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ABSTRACT 
We have mapped the Zeeman effect in the H i absorption line toward the W3 core with æ T resolution. The 

line-of-sight component of the magnetic field exceeds 100 /tG and reverses direction. This morphology could 
be the result either of the collapse of the molecular cloud during the star formation process or of the action of 
an expanding H n region on the placental molecular gas. 
Subject headings: interstellar: magnetic fields — stars: formation 

I. INTRODUCTION 
The importance of magnetic fields in star-forming molecular 

clouds is now widely appreciated. Unfortunately, empirical 
knowledge of magnetic field strengths in such regions has 
grown quite slowly. The only successful measurements have 
come from the Zeeman effect in radio frequency spectral lines, 
most notably those of H i and OH. Heiles (1987) and Crutcher 
(1988) have reviewed such observations, most of which have 
been made with single antennas. However, comparison 
between theory and observation is facilitated by observational 
data having high spatial resolution, such as that obtained by 
aperture synthesis techniques. This Letter reports VLA1 OH 
and H i results for the core of the W3 region of massive star 
formation. 

Verschnür (1970) attempted to observe the Zeeman effect in 
H i emission toward W3, but spurious signals in the V spec- 
trum from H i emission in polarized telescope sidelobes domi- 
nated his result. Kazès and Crutcher (1986) reported a 
probable detection of the Zeeman effect in 1665 and 1667 MHz 
OH absorption lines toward W3. This result was limited not by 
sensitivity but by the presence of polarized OH masers. They 
derived a field strength of +13 ±1 gG by excluding from the 
analysis velocities with obvious masers. The VLA observations 
reported here use the spatial filtering property of an interfer- 
ometer to suppress spurious effects : masers in the case of OH 
and spatially extended emission in the case of H i. 

II. OBSERVATIONS 

VLA observations of the 1420 MHz line of H i and of the 
1667 MHz line of OH were carried out in 1984 October in the 
D configuration with a maximum baseline of 1 km. The point- 
ing position was a1950 = 02h21m50s, <51950 = 61o50'. Channel 
16 of the 31 spectrometer channels was centered at t'LSR — 
— 40.875 km s *, and channel separation was 3.05 kHz (0.64 

1 The VLA is a facility of the National Radio Astronomy Observatory 
which is operated by Associated Universities, Inc. under cooperative agree- 
ment with the National Science Foundation. 

km s_1 at 21 cm). The single circular polarization sense of the 
array was switched every 5 minutes. 

Channel maps with 15" pixels were made separately for right 
(R) and left (L) circular polarization. The synthesized beams 
have half-power widths of 66" x 53" at 21 cm and 57" x 46" at 
18 cm with a position angle of 105°. In order not to introduce 
possible spurious effects in the V spectra, no deconvolution of 
the synthesized “dirty” beam from the maps was carried out. 
Because the very strong W3(OH) maser was near the half- 
power point of a single-dish beam, radiation from this maser 
affected the entire map in several spectral channels. This inter- 
ference was suppressed by subtracting the beam point-spread 
function at the position of the maser from the OH maps. 
However, the expectation of eliminating polarized maser 
signals from the OH V spectra was not realized. Spectra at 
every pixel show clear evidence of circularly polarized emis- 
sion. Apparently there are many weak maser spots throughout 
the W3 core area. Because of maser contamination, we cannot 
rely upon the OH VLA observations. 

For the H i data, channel maps of I = (R + L)/2 and 
V = R — 1.037L were constructed, and / and V spectra were 
extracted for each pixel in the central region of the maps. The 
gain correction factor (1.037) was determined empirically by 
the requirement that scaled-down replicas of the / spectra not 
appear in the V spectra. 

Figure 1 shows H i and OH / spectra and the H i F spec- 
trum for a single pixel near the continuum peak. Goss et al 
(1983) produced higher resolution maps of H i absorption 
toward W3 and found that the H i absorption within the 
velocity range sampled consists of components at J'lsr ~ 
— 38.5, —43.5, and —48.0 km s 1. The OH absorption line in 
Figure 1 (which is a single absorption line with a polarized 
weak maser line at the center rather than the double absorp- 
tion line it appears to be) occurs at about — 38.5 km s-1. 

The only significant signal in the H i V spectrum (Fig. 1) is a 
negative feature near —33.5 km s-1. The signature of a 
uniform line of sight magnetic field is a signal in the V spec- 
trum with the shape of the derivative of the / spectrum. If the 
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and may even suppress by as much as 10% the observed nega- 
tive feature near — 33.5 km s- ^ 

We have derived the line-of-sight magnetic field strength at 
each pixel in the H i maps for the high-velocity wing of the 
— 38.5 km s-1 component. We have done so on a channel-by- 
channel basis, dividing the observed V spectrum at each 
channel by the numerical derivative of the / spectrum (see 
Schwarz et al 1986). We calculated the rms uncertainty in the 
field strength for each channel by assuming that the scatter 
about zero of the observed V spectrum for channels with 
KLSr < — 40 km s-1 was due to random noise. The data have 
insufficient sensitivity to investigate variations of field strength 
with velocity. Therefore, we calculated the average field 
strength at each position from the individual channel values, 
weighted by the inverse square of the error for each channel 
value. Figure 2 shows V spectra at 30" intervals for the W3 
core. Above each spectrum is the derived magnetic field 
strength and the 1 a error, the latter computed via standard 
statistical techniques. The / spectra for this region vary in 
strength, but variations in line shape or velocity are slight. 
Hence, the derived field in each pixel is nearly proportional to 
the amplitude of the Zeeman signal divided by the strength of 
the / spectrum, and the error in the field in each pixel varies 
inversely with the strength of the / spectrum. The feature at the 
right side of the V spectra, which we attribute to the Zeeman 
effect, changes from negative to positive from the northeast to 
the southwest. This fact implies a reversal in the field direction 
over the W3 core. A negative field value points toward the Sun. 

in. DISCUSSION 

The W3 region has been intensively studied. From the H i 
synthesis study of Goss et al (1983), the molecular studies of 
Dickel et al (1980) and Dickel (1980), and the radio continuum 
and recombination line studies of Roelfsema (1987), among 
others, W3 is known to be a giant complex of recent star 
formation in the Perseus arm (/ = 133?7, b = +1?2) about 2 
kpc from the Sun. The mass of the molecular complex is ~ 105 

M©, most of which is in the low-density extended molecular 
cloud. The main core of the W3 cloud (shown in Fig. 3) is 
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Fig. 2.—Observed V spectra with derived magnetic fields and 1 a errors (in /iG). The intersection of the coordinates axes marks the sky position for each 
spectrum. 
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Fig. 1.—VLA line profiles towards <x(1950) = 2h21m56s, 0(1950) = 61°53'. 
The bottom two spectra are H i and OH line profiles. Above these is the 
observed H i V spectrum (jagged line), with the derivative of the / spectrum 
(scaled to the derived B = 66.5 fiG) superposed. 

entire H i absorption line arose in a region of uniform mag- 
netic field, the negative feature in the V spectrum should have a 
corresponding positive feature near —49 km s-1. If the three 
H i components correspond to different clouds and only the 
— 38.5 km s-1 cloud has a significant line-of-sight field, then 
the negative feature observed in the V spectrum near —33.5 
km s-1 should have a corresponding positive feature at about 
— 43.5 km s_1, that is, near the center of the adjacent H i 
component. However, high optical depth in the adjacent com- 
ponent should suppress this positive feature in the V spectrum 
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Fig. 3.—Contours (heavy lines) of the line-of-sight component of the mag- 
netic field derived from the H i line, in /iG. Selected contour (light lines) of the 
21 cm continuum map from Dickel et al (1980) are shown. X’s mark the 
locations of H20 and 1720 MHz OH masers and the peak of the optical 
[O in] jet, and a star marks the center of the Hat Creek HCN cloud. The line to 
the lower right indicates the direction of the magnetic field in the plane of the 
sky from optical polarization studies. 

centered near a1950 = 02h21m44s, 01950 = 61°52'32", with dia- 
meter of ~ 5' or ~3 pc. The mean H2 density in the core is 
~2 x 104 cm-3, and the molecular mass is ~104 M0. The 
mean molecular velocity of the core is about —40 km s- \ with 
a gradient of about -1-2 km s-1 arcmin-1 from southeast to 
northwest. The center of the molecular core is well defined by a 
high-density HCN cloud with diameter ~40" (0.4 pc) mapped 
with the Hat Creek interferometer (Wright, Dickel, and Ho 
1984). 

Within the W3 molecular core is a group of compact H i 
regions (A through H) at various stages of evolution. The most 
evolved is A, which has the morphology of a partial shell. The 
mean velocity is VLSR æ — 40 km s-1, and the shell appears to 
be expanding at ~2-3 km s- ^ In addition, a broad HI66a line 
with Klsr » —59 km s_1 is observed, which suggests that the 
H ii region has broken through the surrounding neutral gas 
and that low-density ionized gas is flowing toward the Sun. 
That this flow is from the northern part of region A is sug- 
gested by the presence of an Ha and [O m] optical “jet” just 
north of the shell center and also by H2CO absorption which is 
strong over the southern part of region A and very weak 
toward the north. The compact H n regions lie mostly to the 
east and northeast of the center of the W3 molecular core. 

Also associated with the W3 complex is the H i observed in 
21 cm absorption. Goss et al. (1983) argue that the —38.5 and 
— 43.5 km s“1 components arise in shells surrounding the 
compact H n regions where H2 has been photodissociated. The 
H i component at —38.5 km s_1 corresponds closely in veloc- 
ity with the OH absorption (Fig. 1); therefore, the H i may be 
closely associated with molecular gas. In the context of the 
shock models of Hill and Hollenbach (1978), this H i com- 
ponent may arise in (dissociated) preshock gas, while the 
— 43.5 km s-1 H i component arises in postshock gas. In this 
case, the H i Zeeman effect in the —38.5 km s -1 component is 
representative of magnetic fields in the molecular cloud before 
the onset of star formation. Alternatively, the -38.5 km s_1 

component may arise in postshock gas, in which case the field 
strength has likely been enhanced by shock compression. 

Figure 3 shows a representation (from Dickel et al 1980, 
with higher angular resolution than our data) of the 21 cm 
continuum image of the W3 core; the positions of the stronger 
compact H n regions (A, B, D, and H), the [O m] jet, H20 and 
OH masers, and the core center as defined by HCN are indi- 
cated. We have superposed contours of the line-of-sight com- 
ponent of the magnetic field derived from our H i observations. 
Also shown is the direction of the magnetic field in the plane of 
the sky derived from optical polarization measurements 
(Lanzen, Schulz, and Schmidt 1981). 

The line-of-sight component of the magnetic field toward the 
W3 core has a striking property: it reverses direction. One 
simple explanation comes from considering the morphology of 
a frozen-in field in a collapsing cloud. In the simplest case, the 
gas will collapse preferentially along the field to form a disk, 
although some collapse will also occur perpendicular to the 
field. Field lines will be drawn into an hourglass shape, with the 
disk eventually fragmenting and forming stars and compact 
H ii regions. If the original field lay in the plane of the sky, the 
distorted field in front of the H n region (where absorption lines 
arise) would reverse direction, and the long axis of the disk 
would be the locus of zero line-of-sight field (zero locus). The 
magnetic field would have its maximum total strength near the 
zero locus, where the field is entirely in the plane of the sky. 
Therefore, this maximum could be much higher than the ~ 100 
fiG line of sight component we measure. 

There are two problems with this model: (1) The zero locus 
should pass through the center of the W3 core. If the present 
center of the molecular core were the original center before star 
formation began, this expectation is not met. However, the 
simple picture falls far short of representing the complexity of 
the W3 region. Also, if the original field were not perfectly in 
the plane of the sky, then the zero locus would be displaced 
from the molecular disk. (2) The direction of the field in the 
plane of the sky should be perpendicular to the zero locus. The 
optical polarization data give an angle of only 20°. This appar- 
ent contradiction may not be serious since the polarization 
angle is based on only a few stars, none of which samples the 
dense gas of the W3 molecular core. Observations of the linear 
polarization of IR radiation from hot grains in the core would 
allow a more relevant comparison with this simple model. 

Another explanation for the field reversal is that star forma- 
tion activity has modified the morphology of the magnetic 
field. The two local maxima of the field are near the molecular 
core center position and near the [O m] jet, where the compact 
H ii region may be in a champagne flow toward the Sun. 
Perhaps before star formation, the field was uniform in direc- 
tion but neither parallel nor perpendicular to the light of sight. 
The expansion and subsequent champagne flow of H n region 
A pushed the frozen-in field toward the Sun and reversed the 
direction of the line-of-sight component. A problem with this 
scenario is that the H i velocity in the northern part of region 
A should be more negative by ~2-3 km s-1 (the expansion 
rate of the ionized shell) than toward other positions. No such 
velocity difference is, in fact, observed. 

IV. CONCLUSIONS 
Whatever the detailed explanation for field reversal in the 

complex WC core region, the discovery of such a reversal 
underscores the importance of high angular resolution studies 
in understanding the role of magnetic fields in star-forming 
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regions. Indeed, synthesis studies are clearly of value even for 
star-forming regions which yield only upper limits in single- 
dish Zeeman effect observations. The example of W3 is partic- 
ularly relevant not only because field reversal exists in the H i 
gas, but also because the H i velocity component in which the 
field has been detected may arise in dissociated but otherwise 
undisturbed gas in the molecular cloud. Therefore, although 
the Zeeman measurement is in H i, the result may be directly 
relevant to field strengths in the molecular cloud itself. 

The relevance of the present measurement to molecular 
clouds is underscored by the rather high field strengths 

detected, of order 100 fiG. Such fields are typical of those 
encountered in single-dish OH Zeeman effect studies of molec- 
ular clouds with embedded high-mass stars (Crutcher 1988). 
Therefore, the present result augments the growing evidence 
that field strengths in such regions are systematically higher 
than in dark clouds and similar cold molecular clouds that do 
not produce massive stars. 

T. H. T., R. M. C, and C. E. H. acknowledge partial support 
of this research by NSF grants AST-8611887 and AST- 
8817651. 
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