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ABSTRACT

We present VLA observations of the Zeeman effect in 22 GHz H2Omasers in several high-mass star-form-
ing regions. These masers are believed to arise from collisional pumping in postshock environments. There-
fore, the Zeeman effect data provide the most direct measurements of magnetic field strengths in high-density
(ne108 cm�3) postshock gas, where the field energy determines other physical conditions. Our observations
yield significant magnetic field detections inW3 IRS 5, W3(OH), W49 N, and OH 43.8�0.1. In these sources,
we detect line-of-sight field strengths ranging from 13 to 49 mG. For some regions, the detected fields provide
a 2–3 point sampling of the magnetic field, indicating the nature of field variations on arcsecond scales. These
field strengths are consistent with a shock-drivenmaser model having relatively low speed (20 km s�1), C-type
shocks. We examine the balance between magnetic field energy and turbulent kinetic energy in the masing
regions. These energies appear close to equilibrium.

Subject headings: ISM: clouds — ISM: magnetic fields — masers — polarization — radio lines: ISM —
shock waves

1. INTRODUCTION

Magnetic fields are known to play an important role in
the evolution of molecular clouds and star formation (see,
e.g., McKee 1999; Heiles et al. 1993). However, the nature
of this role is still not fully understood, in part because the
observational data on magnetic fields are scarce. The Zee-
man effect in radio frequency spectral lines (see, e.g.,
Crutcher et al. 1993) remains the most direct method for
measuring magnetic field strengths. The Zeeman effect in
thermally excited H i and OH lines measures magnetic fields
in low-density atomic and molecular gas (n < 106 cm�3) in
the interstellar medium (see, e.g., Crutcher 1999). The Zee-
man effect in 1665 and 1667 MHz OH masers traces mag-
netic fields in higher density regions up to 107 cm�3 (see,
e.g., Caswell & Reynolds 2001). Even higher density regions
(ne108 cm�3) are probed by H2O masers (see, e.g., Elitzur
1992). Since water is nonparamagnetic, the Zeeman splitting
for H2O masers is very small (�10�3 Hz lG�1, compared to
2.8 Hz lG�1 for H i). Nevertheless, high maser fluxes and
narrow line widths make the Zeeman effect in H2O masers
detectable. The first detection was by Fiebig & Güsten
(1989), who measured field strengths of �40 mG toward
several high-mass star-forming regions using the single-dish
Effelsberg telescope. Therefore, H2O masers offer a unique
tracer of the Zeeman effect in the highest-density regions.
Moreover, H2O masers are believed to arise in star forma-
tion regions as a result of shocks driven by outflows (Elitzur,
Hollenbach, &McKee 1989). Since the magnetic field domi-
nates the postshock pressure, an understanding of the physi-
cal nature of the shock will be incomplete if the magnetic

field strength is not known. Therefore, water masers are
important shock probes, not only for the kinematic infor-
mation that they reveal, but also because they give informa-
tion on the magnetic fields in the postshock region.

In this paper, we present VLA observations of the Zee-
man effect in H2O masers toward several star-forming
regions. The observations and data reduction are described
in x 2. The analysis involved in extracting magnetic field
information from the Zeeman effect in H2O masers is pre-
sented in x 3. The results of the VLA observations are given
in x 4 and discussed in x 5. The conclusions are given in x 6.

2. OBSERVATIONS AND DATA REDUCTION

The 22 GHz observations of H2O masers reported in this
paper were carried out with the Very Large Array (VLA) of
the NRAO5 in the A configuration on 1998 May 11 and
1999 July 29. The parameters of the observations are listed
in Tables 1, 2, and 3. Both right and left circular polariza-
tions were observed simultaneously. In order to mitigate
instrumental effects, a front-end transfer switch in each
antenna was used to exchange the postreceiver electronics
for the right and left circular polarizations every �10
minutes.

The editing, calibration, imaging, and deconvolution of
the data were carried out using the Astronomical Image
Processing System (AIPS) of the NRAO. The absolute flux
densities were determined with reference to 3C 286. All
phase calibrators were observed at the same velocity as the
sources; a different phase calibrator was used for each
source. A list of the observed sources and phase calibrators
is given in Table 2. No bandpass correction was done; band-
pass effects usually cancel to first order in Stokes V, and the
masers observed for the Zeeman effect are so intense
(I0 > 100 Jy for all cases; see Tables 4 and 5) that bandpass
corrections will not introduce any appreciable changes.
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We performed the phase calibration for these data in sev-
eral steps. First, the solutions for the phase calibrators were
applied to the sources to derive a ‘‘ zeroth-order ’’ calibra-
tion. The multisource data were then split into individual
data sets, each data set containing a single source. For each
of these sources, a representative frequency channel con-
taining strong maser emission was selected. Self-calibration
was then performed on this channel. For all sources, the first
iteration was always a phase self-calibration, under the
assumption that the strongest maser was the only source
present in that channel. After applying the self-calibration
solutions to the UV data in the selected frequency channel,
we re-imaged the data and identified clean components in
the image, including clean components from masers other
than the strongest maser. We then performed several similar
phase self-calibration iterations. Finally, solutions for both
amplitudes and phases were generated in the last iteration
or two of self-calibration. The self-calibration solutions gen-
erated for this channel were then applied to all the other
channels of that source. The data were then imaged and
cleaned. Further processing of the data, including magnetic
field estimates, was done with the MIRIAD software. The
Gaussian fits to the maser profiles were calculated using the
GIPSY task XGAUPROF.

3. ANALYSIS

For cases in which the Zeeman splitting D�Z is much
smaller than the line width D�, the magnetic field can be

obtained from the Stokes V spectrum, which exhibits a
scaled derivative of the Stokes I spectrum (Heiles et al.
1993). Here, I ¼ RCPþ LCP, and V ¼ RCP� LCP; RCP
is right and LCP is left circular polarization incident on the
antennas, where RCP has the standard radio definition of
clockwise rotation of the electric vector when viewed along
the direction of wave propagation. Moreover, the observed
V spectrum might also contain a scaled replica of the I spec-
trum itself. Thus, the Zeeman effect can be measured by fit-
ting the Stokes V spectra in the least-squares sense to the
equation

V ¼ aI þ b

2

dI

d�
ð1Þ

(Troland &Heiles 1982; Sault et al. 1990). The fit parameter
a represents the scaled-down replica of the I profile in the V
profile; a might result from small calibration errors in RCP
versus LCP. Alternatively, amight result from details of the
maser emission process described by Nedoluha & Watson
(1992). The fit parameter b amounts to the difference in first
moments of the line profiles (i.e., the frequency offset) in
RCP versus LCP. For thermally excited (nonmaser) lines,
b ¼ zB cos �, where z is the Zeeman splitting factor, B is the
magnetic field, and h is the angle of the magnetic field to the
line of sight (Crutcher et al. 1993). The situation is more
complex for H2O masers, in which the 22 GHz H2O maser
emission can arise from one or more of six closely spaced
hyperfine components of the 616 523 rotational transition.
Each hyperfine component has a different splitting factor z,
with values ranging over an order of magnitude. Also, the
relationship between the observed Zeeman splitting and the
magnetic field strength might be different for masers than
for thermally excited lines, as discussed below.

Nedoluha &Watson (1992) and Elitzur (1996, 1998) have
considered theoretically the Zeeman effect in masers. Nedo-
luha & Watson (1992) solve numerically the equations of
radiative transfer and the rate equations for H2O masers
specifically. They find that the thermal equation
b ¼ zB cos � is accurate to within a factor of 2 for H2O mas-
ers, as long as the maser line widths are d0.8 km s�1 (also
see Watson & Wyld 2001). Line widths discussed here meet
this criterion in almost all cases (see Tables 4 and 5). In
effect, this result means that the observed Zeeman splitting
of H2O masers is a measure of the line-of-sight field compo-

TABLE 1

VLA Observational Parameters for H
2
OMasers

Value

Parameter 1998 1999

Date................................................ 1998May 11 1999 Jul 29

Configuration ................................. A A

Rest frequency (MHz)..................... 22235.08 22235.08

Total bandwidth (MHz).................. 0.78 0.78

Velocity range covered (km s�1) ...... 10.5 10.5

Channels......................................... 128 128

Hanning smoothing?....................... Yes Yes

Channel spacing (km s�1) ................ 0.08 0.08

TABLE 2

Individual H
2
OMaser Observational Parameters

Pointing Center

Source

vLSR
a

(km s�1) R.A. Decl.

Time
b

(minutes)

Phase

Calibrator

W3 IRS 5 ............ �40.0 02 21 53.3 61 52 21.5 95 0224+671

W3(OH).............. �50.0 02 23 17.5 61 38 57.0 29 0224+671

W49Nc ............... 0.0 19 07 49.8 09 01 15.7 26 1923+210

Sgr B2 S .............. 67.0 17 44 10.6 �28 22 39.0 59 1622�297

CepA.................. �10.0 22 54 19.0 61 45 44.0 58 2320+506

OH 43.8�0.1....... 37.0 19 09 31.0 09 30 46.0 50 1923+210

Note.—Units of right ascension are hours, minutes, and seconds; units of declination are
degrees, arcminutes, and arcseconds. For all coordinates stated, including phase calibrator
designations, the epoch is B1950.0.

a Velocity at the center of the observing band.
b Total time spent on source, not including the time spent on calibrators.
c W49 N was also observed with vLSR centered at 7.5, �54.0, �67.0, and �73.5 km s�1 for

�25minutes each, with the same pointing center.
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nent Blos (¼ B cos �). Also, under the assumption that the
H2O maser features are principally a blend of the three
strongest hyperfine components (Nedoluha & Watson
1991), Nedoluha & Watson (1992) find an effective value of
z ¼ 2:1 Hz mG�1 for H2O masers. Elitzur (1996, 1998) con-
sidered the more general case of the polarization of astro-
nomical masers, adopting a purely analytic approach. He
finds a quite different relation between the fit parameter b
and the magnetic field. For a saturated maser, he finds
b ¼ 8zB=3p cos � (we use zB=2 in place of his D�B), where p
represents the dimensionality of the maser: p = 1 for fila-
mentary, 2 for planar, and 3 for spherical masers, respec-
tively. In the Elitzur (1998) formulation, the observed
Zeeman splitting is not a measure ofBlos; rather, it is a meas-
ure of B= cos �. M. Elitzur (2002, private communication)
also states that the dimensionality parameter p belongs in
the thermal equation if it is applied to maser radiation, i.e.,
b ¼ zB cos �ð Þ=p. Therefore, the Elitzur result implies that
magnetic field strengths derived with the thermal assump-
tion are too high by a factor of 8=ð3 cos2 �Þ. This factor
amounts to 5.3 for � ¼ 45�, and it becomes an order of mag-
nitude for � ¼ 60�. However, Elitzur’s general treatment of
maser polarization did not include the effects of hyperfine
splitting. Hence, the Elitzur predictions above might not be
directly applicable to the observations of the Zeeman effect
in H2Omasers.

4. RESULTS

4.1. W3 IRS 5

The W3 giant molecular cloud (GMC) is located in the
Perseus arm at a distance of�2 kpc (Georgelin & Georgelin
1976; Imai et al. 2000). W3 Main is one of the sites of
ongoing star formation in this GMC. W3 IRS 5 is an infra-
red double source in W3 Main, located between the H ii

regions W3 A and W3 B at �1950 = 02h21m53 92,
�1950 = 61�5202100 (Wynn-Williams, Becklin, & Neugebauer
1972). Claussen et al. (1994) found seven hypercompact
radio continuum sources in the W3 IRS 5 region with the
VLA; these sources have diameters less than 700 AU (Tief-
trunk et al. 1997). The hypercompact sources are candidates
for newly formed high-mass stars. Strong H2O masers
appear in the vicinity of these hypercompact continuum
sources. Imai et al. (2000) measured the proper motions of
the water masers in W3 IRS 5 with the Very Long Baseline
Array (VLBA), and they found that the masers can be div-
ided into two groups; these two groups might be associated
with two different outflows (also see Imai, Deguchi, & Sasao
2002). Both outflows are aligned approximately north-
south; their directions are not significantly different from
the direction of the global outflow seen in CO (J ¼ 2 1)
emission (Claussen et al. 1984). The outflows originate near
two of the hypercompact continuum sources; Imai et al.
(2000) conclude that these hypercompact features might be
the driving sources of the outflows.

The results of the VLA observations for W3 IRS 5 are
given in Table 4. Since the rms inV/2 is 20 mJy (see Table 3)
and V=I � 10�3 for H2O masers, the Zeeman effect in the
W3 IRS 5 data can be detected at the 3 � level if I0 > 120 Jy.
The locations of the peak maser near �40 km s�1 and two
neighboring maser sources that satisfy this criterion are
shown in Figure 1. There is no other observed maser source
with I0 > 120 Jy in the region displayed in this figure. The
sources at (0, 0) and (0>13, 0>15) in Figure 1 each have one
prominent velocity component. Significant detections of the
Zeeman effect have been made in both these sources. We
consider the detections to be significant only if the fits of V

TABLE 4

H
2
OMaser Parameters and Magnetic Field Detections

Position

Maser

D�

(arcsec)

D�

(arcsec)

vLSR
(km s�1)

DvFWHM

(km s�1)

Amplitude I0
(Jy)

Fit Output b a

(Hz)

Blos
a

(mG)

W3 IRS 5 ............ 0 0 �40.0 0.58 432.7 � 1.1 �39.1 � 2.7 �18.6 � 1.3

0.13 0.15 �40.2 0.45 332.7 � 0.3 �27.1 � 2.8 �12.9 � 1.3

0.10 0.40 �41.2 0.75 557.2 � 3.0 �103.2 � 10.2 �49.1 � 4.9

W3(OH).............. 0 0 �49.1 0.67 3795.7 � 3.8 +88.5 � 6.5 +42.1 � 3.1

W49N ................ 0.38 0.25 �3.3 0.66 595.4 � 6.7 �48.1 � 2.7 �22.9 � 1.3

�0.70 0.50 �0.71 0.75 851.0 � 4.5 +34.8 � 3.9 +16.6 � 1.9

OH 43.8�0.1....... 0 0 36.5 0.79 1133.9 � 4.5 �40.3 � 3.4 �19.2 � 1.6

. . . . . . 38.1 0.54 1087.7 � 5.4 �96.9 � 5.3 �46.1 � 2.5

. . . . . . 40.1 0.42 668.6 � 6.0 �27.9 � 2.9 �13.3 � 1.4

Notes.—Quantity b is the result of the Zeeman fits (eq. [1]). The reference feature (0, 0) for W3 IRS 5 is
�1950 = 02h21m53 924, �1950 = 61�52021>1. For W3(OH), the (0, 0) position is �1950 = 02h23m17 948, �1950 = 61�38057>4. For
W49 N (0, 0) is �1950 = 19h07m49 981, �1950 = 09�01015>1, and for OH 43.8�0.1, it is �1950 = 19h09m30 992,
�1950 = 09�30046>3. In all cases, errors in positions are�0>1, except for W3(OH), for which the positional error is �0>2. The
line parameters have been derived fromGaussian fits; errors in vLSR andDv are�0.01 km s�1.

a Values given are the results of the fit �1 � error; all stated values of b and Blos are significant detections (at 3 �). Values
for Blos have been obtained from the Zeeman equation for thermally excited lines, using z ¼ 2:1 Hz mG�1 (Nedoluha &Wat-
son 1992; also see x 3).

TABLE 3

Individual H
2
OMaser Imaging Parameters

Source

BeamFWHM

(arcsec)

Beam P.A.

(deg)

rms Noise

(mJy beam�1)

W3 IRS 5 ............ 0.11 � 0.09 32.7 20

W3(OH).............. 0.10 � 0.09 �16.3 40

W49N ................ 0.11 � 0.09 20.4 35

Sgr B2 S .............. 0.21 � 0.13 �1.7 80

Cep A.................. 0.13 � 0.09 60.7 50

OH 43.8�0.1....... 0.12 � 0.09 30.7 40
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to I (eq. [1]) are above the 3 � level. Table 4 gives the posi-
tions and line parameters for these two maser sources,
together with the Zeeman effect results. Values are provided
for the derived Zeeman splittings b (eq. [1]; for all H2O mas-
ers discussed in this paper, the value of a in this equation is
�10�3 or less). Values are also provided for the line-of-sight
magnetic field Blos, using the results of Nedoluha &Watson

(1992), i.e., using the thermal assumption with z ¼ 2:1 Hz
mG�1 (x 3). By convention, a negative value for Blos indi-
cates a field pointing toward the observer. Figure 2 shows
the Stokes I andV profiles for the�40 km s�1 maser at posi-

TABLE 5

Magnetic Field Upper Limits

Position

Maser

D�

(arcsec)

D�

(arcsec)

vLSR
(km s�1)

DvFWHM

(km s�1)

Amplitude I0
(Jy)

Fit Output b a

(Hz)

Blos
a

(mG)

Sgr B2 S ...... 0 0 66.1 0.71 1164 � 5 �16.0 � 6.1 �7.6 � 2.9

Cep A.......... �1.39 +2.55 �8.8 0.70 2494 � 9 �6.7 � 3.3 �3.2 � 1.6

W49N ........ 0 0 �72.7 1.12 6967 � 24 �155.6 � 10.1b �74.1 � 4.8b

. . . . . . �71.1 1.06 4085 � 25 �98.5 � 19.6b �46.9 � 9.3b

Notes.—Quantity b is the result of the Zeeman fits (eq. [1]). The reference feature (0, 0) for Cep A is
�1950 = 22h54m19 924, �1950 = 61�45044>1, and for W49 N it is �1950 = 19h07m49 977, �1950 = 09�01015>6. In both cases,
errors in positions are �0>1. For Sgr B2 S, the zeroth-order phase calibrations applied from 1622�297 failed to give a
good fix on position. Hence, there is no absolute position information for this source. The (0, 0) position is for the stron-
gest maser at vLSR ¼ 66:1 km s�1. The pointing center for Sgr B2 S is given in Table 2. The line parameters have been
derived fromGaussian fits; errors in vLSR andDv are�0.01 km s�1.

a Values given are the results of the fit�1 � error; all stated values of b and Blos in this table are upper limits. Values for
Blos have been obtained from the Zeeman equation for thermally excited lines, using z ¼ 2:1 Hz mG�1 (Nedoluha &Wat-
son 1992; also see x 3).

b Although formally significant, the results for W49 N (observations centered at �73.5 km s�1) have been stated as
upper limits because of blending in velocity.

Fig. 1.—Image of a 0>5 � 0>9 region around the peak maser near �40
km s�1 in W3 IRS 5. The two other masers with intensity I0 > 120 Jy
are also marked. The (0, 0) position is �1950 = 02h21m53 924,
�1950 = 61�52021>1. The �-axis should be multiplied by cos �1950 ¼ 0:47, in
order to get the value in absolute arcseconds (the values for the maser posi-
tions are given in Table 4); the �-axis is in arcseconds.

Fig. 2.—Stokes I (top) and V (bottom) profiles of the �40 km s�1 maser
in W3 IRS 5 at the position (0, 0) in Fig. 1 (histograms). The superposed
curve in the bottom panel shows the derivative of I scaled by
Blos ¼ �18:6� 1:3 mG. The V profile is that obtained after leakage correc-
tion, i.e.,V � aI , as described in x 3 (eq. [1]).
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tion (0, 0) in Figure 1, together with the derivative of I scaled
by the derived value of Blos and superposed on the V profile.
All V profiles displayed are those obtained after removal of
the scaled-down I profile, i.e., V � aI , as described in x 3
(see eq. [1]).

The third and northernmost maser source shown in Fig-
ure 1 (0>10, 0>40) exhibits four velocity components. Only
one of these velocity components displays the Zeeman effect
with certainty. For this component at vLSR ¼ �41:2 km s�1,
b ¼ �103� 10 Hz (Blos ¼ �49� 5 mG). A second velocity
component toward this source (vLSR ¼ �42:5 km s�1,
Dv ¼ 0:76 km s�1, and I0 ¼ 839 Jy) also shows some indica-
tion of a Zeeman pattern, with b ¼ �133� 38 Hz
(Blos ¼ �64� 18 mG), barely above the 3 � limit. There-
fore, this result has not been included in Table 4. However,
these two results are equal to within the errors.

The absolute positions of the W3 IRS 5 H2O masers are
slightly uncertain, with earlier determinations by Forster,
Welch, & Wright (1977) likely to have small errors. Posi-
tions reported by these authors were derived with a two-ele-
ment interferometer at Hat Creek. They were later used as a
reference for the VLBI observations of Genzel et al. (1978).
Forster et al. (1977) located three masers in a cluster cen-
tered near �1950 = 02h21m53 915, �1950 = 61�52022>0. This
position is offset approximately 0 91 to the west and 0>8 to
the north of our reference position, shown in Figure 1. We
estimate that errors in our absolute positions are�0>1. For-
ster et al. (1977) report comparable formal errors. There-
fore, the two sets of positional determinations are
inconsistent. Dreher &Welch (1981) used the VLA to deter-
mine absolute positional information for the H2O masers in
the W3(OH) region (see x 4.2 below). They inferred a posi-
tional offset relative to Forster et al. (1977) that is very com-
parable to the offset (between our data and the Forster et al.
1977 data) given above. Therefore, we conclude that our
positional information for the W3 IRS 5 source is likely to
be more reliable than that of Forster et al. (1977).

4.2. W3(OH)

The W3(OH) region lies �150 southeast of W3 Main (see
x 4.1). Strong OH maser emission is observed in this region
(Reid et al. 1980), associated with a shell-like, ultracompact
(UC) H ii region of diameter 2>5 (Dreher & Welch 1981).
The H2O masers in this region are located �600 east of this
UCH ii region (�0.06 pc at 2.3 kpc; Humphreys 1978). This
group of H2O masers is also referred to as W3(H2O) in the
literature. It appears to be the site of the most recent high-
mass star formation. Embedded in W3(H2O) is a warm,
high-density, compact molecular clump first detected in
HCN emission (Turner & Welch 1984). Proper motions of
the H2Omasers have been interpreted as evidence of a bipo-
lar outflow centered on this Turner-Welch object (Alcolea
et al. 1993). Nonthermal continuum emission has also been
detected in this region (Reid et al. 1995). This nonthermal
continuum source is coincident with the center of expansion
of the H2O maser outflow. It is also elongated in the east-
west direction; thus, it is aligned with the dominant H2O
maser outflow pattern. Wyrowski et al. (1997) observed
compact continuum emission from hot dust (112 and 225
GHz) toward the cluster of H2Omasers. They also observed
the region in the J ¼ 1 0 and J ¼ 2 1 lines of C17O. Their
C17O images show gas that is more extended than the dust
continuum, with the most massive molecular clump toward

the cluster of H2O masers; no C17O emission is observed
toward the UCH ii region itself.

Our only detection of the Zeeman effect in this region is in
the strongest maser, centered at �49.1 km s�1 in velocity
and located at �1950 = 02h23m17 948, �1950 = 61�38057>4.
The uncertainty in the position is�0>2. This position places
the maser near the �48.1 km s�1 maser in the Dreher &
Welch (1981) data. A slight asymmetry in the line profile of
the�49.1 km s�1 maser from the current observations leads
one to suspect that there must be two masers closely spaced
in velocity. Indeed, Gaussian fits to this maser profile
required more than one component. The parameters of the
primary component are listed in Table 4. A second compo-
nent was centered at vLSR ¼ �48:58 km s�1, with Dv ¼ 0:63
km s�1 and amplitude I0 ¼ 1425 Jy. A third broad compo-
nent at vLSR ¼ �48:62 km s�1, Dv ¼ 1:9 km s�1, and
I0 ¼ 471 Jy was also used to fit the lower level wings. The
results of the Zeeman fits, b and Blos, calculated as described
earlier, are given in Table 4. The Stokes I and V profiles,
together with the scaled derivative of I, are shown in Figure
3. The fit was performed only over one side of the profile.
The result of fitting over the entire profile gives an unsatis-
factory result. This is likely due to the blending of the mas-
ers in velocity. Higher resolution observations (e.g., with the
VLBA) should allow us to resolve this issue satisfactorily.

Fig. 3.—Same as Fig. 2, but for the peak maser in W3(OH). The super-
posed curve in the bottom panel is scaled by Blos ¼ þ42:1� 3:1 mG. The
solid portion of this curve represents the channels over which the fit was
made.
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4.3. W49N

The radio source W49 is located at a distance of 11.4 kpc
(Gwinn, Moran, & Reid 1992). At low resolution, it consists
of two radio continuum peaks: a thermal source (W49 A)
and a nonthermal source (W49 B)�120 to the east. Low-res-
olution radio continuum images of the thermal source and
star-forming region W49 A show two well-defined peaks:
W49 North (W49 N) andW49 South (W49 S). W49 N hosts
one of the most complex H2O maser sources in the Galaxy,
with features spread over more than 500 km s�1 in velocity
(Morris 1976). From VLBI observations, Moran et al.
(1973) found that the H2O maser spots in W49 N are local-
ized in three regions. Walker, Matsakis, & Garcı́a-Barreto
(1982) found a distinct separation of the positive (vLSR > 30
km s�1) and negative (vLSR < �20 km s�1) high-velocity
H2O maser features in this region using a three-antenna,
long-baseline interferometer, with negative high-velocity
features occurring predominantly in the westernmost group
of masers. In the W49 N core, Dreher et al. (1984) identified
seven distinct UC H ii regions with the VLA. These UC
regions are arranged in a partial ring of diameter 0.8 pc and
powered by O stars. De Pree et al. (2000) have imaged W49
N at 1.3 and 0.7 cm. They used the high-resolution 1.3 cm
continuum images, made concurrently with 22 GHz H2O
maser observations, to align the maser positions with the
high-resolution 0.7 cm continuum. They found that most of
the H2O maser positions in W49 N are closely associated
with the sources G1 and G2, which are part of the UC H ii

source G identified by Dreher et al. (1984). The H2O masers
toward this source trace an outflow (Gwinn et al. 1992); De
Pree et al. (2000) find that this outflow is centered within 0>2
of the G2 peak, although it remains unclear whether this
source drives the outflow.

Because of the limited frequency bandwidth available at
the VLA, our H2O maser observations of W49 N were cen-
tered at several different velocities, in order to cover a larger
velocity range. The center velocities of 0, 7.5,�54,�67, and
�73.5 km s�1 were selected because of the presence of strong
masers at or near these velocities. The total velocity range
covered in each of the bands was 10.5 km s�1 (Table 1). The
pointing center was the same in all the velocity ranges (Table
2). For the observations centered at 0 km s�1, Zeeman effect
detections were made in two maser sources. The line param-
eters and Zeeman results for these sources are given in Table
4. The Stokes I and V profiles for the �0.7 km s�1 maser,
together with the derivative of I scaled by the fitted value of
Blos, are shown in Figure 4.

The peak maser in the W49 N observations centered at
0 km s�1 (with vLSR ¼ 0:5 km s�1, Dv � 0:9 km s�1, and
I0 � 2800 Jy) does not display a detectable Zeeman effect.
This might be due to blending in velocity; there is at least
one other maser at vLSR ¼ �0:9 km s�1 (Dv � 1:0 km s�1

and I0 ¼ 750 Jy) at this position. Likewise, the masers in
the observations centered at 7.5, �54, and �67 km s�1

were so heavily blended in velocity that no useful Zee-
man information could be obtained from these data. The
masers in the �73.5 km s�1 data set also display blending
in velocity, but we were able to obtain values for the
magnetic field in two velocity components toward the
peak maser position. Although they are formally signifi-
cant, we have chosen to state these values as upper limits
in Table 5 because of the blending in velocity. Future
higher resolution observations with the VLBA will likely

be able to disentangle this blending in velocity by spa-
tially resolving the maser spots.

Of the three groups of masers in W49 N identified by
Walker et al. (1982), the maser source at the (0, 0) position
in our 0 km s�1 data set is located in the central group (the
VLA position for this maser is given in the notes to Table 4).
Hence, the detected fields in W49 N are for masers belong-
ing to this central concentration of mainly low-velocity mas-
ers (�20 < vLSR < 30 km s�1). Conversely, the (0, 0)
position for the �73.5 km s�1 data set in W49 N (see notes
to Table 5) places this negative high-velocity maser source
in the westernmost group of masers, with vLSR < �20 km
s�1. We have obtained upper limits for Blos toward the
�73.5 km s�1 maser. Hence, the Zeeman effect data give
some sense of magnetic field values in these two main con-
centrations of H2Omasers. Line-of-sight fields in the central
group are �20 mG, whereas fields in the group of blue-
shifted masers to the west are less than 89 mG.

4.4. OH 43.8�0.1

OH 43.8�0.1 is an H2O maser source associated with a
compact H ii region and a 1665 MHz OH maser (within a
1000 positional uncertainty; Matthews et al. 1978; Downes et
al. 1979). The most intense H2O masers in OH 43.8�0.1 are
spread over a 5 km s�1 range in velocity (low-velocity lines);
also present are weaker high-velocity features spread over a

Fig. 4.—Same as Fig. 2, but for the �0.7 km s�1 maser in W49 N (see
Table 4). The superposed curve in the bottom panel is scaled by
Blos ¼ þ16:6� 1:9 mG.
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40 km s�1 range (Downes et al. 1979). The VLBI image of
Downes et al. (1979) shows that most of the H2O maser fea-
tures are arranged in an arc-shaped structure with a trans-
verse diameter of �200 mas. The radial velocities of the
strongest low-velocity features increase from east to west
along this arc. High-velocity features also occur �400 mas
below the open end of the arc. Our VLA observations reveal
about four maser sources that are spread over an east-west
extent of 0>3. This must be a part of the arc observed by
Downes et al. (1979) with VLBI. Zeeman effect detections
were made in the strongest maser source in OH 43.8�0.1.
There are four velocity components at the position of this
source; the Zeeman effect was detected in three of these com-
ponents. The line parameters and results of the Zeeman fits
are given in Table 4. Figure 5 shows the Stokes I and V pro-
files for the maser at this position, together with the scaled
values of the derivative of the I profile for fits over the 36.5
and 38.1 km s�1 maser profiles.

4.5. Other Results

4.5.1. Sagittarius B2 S

Sgr B2 is a well-studied active star-forming region �200
pc from the Galactic center. Low-resolution CO observa-
tions show that it has a core of 20 diameter, surrounded by a

150 envelope (Scoville, Solomon, & Penzias 1975). VLA con-
tinuum observations by Benson & Johnston (1984) have
revealed at least 12 H ii regions in Sgr B2. These are grouped
into three main concentrations: the northern, middle, and
southern (Sgr B2 S) sources, separated by�4500 each. Strong
H2Omaser emission is observed near all three groups of H ii

regions (Elmegreen et al. 1980). The H2Omasers toward the
Sgr B2 S source were observed with the VLA for the Zeeman
effect (Table 2). Of the three main concentrations of masers,
the southern concentration was selected because it has an
isolated component in velocity that is also very intense.
Only an upper limit could be set on the magnetic field in this
source. The line parameters for the strongest maser and the
results of the fits for the Zeeman effect are given in Table 5.
The obtained formal fit for Blos gives a 3 � upper limit field
of 17 mG. This value is close to the significant fields detected
in most regions (Table 4).

4.5.2. Cepheus A

Cep A is a CO peak (Sargent 1977) in a molecular cloud
near the Cepheus OB3 association (distance �725 pc;
Blaauw, Hiltner, & Johnson 1959). It contains several UC
(�100) H ii regions (Rodrı́guez et al. 1980). Lada et al. (1981)
found that the H2O masers in this complex are clustered in

Fig. 5a Fig. 5b

Fig. 5.—(a) Same as Fig. 2, but for the peak maser at position (0, 0) in OH 43.8�0.1. The superposed curve in the bottom panel is scaled by
Blos ¼ �19:2� 1:6 mG. The solid portion of this curve represents the channels over which the fit was made. (b) Same as (a), except that the superposed curve is
scaled by Blos = �46.1 � 2.5 mG.
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two groups separated by about 400. Each group coincides (to
within 100) with a UCH ii region.

VLA observations of the H2Omasers in CepAwere made
in order to detect the Zeeman effect. The strongest maser, at
�9.9 km s�1, was found to have a peak intensity of 9750 Jy.
The Stokes V profiles in this data set exhibit a �5 Jy spike
near�10 km s�1 that is spread over about four or five veloc-
ity channels. It is unlikely that this is due to external inter-
ference; there are no unidentified spikes in any of the 1999
data, of which this is a part. It is also unlikely that this is the
sidelobe of a maser that was not properly cleaned, since
there are no obvious maser features narrow enough to pro-
duce such a narrow spike. Displays of the UV data in the rel-
evant channels also do not reveal any overwhelmingly bad
points. We ascribe the spike to some unidentified bad data
and exclude the affected channels from the fits. This does
prevent us from setting an upper limit on the Zeeman effect
for the strongest maser. However, there is a maser in the
northern group (of the two groups identified by Lada et al.
1981) that is not affected by these bad channels. Upper lim-
its on the Zeeman effect were set for this maser. The line
parameters and magnetic field values from the formal fits
for this maser are given in Table 5.

5. DISCUSSION

5.1. Basic Discussion of Observational Results

The current observations represent the first comprehen-
sive VLA study of the Zeeman effect in H2Omasers. If inter-
preted according to the formulation of Nedoluha &Watson
(1992; also see x 3), these measurements imply Blos in the
range from 13 to 49 mG in several high-mass star-forming
regions (Table 4) and upper limits of 90 mG or less in some
other regions (Table 5). These values are of the same order
as the Fiebig & Güsten (1989) single-dish results. The only
case in which a comparison can be attempted with their
results is for the W3 IRS 5 region. However, Fiebig & Güs-
ten (1989) observed this region with a 4100 beam. Therefore,
all three maser spots shown in Figure 1 would have
appeared within their beam, making direct comparison with
the VLA results difficult. Scaling of their result for the
�40.5 km s�1 maser (using z ¼ 2:1 Hz mG�1) gives
Blos ¼ �28:7� 8:7 mG. This is in good agreement with the
value of�30 mG obtained from an intensity-weighted aver-
age of our three magnetic field detections in W3 IRS 5 from
Table 4.

In two instances in the present observations, significant
fields have been found at two or more locations in an
observed region. These detections provide a high-resolution
map of the magnetic field in these regions over arcsecond
scales. In W49 N, the field is observed to reverse over a 1>1
(0.06 pc) scale. In W3 IRS 5, the field has the same direction
over a 0>5 (0.005 pc) scale. Higher resolution VLBA maps
will provide a better view of this variation on even smaller
scales (see, e.g., Sarma, Troland, & Romney 2001).

5.2. Theoretical Models for theMasers

Water masers are believed to be collisionally pumped in
warm (400 K) postshock gas (Elitzur et al. 1989); recently,
Watson, Sarma, & Singleton (2002) have shown that strong
22 GHz H2O masers can arise in gas with even higher tem-
peratures (�2000 K). In high-mass star formation regions,
these shocks likely arise in shells driven by outflows. If the

shocks are fast enough (us > 30 40 km s�1), the H2 is fully
dissociated. Such a shock is known as a J-type shock. Lower
velocity shocks, known as C-type shocks, do not fully disso-
ciate H2. It appears that conditions behind both J-type and
C-type shocks are quite similar, as far as H2O maser genera-
tion is concerned (Elitzur et al. 1989; Kaufman & Neufeld
1996), except that 22 GHz masing in J-type shocks origi-
nates in a narrow range of temperatures near 400 K,
whereas it can occur at gas temperatures up to 3000 K in C-
type shocks. Gas densities in the postshock maser regions
are believed to be in the range 108–1010 cm�3. Lower den-
sities provide insufficient collisional pumping; higher den-
sities quench the maser by thermalizing the level
populations. Given this scenario, the Zeeman observations
reported here probe the postshock magnetic field, where the
field energy limits the shock-induced gas compression.

5.3. Comparison of Observations withModels

To explore the significance of our magnetic field results in
a postshock environment, we use three simple equations.
First, in the case of flux conservation, the shock amplifies
the field in proportion to the density �, i.e.,

B0=�0 ¼ B1=�1 ; ð2Þ

where the subscripts 0 and 1 refer to the preshock and post-
shock (in this case, maser) regions, respectively. Strictly
speaking, B0 and B1 are the components of the field parallel
to the face of the shock. Also, if the postshock field, rather
than the thermal pressure, limits the rise in density, then the
magnetic field energy density equals the shock ram pressure,
or

B2
1=8� ¼ �0u

2
s ; ð3Þ

where us is the shock velocity. Finally, the preshock field
strength and gas density might obey the approximate empir-
ical relation discussed by Crutcher (1999), i.e., B0 / n

1=2
0 .

Crutcher’s Figure 1 is a log-log plot of the line-of-sight mag-
netic field versus n(H2) from observational data for molecu-
lar clouds. We have evaluated the proportionality constant
in the scaling relationship of his Figure 1, leading to the
relation

B0 ¼ ��
1=2
0 ; ð4Þ

where � � 5:8� 105 in cgs units and where we have
assumed on statistical grounds that B0 is twice the line-of-
sight magnetic field (see, e.g., Crutcher 1999). Equation (4),
with a similar value of �, is also given by Heiles et al. (1993).
Equations (2)–(4) contain four unknowns (�0, �1, us, and
B0), if we assume that the value of B1 is determined by the
H2O maser Zeeman effect. Therefore, we can determine any
three of these unknowns if we assume a value for the fourth.
Furthermore, if we assume that us is known from derived
maser space velocities (see below), then all other parameters
are determined.

We have explored the parameter space of equations (2)–
(4) in order to find reasonable values of all quantities. We
first take an average value of 30 mG for Blos, based on the
Zeeman detections (Table 4). Then we assume B1 ¼ 2Blos

and B2
1 ¼ 3B2

los on statistical grounds (see, e.g., Crutcher
1999). We find that values of us > 20 km s�1 yield
n1 H2ð Þ < 108 cm�3, below the value required theoretically
for efficient maser amplification. This criterion can be
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relaxed by assuming that B1 is a factor of 2 higher, in which
case us can be as high as 60 km s�1. However, there are sev-
eral reasons for believing that this circumstance does not
apply. First, the low center velocities of the masers in ques-
tion (i.e., center velocities comparable to the molecular line
velocities in the clouds) suggest that these masers are not
associated with high-velocity J-shocks (also see Watson et
al. 2002). Second, the space velocities of the masers derived
by other authors from VLBI proper-motion studies are a
good indicator of the shock velocities; a typical value of the
shock velocity for W3 IRS 5 is about 20 km s�1 (Imai et al.
2000). Finally, the magnetic field strengths are unlikely to
be significantly higher than the values we measure unless the
field is tangled in the emitting region. However, maser emis-
sion regions are loci of velocity coherence, so significant tan-
gling of the field seems unlikely. We conclude that a
consistent model of the postshock maser region where we
measure magnetic fields can be constructed satisfying equa-
tions (2)–(4). This model allows a postshock density that is
high enough for efficient maser pumping (108 cm�3), low C-
shock velocities, as suggested by proper-motion data (20 km
s�1), and postshock magnetic field strengths consistent with
the Zeeman effect data (Blos ¼ 30 mG). In such a model, the
postshock gas density and field strength are each amplified
by a factor of about 20, so the preshock density
n0 � 5� 106 cm�3, and the preshock magnetic field B0 � 3
mG. These conditions are very similar to those described by
Güsten, Fiebig, & Uchida (1994) for dense, thermally
excited gas bordering the W3(OH) compact H ii region.
These authors observed the Zeeman effect in a 13.4
GHz excited-state OH absorption line. They found
Blos ¼ 3:1� 0:4 mG in gas with an estimated density of
7� 106 cm�3. Dense molecular gas of this nature is a likely
candidate for preshock conditions for H2O masers. Also,
gas in this density range characterizes the W49 N molecular
studies by Serabyn, Güsten, & Schulz (1993).

An alternate possibility is that we have significantly over-
estimated the field strength by using the Nedoluha & Wat-
son (1992) thermal approximation, rather than the
formulation of Elitzur (1998; see x 3). In such a case, the
actual field strength B1 in the maser regions could easily be a
factor of 4 less than we have assumed, depending on the
angle of the field to the line of sight. However, if we assume
such a low maser field, then the derived values of n1 H2ð Þ are
all less than 107 cm�3, even for values of us as low as 20 km
s�1. We conclude that such an overestimate of the maser
field is quite unlikely, unless the masers can operate effi-
ciently at densities significantly lower than those predicted
by the maser models. Evidently, the thermal approximation
of Nedoluha &Watson (1992) yields the more accurate esti-
mate of maser magnetic fields.

Indirect estimates of magnetic field strengths for the H2O
masers in W49 N have been recently reported by Liljeström
& Gwinn (2000). Their estimates are based on an extensive
series of single-dish and VLBI observations previously
obtained by these authors and their collaborators (Liljes-
tröm et al. 1989; Gwinn et al. 1992). Liljeström & Gwinn
(2000) estimate mean maser (i.e., postshock) field strengths
using equation (3) (their eq. [5]). They take the mean space
velocity of the masers measured from the VLBI data as the
shock velocity, and they estimate the preshock density. For
the ‘‘ inside masers ’’ of W49 N (those with radial velocities
inside the range of the dense ambient gas, i.e., vLSR ¼ �2 to
18 km s�1), they take us ¼ 38 km s�1 and n0 ¼ 7:5� 106

cm�3. Equation (3) then yields B1 ¼ 80 mG. This estimate
of the mean W49 N maser field strength can be compared
with the Zeeman effect results from the present observa-
tions, which yield B1 � 2Blos ¼ 35 45 mG for W49 N
(Table 4). Liljeström & Gwinn (2000) also estimate the
maser (i.e., postshock) gas density from the preshock den-
sity and the shock speed (their eq. [11], a combination of our
eqs. [2]–[4]). For the inside masers, they find amean gas den-
sity of 4� 108 cm�3. Evidently, the physical parameters esti-
mated by these authors are comparable to those we have
taken for the maser model described above.

5.4. Energetics in theMasing Regions

The observed values for the magnetic field can also be
used to investigate the energetics in these masing regions.
The magnetic energy density is given by 3B2

los=8� (see x 5.3).
For the average value of Blos � 30 mG (Table 4), the mag-
netic energy density is 1:1� 10�4 ergs cm�3. The kinetic
energy density is given by ð3=2Þmn�2, where
� ¼ Dv= 8 ln 2ð Þ1=2 is the velocity dispersion, the mass
m ¼ 2:8mp, and mp is the proton mass. If Dv ¼ 0:6 km s�1

(average value for DvFWHM from Table 4), the kinetic energy
density is 4:6� 10�6 ergs cm�3. This suggests that the mag-
netic energy is dominant in these clouds by an order of mag-
nitude. However, masers occur only in special directions,
along which they have developed the required velocity
coherence. Hence, the actual line width in the clouds is
probably larger than that traced by the masers. In fact, the
kinetic energy density will be equal to the magnetic energy
density if DvFWHM is increased by a factor of 5. Such an
increase would give DvFWHM ¼ 3 km s�1. This is a reason-
able value for DvFWHM in GMCs (see, e.g., McKee 1999).
Hence, the magnetic and kinetic energy densities are prob-
ably in equilibrium in the clouds where the masing action is
taking place.

6. CONCLUSIONS

(1) Our VLA observations of the Zeeman effect in H2O
masers have yielded significant magnetic field detections in
several high-mass star-forming regions. Upper limits have
also been set on magnetic fields in some cases. The detected
fields range from Blos ¼ 13 to 49 mG, if we adopt the
method of Nedoluha &Watson (1992).

(2) For some regions, the detected fields provide a 2–3
point sampling of the magnetic field, indicating the nature
of field variations on arcsecond scales. In W3 IRS 5, the
fields have the same direction over 0>5 and vary by a factor
of�3. InW49N, the detected fields appear to reverse over a
scale of 1>1, but show almost the same magnitude.

(3) Comparing our observations with collisionally
pumped models of H2O masers in postshock gas, we con-
struct a self-consistent model of the postshockmaser region,
in which the densities are high enough to allow efficient
maser pumping (108 cm�3), velocities are suggestive of C-
shocks (20 km s�1), and magnetic field strengths match the
observed Zeeman effect values (Blos ¼ 30 mG). Moreover,
the projected preshock magnetic fields and densities agree
well with values of the magnetic field and densities in locales
that are likely candidates for the preshock regions of water
masers.

(4) The formulation of Elitzur (1998) suggests that we
have significantly overestimated the field strength. How-
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ever, scaling our observed field values down by even a factor
of 4 gives derived values of the density that are much lower
than the values required by theoretical models for efficient
maser operation. Hence, such an overestimate of the field by
us is quite unlikely, unless H2O masers can operate effi-
ciently at densities significantly lower than those predicted
by maser models. Moreover, Elitzur’s treatment of maser
polarization did not consider the case of hyperfine splitting,
which is applicable to H2O masers. Hence, the Elitzur for-
mulation might not apply to our observations anyway.

(5) Based on the observed values of the magnetic field, we
find that the magnetic and kinetic energy densities in the
maser regions will be in equilibrium if the line widths are of
the order of 3 km s�1. Since this is a reasonable value for the
line width in molecular clouds, the magnetic field and
kinetic energy densities are probably close to equilibrium.

(6) The importance of H2O masers has been established,
not only as unique tracers of the Zeeman effect in high-den-
sity regions, but also as probes of the magnetic field in
shocked regions. Future directions include higher resolution

observations of the Zeeman effect and longer observation
times to increase the sensitivity of detection, in order to
obtain magnetic field measurements at many more positions
in the cloud.
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