®,,) under the above assumptions is plotted
versus measured polarization angle (®,,) in Figure 7. The
maximum error is £20°. Note that the amplitude of this
error is independent of the chosen value of ®, since the curve
simply shows the error in the measured polarization angle
as a function of the difference between the measured polar-
ization angle and the reference beam polarization angle. (In
this case, we have set the reference beam polarization angle
to an ““arbitrary” value.) The potential error induced by
reference beam contamination is systematically about twice
that of our maximum allowable statistical error. (An S/N of
3 implies o4 ~ 10°.) Although this is potentially large, it is
not large enough to cause poloidal fields to be measured as
toroidal and vice-versa. Therefore, it is unlikely that the
relationship shown in Figures 5 and 6 is caused by reference
beam contamination.
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Fig. 7.—The solid curve shows the predicted difference between the
intrinsic source polarization angle and the measured polarization angle
plotted as a function of measured polarization angle. The effect is due to the
polarized flux in the reference beam. The assumptions involved in this pre-
diction are discussed in § 3.4. Also shown is the distribution of measured
angles of polarization for the new 350 um polarization data presented in
this paper.



1126 CHUSS ET AL.

We can quantitatively estimate the potential effect of
reference beam contamination on our results. This histo-
gram in Figure 7 shows the number of measurements having
a polarization angle in each of the 10° bins. As an unfortu-
nate coincidence, the error is not symmetric with respect to
our data, and thus it is expected that there will be a bias in
our field strength estimate. We have applied this correction
to the data and the resulting ¢ versus F plot has the same
basic appearance; however, the equilibrium point once the
correction is applied is 168 &= 2 Jy (SHARC beam)~!. This
implies at most a 30% error in our magnetic field strength
estimate.

It must be noted that because the large-scale field in the
Galactic center has been found to be toroidal by Novak
et al. (2003), it is possible that a significant amount of dust is
present along the line of sight to the central 50 pc that is per-
meated by this toroidal field and will emit polarized radia-
tion accordingly. The large-scale contribution to the
polarized flux can be modeled by a uniform sheet of polar-
ized flux. In this case, chopping can be an advantage in
observing magnetic fields in the central 50 pc since it
removes the contribution from a uniform field in the fore-
ground and background dust. This model may also explain
the lack of polarization measurements by Novak et al.
(2003) in the central 50 pc in regions where Hertz sees a
poloidal field. Because of its 6'chop, Hertz may be sampling
a smaller volume along the line of sight than that sampled
by Novak et al. (2003). In the latter case, line-of-sight super-
position of the uniform sheet and the polarized emission
detected by Hertz may cancel, resulting in unpolarized
radiation.

3.5. NTF Generation

It has been discovered that many of the NTFs in the
Galactic center are associated with molecular clouds
(Serabyn & Giisten 1991; Staguhn et al. 1998). This has led
to the suggestion that the acceleration mechanism for the
relativistic electrons in the NTFs is magnetic reconnection
(Serabyn & Morris 1994). The magnetic reconnection is
believed to be precipitated by the collision of the cloud with
a magnetic flux tube by either distorting the fields in the flux
tube or forcing these fields into contact with those in the
cloud.

The notion that the poloidal and toroidal fields have the
same origin suggests a third option for the magnetic recon-
nection scenario. Figure 8 illustrates this idea.

In the Galactic center, relatively diffuse molecular gas is
supported by magnetic pressure (Fig. 8a); however, this
material is free to collapse along the field lines. As the gas
collapses, gravitational energy becomes increasingly impor-
tant. Gravity can accelerate the cloud, and the resulting dif-
ferential motion between the material in the cloud and that
of the ambient medium can begin to shear the magnetic field
(Fig. 8b). This shear continues until the field is more toroidal
than poloidal (Fig. 8c¢). Note that the field external to the
clouds is still quite poloidal because magnetic energy domi-
nates the dynamics of this region. Finally, if the gravita-
tional energy is large enough, and the system is given the
time to evolve, the oppositely oriented fields in the center of
the cloud may be squeezed together to enable reconnection.
This process releases energy that can produce the relativistic
electrons required to ““light up ™ the filaments.
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Submillimeter and far-infrared polarimetry in concert
with radio and submillimeter photometric observations
present a picture of molecular material at the various evolu-
tionary stages shown in Figure 8. From the polarimetry
data in Figure 1, we can see examples of each of the four
panels in Figure 8. The area to the north and east of
M—-0.02—0.07 is an example of the situation depicted in
Figure 8a. Here the molecular material is not very dense,
and the magnetic field is perpendicular to the Galactic
plane. An example of Figure 85 is the molecular cloud
complex containing M0.07—0.08 and MO0.11-0.08. Here
the field is seen to be shearing around the front edge of
MO0.07-0.08, making a transition from poloidal to toroidal
at the southern edge of the cloud. The 20 km s~! cloud
(M—0.13-0.08) is thought to be shearing out its magnetic
field as it falls toward Sgr A* (Novak et al. 2000). The flare
seen at the southern end may indicate that it has not yet
reached the point where magnetic reconnection is occurring
and hence best matches Figure 8c.

The interaction of the Sickle with the GCRA gives the
best example of Figure 8d. Here the magnetic field in the
molecular cloud is observed to be nearly perfectly aligned
with the direction of both the long axis of the cloud and the
Galactic plane. Filaments, namely, those of the GCRA, are
observed and appear to diffuse into G0.18—0.04, the H it
region associated with this interaction. Here depolarization
of the filaments is observed (Lesch & Reich 1992). The
clumpiness of the H 11 region and the structure of the fila-
ments themselves may stem from the irregularities of the
interior of the cloud where reconnection takes place.

It is possible that there are similar occurrences in places
such as the arched filaments where there is also an observed
transition from toroidal to poloidal fields adjacent to an
NTF (in this case, the northern thread). In order to test this
idea with respect to other filaments and clouds in the
Galactic center, more complete polarimetric coverage of the
central 50 pcis required.

4. SUMMARY

We have presented new submillimeter polarization
measurements in the CMZ of our Galaxy and have found
that the measurements in overdense regions are indicative
of a toroidal magnetic field structure, while those in
underdense regions suggest a poloidal configuration. We
have offered two explanations and tentatively favor the
scenario in which the dense material shears out an ini-
tially poloidal field rather than the alternative scenario in
which winds are responsible for deforming a toroidal
field. However, our knowledge of the Galactic center
magnetosphere is far from complete, and more data are
necessary before we can definitively decide between these
two models.
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Fi1G. 8.—Molecular clouds can produce relativistic electrons necessary for the illumination of NTFs by the following process. In regions of low density, the
molecular material is dominated by the magnetic field, and we observe a poloidal field (panel @). Cloud material is free to move along lines of magnetic flux. In
this way, the material can form clouds where the gravitational energy density grows to values comparable to the magnetic field energy density. At this stage,
velocities of the molecular material with respect to the poloidal field can distort the field (panel 5). Shearing motion will then be able to distort the field. The
process continues (panel ¢) until the field inside the cloud is predominantly toroidal. Finally, oppositely oriented magnetic fields near the cloud centers will be
forced into contact by shearing and will reconnect, thereby releasing energy that energizes relativistic electrons. These electrons spiral along the external field

and produce synchrotron radiation that we observe as an NTF (panel &).
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