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ABSTRACT

We report 32 statistically significant measurements of the line-of-sight component of the magnetic field
strength, B,, in four diffuse clouds, via the Zeeman effect in the 21 c¢cm line of H 1. The region near MBM
27-30 in the Ursa Major complex has B, > 4 uG throughout a filamentary region 15 pc long, with significant
structure on scales as small as 1.6 pc. The greatest field strength measured in this cloud is 19 + 2 uG, greater
than in most diffuse clouds by a factor ~2. Comparison of measurements with different telescopes suggests
that the field strength at the map peak may be significantly greater than 19 uG on scales smaller than 1.6 pc.
The magnetic and kinetic energy densities M and K in this cloud are comparable, within a factor 2 of
2 x 107! ergs cm™3, and greater than the gravitational energy density by a factor ~500. Among the four
clouds surveyed, six positions where CO emission is a local maximum have essentially the same mean line-of-
sight field strength, B, ~ 8 uG, as do four positions where CO emission is too weak to be detected The simi-
larity of M and K in the diffuse clouds discussed here, as well as in denser, self-gravitating clouds, suggests
strong coupling between magnetic fields and gas motions in some interstellar clouds, independent of their self-

gravity. This coupling probably arises from ion-neutral collisions, which allow propagation of MHD waves.
Subject headings: ISM: clouds — ISM: magnetic fields — MHD — radio lines: ISM

1. INTRODUCTION

1.1. Diffuse Clouds

Diffuse interstellar clouds provide much of our information
about the low-density interstellar medium. Their structure is
complex, with evidence for sheets, filaments, and many size
scales (e.g., Heithausen & Thaddeus 1990). They have too little
mass to gravitationally bind the motions evident in their line
widths (Heiles 1988 ; Magnani, Blitz, & Mundy 1985, hereafter
MBM), although in some cases they may be stabilized by the
pressure of the intercloud gas (Keto & Myers 1986). Their
mean visual extinction generally lies in the range 0.1-1 mag.
They have condensations which resemble the “cores” in
darker clouds (Turner, Xu, & Rickard 1992), but if these con-
densations form stars they do so with much lower efficiency
than do the cores in darker clouds (Magnani, Caillault, &
Armus 1990; Kun 1992). We classify them here in terms of two
of their defining properties—their emission in the 21 cm line of
H 1 (“ H 1 diffuse clouds ”) and in the 2.6 mm line of CO (“CO
diffuse clouds ).

The H 1 diffuse clouds are local maxima of H 1 line emission.
They have visual extinction 0.1-0.3 mag. They are evident in
the H 1 line and in the 60 and 100 um emission characteristic of
“infrared cirrus ” (Low et al. 1984). They are not evident on the
Palomar Sky Atlas prints and are generally not detected in the
CO line, or are detected only in a region limited to a few
arcmin (Heiles, Reach, & Koo 1988, hereafter HRK; Blitz,
Bazell, and Désert 1990, hereafter BBD). Their fraction of
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molecular hydrogen is less than 0.01, according to observa-
tions of H and H, ultraviolet line absorption (Savage et al.
1977). However, their IRAS emission suggests that some low-
extinction clouds have more H, than H 1, even where CO is not
detected (HRK ; BBD).

The CO diffuse clouds include many “high-latitude
molecular” clouds known by their faint absorption and/or
reflection on the Palomar prints, their angular distance from
the Galactic plane, and by their emission in the 2.6 mm
J = 1-0 line of CO (MBM). Their visual extinction is generally
0.3-1 mag, greater than that of the H 1 diffuse clouds. They also
include some clouds defined by their optical and ultraviolet
absorption lines against background OB stars, such as { Oph
(e.g., van Dishoeck & Black 1988). Their emission at 100 um
exceeds that expected from the grains associated with atomic
H (de Vries, Heithausen, & Thaddeus 1987, hereafter VHT;,
HRK; BBD). The abundance of CO in high-extinction diffuse
clouds increases significantly from low to high galactic latitude,
perhaps because of differences in their ambient ultraviolet radi-
ation field (Lada & Blitz 1988; Blitz 1991).

The foregoing characteristics of H 1 and CO diffuse clouds
are sometimes seen in neighboring parts of the same region.
Regions of CO emission generally have more extended H 1
emission at similar radial velocity (Gir, Blitz, & Magnani
1994), although bright, spatially well-defined regions of H 1
emission are only infrequently detected in the CO line (Lada,
Dame, & Myers 1994).

1.2. Magnetic Fields

The magnetic and kinetic energy densities are comparable in
many H 1 diffuse clouds (Heiles 1989; Verschuur 1989; § 3 of
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this paper). However, in CO diffuse clouds the ratio of mag-
netic and kinetic energies is less clear than in the H 1 diffuse
clouds. Emission from many molecular lines has been detected
in diffuse clouds, including the 18 cm OH lines (Magnani &
Siskind 1990). But this emission is too weak to allow detection
of the Zeeman effect.

In this paper we present a survey for the H 1 Zeeman effect in
diffuse clouds which are bright in the 21 cm H 1line, and which
are known to have either extended CO emission, or sensitive
upper limits on their CO emission. A related study of the H 1
Zeeman effect in the Ophiuchus molecular cloud complex is
presented by Goodman & Heiles (1994).

Our main conclusion is that clouds with detected H 1 and
CO emission generally have line-of-sight component of mag-
netic field strength | B,| = 5-10 uG, essentially the same as do
clouds with H 1 emission and undetected CO emission. In one

: cloud in Ursa Major, with both CO and H 1 emission, the
line-of-sight component of the field is remarkably strong, with

| B,| = 19 uG in the strongest position, and extended, with | B, |
more than 4 uG over 15 pc. A detailed comparison indicates
that in this cloud, as in others with weaker fields, the magnetic
energy density lies within a factor of 2 of the kinetic energy
density, while each is greater than the gravitational energy
density by more than an order of magnitude.

2. OBSERVATIONS

2.1. Observational Procedure

H 1 observations were made in 1990, 1991, and 1992 with the
26 m diameter telescope of the Hat Creek Radio Observatory
(HCRO) of the University of California, Berkeley. The FWHM
angular resolution was 36". The intensity scale has about 20%
uncertainty. The dual-channel cooled FET receiver provided
an overall system temperature on cold sky of ~45 K. The 1024
channel autocorrelator was split into two independent 512
channel banks, simultaneously observing opposite circular
polarizations. The sense of polarization was switched at 100 s
intervals by a motorized waveguide switch, to obtain the
Stokes V spectrum. The total bandwidth was 625 kHz (132 km
s~1). After Hanning-smoothing, the velocity resolution was
0.52 km s~ !, The frequency of the local oscillator was switched
electronically by 625 kHz, to obtain the Stokes I spectrum.
Integration time on one position took 3—10 hr. Further obser-
vational details are given in Heiles (1988, 1989).

The H 1 spectra were analyzed by fitting the V profile to the
frequency derivative of the I profile. Since the I profiles were
usually simple and single-peaked, it was not necessary to do
multicomponent Gaussian fits as described in Heiles (1989)
and Goodman & Heiles (1994). Comparison of the multi-
component and single-component procedure gave values for
B, which generally differ by less than the 1 ¢ uncertainty in B,,
determined from the single-component fit.

In order to study the Ursa Major diffuse cloud in finer detail,
H 1 mapping and Zeeman observations were undertaken with
the 100 m telescope of the Max-Planck-Institut fiir Radioas-
tronomie, in Effelsberg, Germany, in 1991 October and 1992
November. The telescope was equipped with a dual-channel,
prime-focus receiver, with cooled HEMT amplifier, having
overall zenith system temperature 25-30 K. The autocorrela-
tor was split into two 512 channel sections, each 390 kHz wide,
recording the left- and right-circularly polarized signals simul-
taneously. The data were frequency-switched by 1 MHz every
second to obtain the Stokes I spectrum. The right- and left-
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circularly polarized spectra were differenced to obtain the
Stokes V spectrum.

We checked the consistency of the two telescopes in their
Zeeman effect response to a point source by observing the H 1
absorption features toward Cas A. The HCRO and 100 m
telescopes give respectively 8.2 + 0.7 and 14 + 3 uG for the
—48 km s ! feature; and 20.0 + 0.9 and 19 + 3 uG for the
—38 km s~ ! feature. The marginally significant difference
between these results is attributable to the relatively larger
contribution from H 1 emission to the larger HCRO beam.
These results are also consistent with the field strengths report-
ed by Verschuur (1969) using the 43 m telescope of the Nation-
al Radio Astronomy Observatory. Thus the HCRO and 100 m
telescopes and their associated electronics and software have
essentially the same Zeeman response to the field strengths of
this order, when they originate in a region of small extent
compared to either beam.

“Beam squint,” or the displacement on the sky of the right-
and left-circularly polarized beams of the telescope, can give
rise to a spurious Zeeman effect if the observed line has a
velocity gradient along the direction of squint, and if the com-
bination of gradient and squint are sufficiently large. For the
HCRO telescope, the magnitude 0, of the beam squint is
probably smaller than 1”5 (Troland & Heiles 1982). We esti-
mate the maximum possible magnitude of the fake magnetic
field By, due to beam squint at (I, b) = (141.1, 38.8), where
the largest field strength was derived from the observations.
We estimate this spurious field by assuming that 0,,,;,, has its
maximum value of 1”5, and that the squint direction is aligned
precisely with the direction of the maximum velocity gradient
G consistent with the observations. To determine this
maximum gradient we examined the H 1 line center velocities
at the nine positions observed nearest to (141.1, 38.8), and
obtained G =32 km s~ ! deg™! between (141.1, 38.8) and
(140.9, 30.8). Then we can write

Bsquinl = GfO quuinI/Cb = 23 /lG ’

where f; is the rest frequency of the H 1 line (1420 MHz), ¢ is the
speed of light, and b is the g-factor of the H 1 transition (2.8 Hz
#G~1). This maximum value of By, 2.3 ¢G, is only slightly
greater than the typical 1 ¢ value of B, due to instrumental
noise and is much smaller than the field strength, B, = 18.9 uG
observed at (141.1, 38.3). Thus beam squint cannot account for
the observed field strength at this position, and similar esti-
mates at other positions in the HCRO map lead to the same
conclusion for all of the statistically significant field strengths
in the map.

For the 100 m telescope, the altitude-azimuth mounting of
the telescope implies that the sidelobe structure should rotate
with hour angle, so that any beam squint effects should modu-
late the true Zeeman signal. However, no such modulation was
evident above the noise in the observed data.

2.2. Survey of H 1 Regions with Strong or Weak CO Emission

The 10 regions listed in Table 1 were selected to be observed
for the H 1 Zeeman effect by requiring that their H 1 line
emission have peak line brightness temperature greater than 10
K, and that their CO line intensity be either “strong,” brighter
than 1 K and extended over greater than 10’ (Draco, VHT
CO1, HMV 7, HMV 13, MBM 30, and MBM 27), or not
extended, and fainter than about 0.5 K (VHT H1, VHT H2,
dGl1, dG2). The H 1 and CO line emission intensities were
determined from reports of observations in Draco (Goerigk et
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TABLE 1
HCRO OBSERVATIONS OF THE H 1 ZEEMAN EFFECT IN DIFFUSE H 1 AND CO CLouDs

T Upsr Av B, Gp,
Cloud 1 b (K) (kms™!) (kms™Y uG) uG)
A. CO Peaks

Draco........... 89°68 38°41 6.5 —23.6 4.6 (11.1) 49
HMV 7......... 126.65 32.50 19.9 2.7 7.8 7.1) 2.4
MBM 27 ....... 141.36 34.45 133 22 5.3 8.1 1.8
MBM 30....... 142.10 38.30 24.6 2.8 7.0 15.6 1.4
VHT COLl...... 143.00 38.60 23.1 3.7 7.8 50 1.3
HMV 13 ....... 146.85 40.66 17.3 1.9 8.9 6.3 2.1
Mean......... . . 19.6 .. 73 8.8 1.7

B. CO Not Detected
VHT HII ...... 141230 39230 21.6 5.9 11.2 10.0 1.8
VHT HI2 ...... 145.20 41.20 233 4.1 7.1 4.7 13
dG1............ 348.26 24.17 434 —-04 11.6 5.1 1.1
dG2............ 349.47 17.07 61.1 3.6 11.0 (=17 1.0
Mean......... .. ... 29.4 .. 10.2 6.6 14

NoTe—Values in parentheses of the line-of-sight component of the field strength, B,, have
signal-to-noise ratio | B, |/o, < 3, and are considered statistically insignificant. The mean values

are evaluated only for data with B, |/o5 > 3.

al. 1983; Mebold et al. 1985), in Ursa Major (VHT; MBM;
Heithausen, Mebold, & de Vries 1987), and in Ophiuchus (de
Geus 1988).

The results of the observations and analysis for the 10 sur-
veyed positions are given in Table 1. These results show no
significant difference in field strength B, between the groups of
positions (a) which are local maxima of extended CO emission,
and (b) where CO was not detected. The ratio of mean values is
1.3, with 1 ¢ uncertainty 0.4. The samples are too small for a
detailed statistical comparison, but they suggest that there is
no dramatic variation in field strength, by a factor greater than
2, between the diffuse clouds with and without CO emission.
The field strengths in each group lie within the same range
3-12 uG of the 44 statistically significant measurements in
bright H 1 shells (Heiles 1989), with the exception of position
(141.1, 38.8), discussed below.

The three greatest strengths in Table 1 were measured in the
same region, the Ursa Major complex, which includes posi-
tions MBM 27, MBM 30, VHT CO1, VHT HI1, and VHT
HI2. The largest of these, 18.9 + 1.8 uG at position (141.1, 38.8)
near VHT HI1, is remarkably strong for a diffuse cloud. Its
Stokes I and V spectra are shown in Figure 1.

2.3. Ursa Major Maps

Large-scale mapping observations of the Stokes I and V
spectra in Ursa Major were made with the HCRO telescope in
1991 and 1992, using the same observing and analysis pro-
cedures as described earlier. The sampling was on an irregular
grid, following approximately the contours of H 1 and CO line
brightness, with nearest neighbor spacing about one FWHM
beamwidth, or 1.6 pc at the adopted distance of 150 pc, based
on the optical extinction study by Penprase (1992). The
approximate dimensions of the mapped region are 1.5 x 6 deg,
or 4 x 16 pc. The positions and results are presented in Table
2, using the same format as in Table 1, and as contour maps of
B, in Figure 2a and of peak intensity T, in Figure 2b. For
completeness the four relevant entries from Table 1 are repeat-
ed in Table 2.

Table 2 and Figures 2a and 2b show that the line-of-sight
component of the magnetic field in the Ursa Major complex

has statistically significant values (B,/30p, > 3) in the range
5-19 uG in 23 out of 37 observed positions. The line-of-sight
field has significant detections over a projected extent 15 pc,
and has coherent structure, which follows approximately the H
I line brightness. The finest scale structure is that of the beam
spacing, or about 1.6 pc.

The H 1 peak intensity maps with resolution 36’ (Fig. 2b) and
9" (Fig. 2c) have the same general structure: an elongated
feature extending from b = 38?5 to 42?5 at nearly constant
I = 142° (hereafter, the “long filament ™), and a less elongated
feature (hereafter, the “short filament”) extending from (J,
b) = (142, 38.5) to (141, 39.8), making an angle of ~45° with
the axis of the long filament. The map is brightest where the
two features join, at (142.7, 38.4), the “bright spot.” The long
filament is narrower in the higher resolution map than in the
lower resolution map. The peak intensity maps in Figures 2b
and 2c¢ have slightly more contrast and definition than do
integrated intensity maps of the same spectra (not shown). The

Channel Number
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F1G. 1.—Stokes I and V spectra of the 21 cm H 1 line observed with the
HCRO 26 m telescope toward position (I, b) = (141.1, 38.8), where the line-of-
sight component of the magnetic field strength has its maximum value in the
HCRO map, 18.9 + 1.8 uG. The heavy line is the derivative of the I spectrum
which best fits the V spectrum.
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TABLE 2

HCRO MAPPING OBSERVATIONS OF THE H 1 ZEEMAN EFFECT IN THE
URrsa Major DiFruse CLoup COMPLEX

COORDINATES
Ty Ursr Av B, Op,
1 b (K) (kms™!)  (kms™? ©G) ©G) ALias
14020 39%0...... 5.8 35 12.7 (-1.7) 3.1
140.0 39.7...... 12.7 32 9.2 5.7 1.5
140.0 40.3...... 16.3 43 9.6 L7 12
140.5 38.0...... 8.0 30 7.7 0.9) 23
140.5 38.6...... 7.1 3.1 10.3 (3.8) 19
140.5 39.2...... 12.3 37 120 7.2 1.9
140.5 39.6...... 222 46 9.8 9.0 1.3
140.5 40.3...... 17.1 5.5 10.6 (12) 1.8
140.8 34.8...... 8.9 1.7 5.9 7.9 20
140.9 38.3...... 9.7 29 72 (1.3) 1.5
140.9 39.8...... 239 6.0 9.9 (—4.0) 20
141.1 38.8...... 16.8 2.7 8.9 18.9 1.6
141.3 34.2...... 8.1 20 6.2 12.6 1.6
141.3 35.3...... 11.6 1.9 5.8 6.7 L5
141.3 39.3...... 21.6 59 11.2 10.0 1.8 VHT HI1
141.4 34.5...... 132 22 5.3 8.1 1.8 MBM 27
141.4 38.0...... 16.7 2.7 6.0 47 13
141.5 36.0...... 102 1.7 6.8 5.5 1.7
141.5 36.8...... 8.8 29 6.9 (1.8) 1.7
141.5 37.3...... 10.1 34 8.0 (=52 20
141.9 35.3...... 14.1 24 5.1 11.0 14
141.9 38.8...... 26.1 39 8.3 10.0 1.3
142.1 34.8...... 84 2.0 6.7 111 1.7
142.1 37.6...... 177 29 6.8 5.7 1.3
142.1 38.3...... 24.6 2.8 7.0 15.6 14 MBM 30
142.1 39.5...... 18.0 6.2 11.3 (—24) 3.1
142.3 36.0...... 14.8 2.8 5.4 0.3) 1.3
142.3 36.8...... 18.0 30 50 6.6 1.1
142.6 35.3...... 10.5 25 6.5 6.5 1.5
142.9 36.8...... 9.0 32 72 (3.5) 1.5
142.9 37.6...... 15.7 34 9.0 8.0 20
143.0 38.2...... 237 2.8 7.1 8.2 1.0
143.0 38.6...... 23.1 37 7.8 5.0 1.3 VHT CO1
143.9 37.5...... 11.2 32 11.0 13.2 2.0
144.0 37.2...... 9.6 35 12.3 0.2) 4.1
144.0 38.2...... 154 35 10.0 7.8 20
144.9 38.0...... 13.1 34 11.1 4.0 2.5

Note.—Values in parentheses have | B, |/op_< 3 asin Table 1.

entire H 1 structure appears to be attached to an extended shell
visible in H 1 and in IRAS (Heiles 1989; Meyerdiercks, Hei-
thausen, & Reif 1991).

Figure 2d shows the CO intensity map of VHT, made with
nearly identical resolution (FWHM 8:8) as the H 1 map (9/0) in
Figure 2c. The peak positions of these two maps agree very
closely in the long filament and in the bright spot, but the maps
differ significantly north of the bright spot: the CO emission is
strong to the northeast, where H 1 emission is absent; and the
H 1 emission is strong in the short filament, to the northwest,
where the CO emission is nearly absent. The CO emission
profile is narrower than the H 1 profile across the long filament
axis. In the short filament the CO emission is much weaker at
the far end (141, 39.8) than at the near end (142, 38.5), while the
H 1intensity is more nearly uniform.

The map of the line-of-sight field strength, B,, in Figure 2a,
shows a closer correspondence to the H 1 intensity maps in
Figures 2b and 2c than to the CO map in Figure 2d, but it does
not match either map in detail. The region of strongest B, is
elongated and is similar to the region of brightest H 1 line
intensity in extent, aspect ratio, and orientation. But the major
axes of these two features are displaced by about 0°5 along a
perpendicular line, and the position of peak B, is offset from

the position of peak H 1 line brightness by 126, or 2.7 beam
FWHM. Along the major axis of strong B,, B, is poorly corre-
lated with IRAS intensity, which probably traces total column
density of H1and H,, while along the long filament B, appears
to show a closer correspondence to the IRAS intensity, than to
either the H 1 or CO intensity (Goodman et al. 1994).

2.4. Zeeman Observations with the HCRO and
100 Meter Telescopes

To select positions for Zeeman observation with the 100 m
telescope it was first necessary to take into account the factor
of 4 ratio of resolutions of the HCRO and 100 m telescopes. A
preliminary map of H 1 spectra was made with 15’ spacing on a
square grid in right ascension and declination, centered near
the HCRO position of maximum field strength. This map is
less extended than the more detailed map made later, and
shown in Figure 2. These spectra show significant variation,
with line intensity ranging over a factor of 2, line width ranging
over a factor greater than 2, and line shape varying from sym-
metrical to double-peaked, on size scales as small as 15, the
map sampling interval.

Because of these differences in spectral profile from point to
point within the HCRO beam area, three positions were selec-
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F1G. 2—Structure of the line-of-sight magnetic field, atomic gas, and
molecular gas in the Ursa Major complex. Top left (a): line-of-sight field
strength, with minimum contour and contour interval 3 uG, determined from
H 1 Zeeman observations with the HCRO. Positions marked with filled
squares are detections, open squares are upper limits, contoured at 2 ¢. Open
circles indicate positions observed for the Zeeman effect with the 100 m tele-
scope. Top right (b): peak temperature of H 1 emission, with minimum contour
6 K and interval 3 K, determined from H 1 observations with HCRO. Bottom
left (c): integrated '2CO line intensity, with minimum contour and contour
interval 0.4 K km s™!, measured by de Vries et al. (1987) with the 1.2 m
telescope, now at the Harvard-Smithsonian Center for Astrophysics (CfA).
Bottom right (d): Peak H 1 intensity, with minimum contour 0.20 of peak
intensity, and contour interval 0.15 of peak intensity, measured at the 100 m
telescope of the Max-Planck-Institut fiir Radioastronomie in Effelsberg,
Germany. Open circles indicate positions observed for the Zeeman effect with
the 100 m telescope.

ted for Zeeman measurements: (141.1, 38.8) because it is the
position of maximum field strength in the HCRO map;
(142.54, 38.715) because it has the simplest spectral profile
among those near the (0, 0) position; and (142.66, 38.4) because
it is the peak of the 100 m H 1 line intensity map. After a short
period of integration at the (141.1, 38.8) position, it was clear
that the Zeeman signature, if present, would be significantly
weaker than that obtained at HCRO. Integration was there-
fore halted on this position in order to allow more time at the
two other positions. The resulting line-of-sight field strengths
and their 1 o errors are 3.5 + 3.7 uG at (141.1,38.8); 114 + 1.5
uG at (141.54, 38.715); and 11.1 + 1.5 uG at (142.66, 38.4).
These three positions are marked on the HCRO and 100 m
maps in Figures 2a and 2d. Figure 3 shows the Stokes I and V
spectra at (142.66, 38.4).
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F1G. 3.—Stokes I and V spectra of the 21 cm H 1 cm line observed with the
100 m telscope of the MPIfR (FWHM beam = 9') at position (I, b) = (142.66,
38.40), where the line-of-sight component of the magnetic field is 11.1 + 1.5
uG. The heavy line is the derivative of the I spectrum which bests fits the V
spectrum.

These three high-resolution (FWHM beam 9’) measure-
ments of field strength appear mostly consistent with the
HCRO measurements (36') summarized in Table 2 and Figure
2a. At (141.54, 38.715), where the 100 m telescope measured
11.4 + 1.5 uG, interpolation between data positions in the
HCRO map in Figure 2a gives 12 uG, consistent within errors.
At (142.66, 38.4) where the 100 m telescope measured
11.1 + 1.5 uG, the HCRO maps give 9 uG, again consistent
within errors. But at (141.1, 38.8) the HCRO field strength is
18.9 + 1.8 uG, while the 100 m measurement is 3.5 + 3.7 uG,
essentially an upper limit. This apparent discrepancy, together
with the other two nearby 100 m measurements, implies that
we should find significant variation of field strength within the
HCRO beam. In particular, if neither the HCRO nor the 100 m
result at (141.1, 38.8) is spurious, then the 100 m should find
B, > 18.9 uG at some positions within the HCRO beam. This
result also suggests that the field has significant structure on
scales smaller than 1.6 pc. We look forward to these measure-
ments in the future.

3. DISCUSSION

3.1. Magnetic Fields in Diffuse Clouds

The similarity of field strengths in diffuse clouds with and
without extended CO emission, shown in Table 1, indicates
that the expected increase in column density needed to shield
CO from photodestruction, and the expected increase in
number density needed to excite the J = 1-0 CO line, are not
accompanied by a significant increase in field strength in the H
1 gas. The available data are too few to warrant a detailed
model, but they favor a picture where the field strength in the
atomic gas is relatively insensitive to conditions in the denser,
molecular interior. This situation might arise in several ways,
including (a) the field strength does not increase significantly
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from the primarily atomic to the primarily molecular gas; or
() the field strength increases from the atomic to the molecular
gas, but the H 1 associated with the molecular gas is too small a
component of the total H 1 gas to affect the observed Zeeman
signal. Furthermore, the high or low intensity of CO emission
need not always indicate high or low total gas density, as
discussed in § 1 and in HRK.

3.2. Energy Densities in the Ursa Major Complex

The observations described in § 2 indicate that the magnetic
field in the Ursa Major complex is remarkably strong for a
diffuse cloud and that it is extended and coherent on a size
scale of 15 pc, but with significant variation on scales as small
as, or smaller than, 1.6 pc. In this section we estimate the total
kinetic energy density K, the total magnetic energy density M,
and the gravitational energy density G in the complex, to

_determine their relative values. Because the H 1 and CO maps

have significant elongation we crudely model the cloud
geometry in terms of cylinders to obtain the line-of-sight thick-
ness Az. We believe this is the most detailed comparison of
energy densities which has been made for a diffuse interstellar
cloud. We first evaluate the “ partial ” energy densities derived
directly from observables: the kinetic energy density in the
atomic gas, K(H 1), and the magnetic energy density M, corre-
sponding to the line-of-sight component of the field strength,

We model the geometry of the complex as two axially sym-
metric cylinders in the plane of the sky, having partial overlap
as illustrated in Figure 4. These cylinders correspond to the
long and short filaments discussed in § 2.2. The long cylinder
has a uniform envelope which is purely atomic, and a uniform
core which is partly molecular and partly atomic. The core has
width 0.87 pc, one-third that of the envelope, based on the CO
map of VHT. The short cylinder is purely atomic, with the
same constant density as the envelope of the long cylinder. The
cylinders have length 8.0 and 12 pc, and common width 2.7 pc,
based on the H 1 emission map in Figure 2c. The H 1 column
density is thus uniform, except in the overlap region, defined to
consist of positions (141.9, 38.8), (142.1, 38.3), (143.0, 38.2), and
(143.0, 38.6). There the line-of-sight thickness is assumed to be

short filament
overlap region

long filament

2.7 pc

atomic envelope

atomic and molecular
core

Ursa Major Diffuse Cloud - schematic model

F1G. 4—Schematic model of the Ursa Major diffuse cloud complex, used to
evaluate energy densities.
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5.4 pc, twice the assumed thickness of the H 1 distribution at all
other map positions. (An alternative geometry would have the
two cylinders merge in three dimensions, rather than in projec-
tion as assumed here. If so, the column density in the overlap
region would be unchanged, the density would increase by a
factor of 2, and the thickness would decrease by a factor of 2).

For each position in Table 2, Table 3A lists column density
N(H 1), kinetic energy density K(H 1), and the magnetic energy
density M, corresponding to the line-of-sight component of the
magnetic field strength B,.

The column density of H 1is computed from

N(H 1) = 1.823 x 10'8(n/[41n2])2TyAv cm™2, (1)

where Ty is the peak line brightness temperature in K, Av is the
FWHM line width in km s~!, and where the line shape is
assumed to be Gaussian (e.g., Spitzer 1978, eq. [3-38]).

TABLE 3A

H 1 CoLuMN DENSITIES AND PARTIAL KINETIC AND MAGNETIC
ENERGY DENSITIES IN THE URSA MAJoR Dirruse CLOUD

COMPLEX
COORDINATE

NH 1) KH 1) M,

1 b (102° cm~?) (1071 ergs cm™3)
14020 3997...... 2.3 1.1 0.13
140.5 39.2...... 2.8 2.3 0.21
140.5 39.6...... 42 2.3 0.32
140.8 34.8...... 1.0 0.20 0.25

141.1 38.8...... 29 2.3 1.4

141.3 34.2...... 0.97 0.21 0.63
141.3 35.3...... 13 0.25 0.18
141.3 39.3...... 4.7 33 0.40
141.4 34.5...... 14 0.22 0.26

141.4 38.0...... 19 0.40 0.088
141.5 36.0...... 13 0.35 0.12
141.9 35.3...... 1.4 0.21 0.48
141.9 38.8...... 42 0.80 0.40
142.1 34.8...... 1.1 0.28 0.49
142.1 37.6...... 23 0.62 0.13
142.1 38.3...... 33 0.47 0.97
142.3 36.8...... 1.7 0.25 0.17
142.6 35.3...... 13 0.32 0.17
142.9 37.6...... 2.7 1.3 0.25
143.0 38.2...... 32 047 0.27

143.0 38.6...... 35 0.61 0.099
143.9 37.5...... 2.4 1.7 0.69
144.0 38.2...... 3.0 1.7 0.24
Mean................ 2.3 0.93 0.36

NoTe—Column density, kinetic energy density, and magnetic
energy density are given only for the 23 positions in Table 2 where
the magnetic field strength was detected with | B, |/a5 > 3.

TABLE 3B

ToTAL ENERGY DENSITIES
IN THE URSA MAJOR
DiFruse CLoup COMPLEX

K M G
1.3 2.2

0.038

Note—Each energy density
has units of 107! ergs cm™3
and estimated uncertainty of a
factor of 2.
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The kinetic energy density K(H 1) in the atomic gas at each
position is computed from

KH 1) = 3mne?/2 = 1.5 x 107 33N(H 1)(Az) ! Av?ergscm 3,
)

where m is the mass per H atom, n is the mean number density,
o is the one-dimensional velocity dispersion, equal to Av/
(81n2)/2, and Az is the line-of-sight extent of the gas, in pc. The
kinetic energy density is dominated by nonthermal motions,
since the thermal component of Av at 100 K is only about 2 km
s~1, while the mean observed value of Av in Table 2 is 8 km
s~ 1. We use the values of Av from Table 2, N(H 1) from Table
3A, and Az = 2.7 or 5.4 pc as estimated above. This estimate
assumes that all of the H 1 gas along a line of sight through the
cloud has the observed line width and does not account for
possible H 1 line width differences in the core and envelope
portions of the line of sight.

The magnetic energy density in the line-of-sight component
of the field is computed from M, = B2/8n, using values of B,
from Table 2. The values of K(H 1) range from 0.2 to
3.3 x 1072 ergs cm 3, and the values of M, range from 0.087
to 1.4 x 107 1'% ergs cm 3. The values of K(H 1) and M, show
no detailed correlation. The mean values {N(H 1)), (K(H 1)),
and {M,) in the last row of Table 3A are unweighted averages
over the individual measurements.

Table 3B presents estimated values of the total kinetic, mag-
netic, and gravitational energy densities in the Ursa Major
cloud. The total kinetic energy density in the envelope K.,
equals 1.4 times (K(H 1)) from Table 3A, accounting for 10%
He by number. The kinetic energy density in the core part of
the model cloud was estimated, based on the CO line width
and the density of H, obtained from the visual extinction.
However, the core volume occupies too small a fraction (%) of
the total volume of the long cylinder to make a significant
change in the total kinetic energy density K. Thus K ~ K., =
1L4<K(H 1)}.

The total magnetic energy density M is estimated to be
greater than (M,) from Table 3A by a factor 6 by assuming
that (B?) = 3¢(B?) (McKee et al. 1993) and that the total
magnetic field energy density, including the nonuniform com-
ponent, is greater than that of the uniform component by a
factor of 2. A factor of order 2 is suggested by the variation
between high-resolution and low-resolution observations at
(141.1, 38.8) discussed earlier, and by the analysis of optical
polarization by Jones, Dickey, & Klebe (1992) and by Myers &
Goodman 1991).

The gravitational energy density G is expressed in terms of
Gy phere the gravitational energy density of a uniform sphere, by

G =stphere =f(7tG/5)(3mN/2)2 ’ (3)

with gravitational constant G and with mass column density
mN equal to the mean column density of the cloud, 1.4
my{N(H 1)). Here my is the proton mass.. The correction to
G here because of the elongated shape of the cloud is f = 1.5 for
the aspect ratio 4.5 of the longer cylinder and f = 1.3 for the
aspect ratio 2.9 of the shorter cylinder, using equation (B3) of
Bertoldi & McKee (1992). We adopt f = 1.4. These corrections
are small compared to the difference between G (3.8 x 10714
ergs cm ™) and the other energy densities (K = 1.3 x 107 !*
ergs cm~ 3 and M = 2.2 x 107! ergs cm ™ 3). The uncertainty
in each energy density, due mainly to the uncertainty in cloud
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dimensions and the idealized nature of the model, is estimated
to be a factor of about 2.

The magnetic field strength in the Ursa Major cloud is
unusually high for a diffuse cloud, but the foregoing estimates
indicate that the magnetic energy density is not much greater
than the kinetic energy density: the two are comparable
because the velocity dispersions and densities in the Ursa
Major cloud are also greater than average for diffuse clouds. In
contrast, the kinetic and magnetic energy densities are each
greater than the gravitational energy density by a factor of
~ 500.

3.3. Energy Densities in Diffuse H 1 Clouds

Zeeman measurements by Heiles (1989) indicate 44 H 1 fea-
tures yielding reliable, statistically significant values of B,, out
of 73 positions bright in H 1 “shells.” Among these, the column
density of H 1 is 0.7-8 x 102° ¢cm™2, with typical value
2 x 102° cm ™2, Most of these positions appear dominated by
atomic, rather than molecular, gas (Lada et al. 1994). The mean
line-of-sight component of field strength is | B,| = 6 uG. For
this value, we estimate the total magnetic energy density M =
6| B,|?/8n, on the same basis as in § 3.2 above, to be 1 x 107!
ergs cm ™3, or half the value in the Ursa Major cloud.

In the H 1 shell clouds of Heiles (1989), the kinetic energy
density K spans a wider range than does M, since the values of
N(H 1), Az, and Av each vary by a factor of 2-3. We adopt N(H
)=2x10° cm™? and Av =6 km s !, mean values from
Heiles (1989), and Az = 1-3 pc, taking into account the rela-
tively small scale filamentary structure of the H 1 emission
indicated by the maps of Joncas, Boulanger, & Falgarone
(1992) and by Heithausen (1987). Then K =4 x 107 !2 ergs
cm~3to 1 x 107! ergs cm ™3, yielding M/K = 1-3. This ratio
indicates that the magnetic and kinetic energy densities are
comparable in many H 1 diffuse clouds.

Thus the Ursa Major diffuse cloud complex, with substantial
CO and H 1 emission, has about the same relation of energy
densities as a large number of diffuse H 1 clouds lacking CO
emission: the kinetic and magnetic energy densities are compa-
rable within a factor of order 2. In contrast, the gravitational
energy density in Ursa Major and in other diffuse clouds is
negligibly small compared to the kinetic and magnetic energy
densities.

3.4. Energy Densities in Molecular Clouds

In more than 100 molecular clouds with greater densities
than the diffuse clouds studied here, the gravitational and.
kinetic energy densities are known to be comparable (Larson
1981); and in all of the 15 clouds with sufficient available infor-
mation, the gravitational, kinetic, and magnetic energy den-
sities are comparable (Myers & Goodman 1988). Thus
wherever kinetic energy densities have been compared to mag-
netic energy densities derived from Zeeman observations, the
two energy densities appear comparable, independent of
whether the cloud is self-gravitating.

On the other hand, many searches for the Zeeman effect in
molecular clouds have been negative as is also the case for
diffuse clouds. Eleven of the 12 dark clouds searched for the
Zeeman effect by Crutcher et al. (1993) were negative: the mean
3 o line-of-sight field strength | B, | .., Wwas 10 G, and the field
strength needed for equal magnetiic and kinetic energy den-
sities was greater than | B, |, by a mean factor 2.6. Evidently
regions with the greatest field strengths are easiest to detect,
have M ~ K, and represent the maximum observable coupling
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between the magnetic field and the gas motions. Considering
those regions with M ~ K, it is clear that some have K > G
(diffuse clouds) while others have K ~ G (denser molecular
clouds).

A similar conclusion comes from the line widths studied by
Fuller & Myers (1993, hereafter FM) in thermally dominated,
self-gravitating dense cores. There it is necessary to distinguish
the thermal and nonthermal components of the kinetic energy
density K = K; + Ky since Ky; < K ~ K in thermal cores
(FM), whereas in diffuse clouds K; < Ky ~ K (e.g., Heiles
1989). In both thermal cores and diffuse clouds the nonthermal
kinetic energy density Ky is not strongly coupled to the gravi-
tational energy density G, since Ky1/G = 0.1 in thermal cores
and Ky;/G > 10 in diffuse clouds. Yet in thermal cores as in
diffuse clouds Kyr/M is probably closer to unity than is Ky/G.
For estimation of Kyr/M we adopt density 1 x 10* cm™3 and
nonthermal velocity dispersion 0.07 km s~ !, typical of the
values found by FM, and field strength bounded by the mean
galactic field ~5 uG (Rand & Kulkarni 1989), and upper limits
in more extended clouds, ~ 16 uG (Crutcher et al. 1993). Then
Kn1/M ranges from 0.4 to 4, while Ky;/G for the nine starless
cores studied by FM has mean + standard error-0.10 + 0.03,
assuming typical column density of 5 x 10?! cm ™2,

The results reported here, together with those discussed
above, suggest that the coupling between the magnetic field
and the gas motions responsible for the similar values of Ky
and M in some interstellar clouds is independent of gravity,
and applies to clouds with a wide range of Kyt/G: to thermal
cores with Ky;/G < 1, molecular clouds with Ky/G ~ 1, and
diffuse clouds with Ky1/G > 1. We caution that this conclusion
applies only to clouds with measured field strengths. Those
clouds with measured upper limits, and other clouds which
have not been observed, may or may not have energetically
significant magnetic fields.

3.5. Physical Basis of the Coupling between Magnetic and
Kinetic Energy

The similarity of Kyr (or K) and M in clouds with detections
of the Zeeman effect implies that the magnetic and kinetic
energies are well coupled, but does not by itself clarify the
physical basis of the coupling. The leading candidate for this
coupling is collisions between the neutral molecules, primarily
H,, and the ions tied to the magnetic field lines. If the collisions
occur rapidly enough, magnetohydrodynamic (MHD) waves
can propagate in the field-fluid system at the Alfvén speed of
the neutral plus ions, rather than in the field alone, at the
Alfvén speed of the ions (e.g., Kulsrud & Pearce 1969; Arons &
Max 1974; Zweibel & Josafatsson 1983; McKee et al. 1993). If
the magnetic energy in the waves is similar to the energy in the
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mean magnetic field, the observed nonthermal line widths
should approximate the Alfvén speed in the neutrals plus ions.
Equivalently, the nonthermal kinetic energy density Kyr
should approximate the magnetic energy density M.

Thus two conditions should be satisfied to yield energeti-
cally significant MHD waves in the neutral gas: (1) the ion
fraction, due primarily to ionization by UV photons and
cosmic rays, should be high enough to allow propagation of
MHD waves in the field-fluid system; and (2) the rate of wave
excitation should exceed the rate of wave dissipation. These
points will be explored in more detail in future publications.

4. SUMMARY

The main points presented in this paper are as follows.

1. Ten diffuse cloud regions bright in the 21 cm H 1line were

surveyed for the Zeeman effect—six regions which are local
maxima of emission in the CO J = 1-0 line and four regions
where no CO could be detected. The two groups have no
significant difference in mean detected field strength, each
about 8 uG. The kinetic and magnetic energy densities appear
comgarable in each group, within a factor 2 of 1 x 107! ergs
cm” >,
2. A diffuse cloud in Ursa Major with both CO and H 1
emission has maximum line-of-sight field strength 19 + 2 uG.
The field strength was detected with significance greater than 3
o in 23 of 37 positions in this cloud. It has large-scale structure
over about 15 pc, but also varies on scales as small as, or
smaller than, 1.6 pc. The magnetic, kinetic, and gravitational
energy densities are evaluated in detail. The magnetic and
kinetic energy densities are each within a factor 2 of 2 x 101!
ergs cm 3, while the gravitational energy density is smaller by
a factor of about 500.

3. The similarity of kinetic and magnetic energy densities in
these clouds, as well as in those denser, self-gravitating “ dark ”
and “molecular ” clouds where the field strength has been mea-
sured, suggests that kinetic and magnetic energy are closely
coupled in some interstellar clouds, independent of whether the
clouds are close to equilibrium between gravity and non-
thermal motions. The coupling probably arises from ion-
neutral collisions, which allow the propagation of
magnetohydrodynamic waves in the combined ficld-gas
system.
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