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ABSTRACT 
We report the detection of a —27 + 4 fiG magnetic field in the molecular cloud Barnard 1 (Bl), via obser- 

vations of the Zeeman effect in the 1665 and 1667 MHz lines of OH at the Arecibo 305 m telescope. The 
region of OH emission in Bl extends over 1.1 pc, has 1.3 km s"1 line width, and has mean column density 
6 x 1021 cm-2. Detection of the Zeeman effect in this region represents one of the first field strength measure- 
ments directly relevant to a dense part of a region of low-mass star formation. Substitution of the OH line 
width, size, and column density information into models based on comparable magnetic, kinetic, and gravita- 
tional energy density in the cloud gives two independent field strength estimates, each ~25 //G, in agreement 
with the measured value. Substitution of other molecular line data, which pertain to larger (~3 pc; 13CO) and 
smaller (~0.2 pc; NH3) size scales, into the same equilibrium models give field strengths from 21 to 37 /iG, a 
range which may be insignificant compared to measurement error. The observed field strength is also consis- 
tent with a constant-mass equilibrium model of cloud evolution. Bl has an embedded low-luminosity (3 L0) 
IRAS source and is one of many similar condensations in Perseus. The Perseus complex may thus prove 
useful for studies of the role of magnetic fields in the formation of low-mass stars. 
Subject headings: interstellar: matter — magnetic fields 

I. INTRODUCTION 

Evidence is increasing for the idea that magnetic fields play a 
key role in the support and dynamics of molecular clouds. At 
optical, infrared, and submillimeter wavelengths, polarization 
measurements indicate the presence of magnetically aligned 
dust grains (Vrba, Strom, and Strom 1976; Tamura et al 1987; 
Hildebrand 1988). Models that equate cloud magnetic, gravita- 
tional, and/or kinetic energy successfully predict observed rela- 
tions among velocity dispersion, cloud size, and density (Myers 
and Goodman 1988a, b, hereafter MGa and MGb and refer- 
ences therein). And, in the increasing number of clouds with 
magnetic field strength measurements (Heiles 1987; Crutcher 
1988), the same models correctly predict the measured field 
strength (MGa). 

Nearby dark clouds are useful for analyzing optical polariz- 
ation, cloud kinetic and gravitational energy, and conditions 
associated with low-mass star formation. Yet few magnetic 
field strength measurements are available in the dense parts of 
dark clouds. There, densities n > 103 cm-3 are best traced by 
the 18 cm OH lines in emission, rather than in absorption 
(Graedel, Langer, and Frerking 1982). Only one detection of 
the Zeeman effect in OH emission from a dark cloud is known: 
Crutcher et al (1989) measured 10 + 3 gG in the Ophiuchus 
dark cloud. Many similar detection efforts have failed, possibly 
because the OH emission has been beam-diluted, or integra- 
tion times were insufficient to detect weak fields. In this Letter 
we report detection of the Zeeman effect in OH emission in the 
dark cloud Barnard 1 (Bl). We minimized beam dilution with 
the high angular resolution of the 305 m Arecibo telescope.6 
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Lang and Willson (1979) attempted to detect the Zeeman effect 
at Arecibo in OH emission from gas associated with T Tauri 
stars. Their observations yielded no detections, but did give 
some important upper limits, including a 3 <r limit of 90 gG at 
the position of LkHa 327, only 4' from position we observed in 
Bl. The field strength we detected in Bl, —27 + 4 gG, agrees 
well with two estimates of equilibrium field strength derived 
from our observations, and also with the evolutionary model 
ofMouschovias (1976a, h; 1987a, b). 

II. OBSERVATIONS 
The 1665 and 1667 MHz transitions of OH were observed at 

the 305 m Arecibo telescope during January and February of 
1988. At the OH frequencies, using a 12 m line feed, the 
FWHM beamwidth of the telescope is 2:9. The time average of 
the system temperature was approximately 50 K. 

For our Zeeman experiment, where isolating polarizations is 
crucial, polarization “switching” was employed at 1 Hz 
between right and left circular polarizations. A double-pole 
double-throw switch, with remotely adjustable gain in each 
signal path, was constructed by the NAIC staff for our experi- 
ment and installed between the last RF amplifier and the 
mixer. Use of this switch allowed the high time efficiency of 
dual-polarization observation, and also the cancellation of any 
differences in spectral response between the two signal paths 
following the switch. We also switched the local oscillator fre- 
quency by half the bandwidth every 3 minutes during Zeeman 
observations, and more often during mapping observations. 
The 1024 channel digital autocorrelator was split into four 
segments, each with 312.5 kHz bandwidth, to allow simulta- 
neous observation of the 1665 and 1667 MHz lines in each 
polarization, with channel separation 0.22 km s“ ^ 

The molecular cloud core around the H n region S88B (cf. 
Crutcher, Kazès, and Troland 1987) was observed to test the 
measurement setup. We detected a magnetic field of 47 ± 4 gG 
in 40 minutes of integration. 

We surveyed about 40 molecular clouds in Perseus, Taurus, 
and Monoceros for OH emission, to an rms noise level of ~ 0.1 
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TABLE 1 
Line-of-Sight Component of Magnetic Field Strength Derived from Zeeman Split of 

the 18 Centimeter Lines of OH 

Source R.A.(1950) Decl.(1950) 1665 MHz 1667 MHz Combined 

bi   wstig' -27 + 5 -25 + 5 -27 ±4 
Taurus 16   4 15 01.0 28 1600 <24 <27 <18 
NGC2264   6 38 10.0 9 37 30 <24 <21 <15 
S88B   19 44 42.0 25 05 30 46 ± 3 48 ± 4 47 ± 3 

Note.—The sign of By indicates its direction: negative means toward the observer. Each uncer- 
tainty is a 1 (7 random error, derived from the least-squares fit described in § III. Upper limits are 
3 a. 

K. We then ranked candidate sources according to the 
expected amplitude, z, of the Stokes V spectrum, which 
depends on line strength and width, as well as on B. We calcu- 
lated the expected value for B assuming approximate equality 
of magnetic, kinetic, and gravitational energy densities, which 
gives, 

Beq = 15Av2/RfiG, (1) 

where At; is in km s- \ and R is the cloud size in pc, as defined 
by the half-power contour (MGa). We identified the most 
promising sources to be B1 in Perseus, Taurus 16 in Taurus- 
Auriga, and NGC 2264 in Monoceros. We observed each with 
both polarization and frequency switching for 30-40 hr over a 
period of 3 weeks. 

in. RESULTS 

The results of all of our Zeeman observations are sum- 
marized in Table 1 ; and the B1 results are illustrated in Figure 
1. As in previous Zeeman experiments (cf. Kazès and Crutcher 
1986), field strength values were derived from a least-squares fit 
of a model to the observed Stokes V spectrum.7 The model is 
the sum of a scaling factor times the mean of the right and left 
circular line profiles (Stokes 1/2) plus a scaling factor times the 
derivative of the line profile. The first scaling factor accounts 

7 The Stokes V spectrum is a display of the right minus left circularly 
polarized signals. The sense of our left and right circular polarizations follows 
the IEEE definition; that is, right circular polarization is clockwise rotation of 
the electric vector as seen from the transmitter of the radiation. 

for any gain difference which may exist between the right and 
left circularly polarized spectra. The second scaling factor is 
proportional to the magnitude of the Zeeman splitting, and 
hence, to the line-of-sight component of magnetic field 
strength, By. The errors quoted in Table 1 correspond to the 
1 a uncertainty in the fit. 

In Bl, a field of — 27 ± 4 /¿G was detected. The derived field 
was independent of hour angle, which shows (for the rotating 
beam of an alt-az telescope) that the apparent Zeeman effect 
does not arise from a combination of source velocity gradient 
and separation of the right and left circular beam patterns 
along the direction of the gradient (“beam squint”). In Taurus 
16 and NGC 2264, upper limits (3 <r) of 18 and 15 /xG, respec- 
tively, were obtained. These small limits on By imply a small 
value of B, a small component of B along the line of sight, or 
both. Taurus 16 and NGC 2264 will be discussed in more 
detail in a future paper. 

Table 2 gives line width, map size, and column density in Bl 
for three different molecular transitions, 13CO (J = 1-0), OH 
(1667 MHz), and NH3 (J, K = 1, 1). In projection, the maps 
form concentric condensations of decreasing size, and emission 
from all three transitions peaks at about 6 km s"1, indicating 
that the condensations are also coincident along the line of 
sight. The OH line width and size8 data were derived from the 

8 Proximity of a second condensation to the north, and incomplete sam- 
pling to the southwest, prevent us from drawing a closed contour at the level of 
0.50 x {TA)m¡lx. Instead, we show and measure R at outermost contours at the 
levels of 0.53 and 0.56 x (TA)mSiX for the 1665 and 1667 MHz lines, respectively. 

TABLE 2 
Line Width, Cloud Size, Column Density, and Equilibrium Field Strengths in Barnard 1 

Beq (mG) 
N   

Ai; R (1021 

Line (kms-1) Reference (pc) Reference cm"2) Reference 4.2JV 15Ai;2/R 7.4JV3/4 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
13CO: J = 1 -► 0   2.1 1 2.7 2 5 3 21 25 25 
OH : 1667 MHz   1.3 4 1.1 4 6 3 25 23 28 
NH3: J, K = 1,1   0.70 5 0.24 5 10 1 34 37 42 

Nom—At; is the FWHM of the spectral line profile; R is the geometric mean of the largest and smallest FWHM of the line intensity 
contour map; each is corrected for instrumental resolution. For 13CO and OH, N is the mean visual extinction Av, averaged over the 
half-power intensity contour, and converted to gas column density according to iV = 1 x \021AV cm“2 (Bohlin, Savage, and Drake 1978). For 
NH3, N is the mean NH3 column density, averaged over the half-power intensity contour, converted to gas column density according to 
N = \ x 107JV(NH3) (Benson and Myers 1983). For 13CO and OH, expressions in cols. (8) and (9) for Beq assume negligible thermal motions, 
as observed, and are based on eqs. (1) and (2) of MGa, respectively. For NH3, the kinetic temperature of 12 K (Bachiller et al. 1989) and line 
width of 0.70 km s"1 imply that thermal motions are not negligible: therefore each value of Beq is multiplied by a correction factor of 1.2 for 
the value in col. (8), according to MGb, eq. (11), and 0.81 for the value in col. (9), according to MGb, eq. (8). The expression in col. (10) is based 
on the constant-mass evolutionary model of Mouschovias (1976, 1987a), assuming initial field strength 3 /¿G and a spherical cloud. (For a 
face-on disk of aspect ratio 2:1, Beq in col. [10] would decrease by a factor of 1.1.) 

References.—(1) Bachiller and Cernicharo 1984; (2) Bachiller and Cernicharo 1986; (3) Cemicharo and Bachiller 1984; (4) this Letter; (5) 
Bachiller et al 1989. 
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Fig. 1—Summary of OH observations of Bl. Panels at left show maps of 1665 and 1667 MHz OH emission in Bl. Contours of TA : 1665 map, 0.40,0.50,0.60,0.70 
K; 1667 map, 0.70, 0.85, 1.00, 1.15 K. Crosses indicate positions observed; additional emission (not shown) is present in the direction of the dashed contours. The 
filled star represents IRAS 03301 +3057 (a[1950] = 3h30m10s5; ¿[1950] = 30°57'47"). Panels at right show the Stokes 7/2 and Stokes V spectra for long-integration 
Zeeman observations of both transitions at the (0,0) map position [a[1950] = 3h30m12s0; ¿[1950] = 30°57'26"). Superposed on the V spectra are theoretical Zeeman 
patterns corresponding to a line-of-sight magnetic field strength of — 27 /¿G for 1665 MHz and - 25 fiG for 1667 MHz. 

spectra and maps shown in Figure 1. The corresponding 
column density is based on star counts, averaged over the OH 
half-power emission contour.9 The estimated uncertainties in 
Av, R, and N, for the OH data, are 0.1 km s_1, 0.3 pc, and 
2 x 1021 cm 2. The column density listed in Table 2 under 
NH3 is calculated from a derived column density of NH3, 
which is multiplied by an abundance ratio of 10-7, a value 
generally appropriate for dark clouds like Bl (Benson and 
Myers 1983). The scatter in observed abundance ratios from 
one dark cloud to the next adds an uncertainty of at least a 
factor of 2 to the derived column density of the NH3 conden- 
sation. 

The line width, size, and column density information are 
used to estimate field strength in Table 2 in three distinct ways. 
In column (8), the assumption is made that the cloud is sup- 
ported against gravity by magnetic energy, which causes £eq to 
be directly proportional to N (Chandrasekhar and Fermi 1953; 

9 The star count derived column density of 6 x 1021 cm-2, averaged over 
the OH half-power contour, agrees well with a value obtained from analysis of 
the 1665 and 1667 MHz OH lines as in Turner and Heiles (1971), using an 
abundance ratio of 3 OH molecules per 107 H2 molecules, as in TMC 1 
(Turner 1973). But since the OH abundance is obtained from comparison with 
star counts, we use the star count value directly. 

MGa; MGb). The values listed in column (9) assume virial 
equilibrium and magnetic support (see MGa), which results in 
equation (1). The estimates in column (10) are based on the 
constant-mass evolutionary model of Mouschovias (1976a, b; 
1987a), with an initial field strength 3 fiG as suggested by 
Mouschovias (1987a). The numerical field strength predictions 
for each method are all remarkably similar. 

The equilibrium field strengths in Table 2 apply to a pro- 
gression of size scales : ~ 3 pc for 13CO ; ~ 1 pc for OH ; and 
~0.2 pc for NH3. As the size scale decreases by a factor of 
~ 10, the gas density, n oc N/R, increases by a factor of ~20. 
Yet, Beq increases by at most a factor of 1.6, from the 3 pc scale 
to the 0.2 pc scale, and this factor may not be significant given 
our measurement uncertainty. This weak dependence of Beq on 
n may be consistent, at these size scales, with models of ambi- 
polar diffusion (Shu, Adams, and Lizano 1987; Lizano and Shu 
1988) and/or reconnection of field lines (Pringle 1988). 

The calculations summarized in Table 2 indicate that the 
condensation traced by OH in Bl is in magnetic and virial 
equilibrium when a magnetic field ~ 27 fiG pervades the cloud. 
The similarity of all the estimated field strengths in Table 2, 
and their agreement within a factor ~2, with the measured 
field strength, suggests that the gas in Bl may also be in 
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approximate magnetic and vinal equilibrium over the range of 
size scales from 0.2 to 3 pc. 

IV. DISCUSSION 

B1 is part of a complex of dark clouds in Perseus, some 350 
pc from the Sun (Herbig and Jones 1983). In visual extinction 
and in 13CO emission, the complex has a projected extent of 
~30 pc, and it consists of some 10 condensations, including 
Bl, each with mean density n > 103 cm-3, all connected by 
lower density molecular gas, with n ~ 102 cm-3 (Bachiller and 
Cernicharo 1984, 1986). The IRAS point source 03301 + 3057 
lies near the peak of the NH3 emission in Bl (Table 2; Bachiller 
and Cernicharo 1984), and its infrared spectrum rises toward 
long wavelengths, as is typical of an embedded protostar 
(Beichman et al. 1986). It is located at a(1950) = 3h30m10s5; 
¿(1950) = 30o57'47", approximately in the center of the beam 
of our Zeeman observations, and it has an IRAS luminosity of 
3 L0. In its extinction, molecular line emission, and evidence 
for low-mass star formation, Bl resembles many of the conden- 
sations in nearby dark clouds. 

In July of 1988, Bl was observed at the NR AO Green Bank 
140 foot (42.7 m) telescope, using a procedure very similar to 
the one described in this Letter, and a field of —19 ± 3 /¿G was 
fitted to the Zeeman pattern found in the OH emission. This 
result is illustrated in Goodman et al. (1989) and will be dis- 
cussed in more detail in a future paper. 

It is now desirable to make OH Zeeman observations in 
other Perseus condensations similar to Bl, to determine the 
field strength throughout the complex; to examine the extent 
to which virial and magnetic equilibrium apply; and to pursue 
the relation of magnetic fields and the process of low-mass star 
formation. 
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