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ABSTRACT
We present the results of an optical polarization survey toward the galactic anticenter, in the area

5h º a º 2h and 6¡ ¹ d ¹ 12¡. This region is characterized by the presence of a stream of high-velocity
H I as well as high galactic latitude molecular clouds. We used our polarization data together with 100
km IRAS maps of the region to study the relation between the dust distribution and the geometry of the
magnetic Ðeld. We Ðnd that there is a correlation between the percent polarization and the 100 km Ñux
such that When the IRAS Ñux is converted into H I column densities thisP(%)¹ (0.16^ 0.05)F100.
becomes which is consistent with previous interstellar medium studiesP(%) ¹ (0.13^ 0.03)N20 [ 0.22,
on the relation between reddening and polarization. This correlation indicates that our survey is as deep
as IRAS and that the magnetic Ðeld geometry does not change strongly with the optical depth in the
lines of sight that we have studied. The implied lower limit to the distance of our survey is 500È700 pc at
galactic latitudes b \ [20¡ and 100 pc at b \ [50¡.

Our main Ðnding is that the magnetic Ðeld is perpendicular to the H I high-velocity stream as well as
the molecular cloud MBM 16 in the high-latitude region. The Ðeld is also perpendicular to the velocity
gradient in the stream. Closer to the plane, the magnetic Ðeld is parallel to the dust Ðlaments that extend
like a plume toward the halo. Our observations indicate that the galactic magnetic Ðeld toward the high-
latitude clouds is toroidal. We propose a model in which Ñux tubes that rise out of the galactic plane
become force-free and predominantly toroidal at high latitudes. The high-latitude clouds may be gas
streams that are falling back toward the galactic plane within such buoyant braided ropes of magnetic
Ñux.
Subject headings : dust, extinction È infrared : ISM: continuum È ISM: magnetic Ðelds È

ISM: molecules È polarization

1. INTRODUCTION

The completion of high-latitude H I, IRAS, and CO
surveys has stimulated renewed interest in the question of
the coupling between the disk of the Milky Way and its
halo. The H I observations show that there are strong devi-
ations from a uniform plane-parallel distribution of gas (see,
e.g., reviews by & Heiles &Kulkarni 1988 ; Dickey
Lockman hereafter Large systems of arching1990, DL).
Ðlaments and shells are often observed. The H I and the
IRAS 100 km Ñuxes are well correlated Vries & Poole(De

& Perault et al. In1985 ; Boulanger 1988 ; Martin 1994).
fact, for extinctions of up to 2 mag, the 100 km brightness
may be considered to be a good tracer of the H I column
density to within a factor of 2 The high-(Boulanger 1994).
latitude molecular clouds Blitz, & Mundy(Magnani, 1985)
appear to have physical conditions that are similar to the
di†use atomic gas. These transluscent clouds have masses of
only a few hundred solar masses, and low densities (50È100
cm~3). They may simply be the regions of higher column
density within the atomic gas that are sufficiently self-
shielding from the UV radiation Ðeld (N º 5 ] 1020 cm~2)
that molecules may form (see DL).

The dynamical state of high-latitude atomic gas has been
intensively studied for decades. There is good evidence that
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the supershells are produced by multiple supernova explo-
sions. However, many Ðlamentary, high-latitude structures
consist of discrete streams of gas. While the bulk of the H I

is at low LSR velocities km s~1), intermediate(o VLSR o\ 40
(up to km s~1) and high-velocity gas (up too VLSR o\ 90

km s~1) is found at high Galactic latitudes.o VLSR o\ 500
These infalling clouds of low column densities were dis-
covered in 1963 by Oort, & because ofMuller, Raimond
their peculiar motions with respect to the galactic di†eren-
tial rotation. Since then the whole sky has been surveyed

et al. [d ¹ [10¡] and(Giovanelli 1980a ; Bajaja 1985
& Wakker [d º [18¡]). ApproximatelyHulsbosch 1988

18% of the sky is covered by high-velocity di†use clouds
detectable in H I. They are grouped in long chains and
streams located preferentially in two directions of the sky. A
comprehensive review on high-velocity clouds and their
possible origins is given by & Van WoerdenWakker (1991).

Several mechanisms, including infall from the outer halo
(e.g., have been proposed to explain the pres-Mirabel 1980),
ence of gas at large distances from the galactic plane. Gas
may be injected into the halo from the galactic disk through
the agencies of supernova-driven fountain (Bregman 1980)
or chimney Ñows & Ikeuchi Similarly, the(Norman 1989).
Parker instability (which is the magnetic analogue of the
Rayleigh-Taylor instability wherein heavy Ñuid is sup-
ported by a light one) achieves similar e†ects. Buoyant
arcades of magnetic Ñux tubes, originally layered in the
galactic disk, push disk gas upward as the tubes rise. The
gas then slides back down the Ðeld lines and gathers in
magnetic valleys, (see, e.g., & ShuBlitz 1980 ; Elmegreen

et al. and de Castro &1982 ; Matsumoto 1988 ; Go� mez
Pudritz 1992).
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A neglected but potentially important clue about the
nature of such disk/halo coupling can be gleaned from
knowledge of the strength and structure of the galactic mag-
netic Ðeld at high latitudes. To take but one example, if the
Parker instability is operative then one anticipates that
streams of gas Ñow back down toward the galactic plane
along magnetic Ðeld lines. If gas gathers in magnetic valleys,
then the denser high-latitude molecular clouds could be
regions where infalling streams converge and shock. Given
that a microgauss Ðeld is sufficiently strong to a†ect the
dynamics of the di†use interstellar medium (ISM), it is clear
that hydromagnetic processes must be taken into account.

Motivated by these ideas, we undertook an observing
program to measure the optical polarization of selected
stars in order to deduce the structure of the galactic mag-
netic Ðeld toward dynamically interesting regions, i.e., selec-
ted high-latitude gas streams. A preliminary report of our
Ðndings is found in de Castro, Pudritz, & BastienGo� mez

We selected the so-called anticenter stream or chain(1991).
D & van Woerden because of its promi-(Wakker 1991)
nence, and because of the presence of both low- and high-
velocity atomic gas as well as high-latitude molecular
clouds (HLMCs) along its length. The anticenter stream is
dominated by several elongated, Ðlamentary H I clouds on
whose borders one Ðnds some well-studied, HLMCs such as
MBM 16, 12, and 9. It is known that the HLMCs in our
Ðeld lie within 65È95 pc et al. Thus we can be(Hobbs 1989).
conÐdent that many of the stars in the nearby Ðelds are
behind the clouds. At negative latitudes in the anticenter
region there are two di†erent dynamical components to the
gas ; the anticenter very high velocity (ACVHV) gas at LSR
velocities of ¹ [150 km s~1, and anticenter high velocity
gas at LSR velocities of [90 km s~1 to [150 km s~1

& van Woerden and references therein). The(Wakker 1991
anticenter stream coincides in projection with the outer
edge of the more signiÐcant components of the Gould Belt
in the anticenter direction : the Taurus molecular clouds
and the tip of the Belt in the Orion region. The detection of
highly excited gas at this point suggests that at least part of
the gas in the complex is being shocked so(Mirabel 1982),
that the stream and these clouds may be physically associ-
ated as well.

In this paper we present the results of a linear polariza-
tion survey in the anticenter stream region (5h º a º 2h and
6¡ ¹ d ¹ 12¡). We measured the optical polarization
toward 136 stars in this region In order to separate(° 2).
contributions to the polarization from the galactic disk and
that of the high-latitude structures, it is necessary to have a
good Ðx on the column density of the gas at all latitudes.
This was accomplished by using the IRAS 100 km map of
the anticenter region since the interstellar clouds can be
traced by their dust content through thermal emission.
Using the polarization data and the IRAS 100 km map, we
were able to determine the magnetic geometry toward the
ACVHV and ACHV streams The implications of our(° 3).
results for understanding the origins of the high-latitude
clouds are discussed in ° 4.

2. POLARIMETRIC OBSERVATIONS

2.1. T he Program Stars
Optical polarization data in the anticenter stream region

are scant and consists of a few measured positions in the
well-known & Ford survey. SimilarMathewson (1970)

surveys in this region, as compiled by & NeckelKlare
are also useful but do not focus on polarization(1977),

toward the high-latitude clouds in particular. We selected
several stellar Ðelds along the ACHV stream on the basis of
the H I column density from the maps.Giovanelli (1980a)
Moreover, the red and blue POSS plates were searched for
the more reddened regions, especially close to the galactic
plane (a D 5h) where the reddening was more apparent. The
Ðelds studied are indicated on the IRAS 100 km map shown
in (Plates 8 and 9) (data retrieved from the Cana-Figure 1
dian Astronomy Data Centre). The 100 km IRAS Ñux
extends like a plume from the galactic plane toward high-
galactic latitudes. The substantial deviations in N(H) from
the mean galactic model are mirrored in the IRAS(DL)
maps.

We divided our map into two regions. The preÐx B is
used for Ðelds in the high-latitude stream (b from [40¡ to
[52¡), and A for the Ðelds close to the Orion region
(b D [20¡). We measured the polarization of D10 stars per
Ðeld up to a total of 136 targets. This survey samples stars
as faint as visual magnitude 14.6 with polarization
P\ 0.8%. All of our target stars are in the HST Guide Star
Catalog (GSC). Their identiÐcation, coordinates, and mag-
nitude taken from the HST GSC I, as well as their polariza-
tion measured in this work, are given in Table 1.

2.2. Observations
The observations were carried out in 1990 and 1991 at

the Observatories of Mont Me� gantic (Canada) and Calar
Alto (Spain). The 1990 November data were obtained at the
Mont Me� gantic Observatory on a 1.6 m Ritchey-Chre� tien
telescope. The instrument was a two-channel photoelectric
polarimeter similar to the one described by & Land-Angel
street The modulator of this polarimeter is a Pockels(1970).
cell.

The remaining observations were done at the Calar Alto
Observatory. The Ðrst observing period was on the 1.2 m
telescope at the Cassegrain focus in 1990 December. Two
other observing periods followed during 1991 October and
December with the 2.2 m telescope. The same polarimeter
was used in all three runs ; the modulator is a rotating
achromatic half-wave plate (Proetel 1978).

All the observations were obtained with the same Ðlter, a
Schott RG-645. This Ðlter, combined with the RCA 31034A
photomultipliers in the two polarimeters, yields a passband
2450 centered at j \ 7625 Data from the twoÓ-wide Ó.
channels were averaged in order to get a single result. In
both setups, the instruments automatically provide the
percent polarization and position angle.

These values need to be corrected for the instrumental
polarization. During the Ðrst night of each run the non-
polarized standards HD 21447, HD 14069, and HD 94851
were measured to calibrate the instrumental polarization.
Further control measurements were done each night. The
instrumental polarization was 0.1% and 0.2% in the 1990
and 1991 campaigns at Calar Alto, respectively. At Me� gan-
tic it was 0.06%. For all runs, the instrumental polarization
was subtracted from the data and the observational errors
were adjusted accordingly. In addition, several polarized
standards were observed in order to Ðx the origin of the
position angles scale. The standards were : HD 14433, HD
23512, and HD 2619. Moreover, several program stars with
low percent polarization were observed with the di†erent
instrumental set-ups to cross-check the calibrations. The



TABLE 1

LOG OF DATA

GSC ID R. Asc. (1950) Decl. Magnitude P(%) p(P) h(deg) p(h) Field

00043.00033 . . . . . . . 2 04 05.96 ]06 47 47.5 11.85 0.17 0.07 0.8 11.4 B1
00043.00503 . . . . . . . 2 04 22.44 ]06 50 31.9 12.46 0.31 0.07 12.5 6.4 B1
00043.00329 . . . . . . . 2 04 48.13 ]06 59 07.3 12.50 0.25 0.07 22.2 7.5 B1
00043.00349 . . . . . . . 2 04 49.02 ]06 55 48.7 11.76 0.25 0.07 3.6 7.4 B1
00043.00005 . . . . . . . 2 04 51.47 ]07 02 25.0 11.40 0.20 0.06 20.6 9 B1
00043.00193 . . . . . . . 2 05 38.16 ]07 00 14.8 11.83 0.26 0.06 177.3 6.8 B1
00043.00413 . . . . . . . 2 05 48.81 ]06 51 24.9 12.19 0.28 0.06 2.9 6.5 B1
00043.00317 . . . . . . . 2 06 07.01 ]06 57 01.3 10.55 0.21 0.05 177.8 6.7 B1
00630.00806 . . . . . . . 2 05 16.30 ]08 23 34.2 10.12 0.12 0.04 126.8 9.0 B2
00630.00505 . . . . . . . 2 05 35.51 ]08 27 48.7 11.71 0.21 0.06 14.3 8.4 B2
00630.00521 . . . . . . . 2 05 44.42 ]08 20 06.5 13.19 0.21 0.13 29.5 17.7 B2
00630.01047 . . . . . . . 2 05 53.02 ]08 33 57.9 11.88 0.27 0.07 178.5 7.5 B2
00630.00833 . . . . . . . 2 05 53.54 ]08 13 36.5 11.60 0.16 0.10 60.2 17.7 B2
00630.00992 . . . . . . . 2 05 53.88 ]08 24 59.8 13.04 0.12 0.07 18 15.7 B2
00630.00535 . . . . . . . 2 06 05.69 ]08 26 05.3 12.27 0.23 0.07 168.5 8.5 B2
00630.00781 . . . . . . . 2 06 10.12 ]08 18 52.5 10.87 0.08 0.06 140.5 24.5 B2
00630.01125 . . . . . . . 2 06 11.69 ]08 18 30.8 14.75 0.14 0.10 65.3 19.4 B2
00630.00657 . . . . . . . 2 06 25.75 ]08 13 39.2 12.37 0.16 0.10 163.0 18.3 B2
00635.00823 . . . . . . . 2 21 54.42 ]10 16 49.2 11.00 0.16 0.11 7.6 19.7 B3
00635.00958 . . . . . . . 2 22 00.76 ]10 13 40.0 12.92 0.20 0.12 35.7 16.4 B3
00635.01105 . . . . . . . 2 22 05.31 ]10 01 28.0 11.12 0.42 0.05 167.5 3.7 B3
00635.00655 . . . . . . . 2 22 06.07 ]10 12 52.1 12.33 0.31 0.18 179.2 16.7 B3
00635.00390 . . . . . . . 2 22 06.92 ]10 19 25.3 12.17 0.22 0.10 48.6 12.4 B3
00635.00782 . . . . . . . 2 22 11.14 ]10 18 18.8 13.81 1.12 0.35 21.5 8.9 B3
00635.00743 . . . . . . . 2 22 26.24 ]10 20 35.5 13.29 0.33 0.12 2.7 10.3 B3
00635.01140 . . . . . . . 2 22 44.21 ]10 14 24.1 12.75 0.61 0.21 38.2 10.1 B3
00635.00910 . . . . . . . 2 22 48.98 ]10 02 15.9 11.98 0.48 0.05 156 3.1 B3
00635.00730 . . . . . . . 2 23 11.69 ]10 09 08.6 10.33 0.50 0.05 176.1 3.1 B3
00632.00871 . . . . . . . 2 25 49.01 ]08 34 48.7 11.86 0.33 0.07 174.8 5.9 B4
00632.00714 . . . . . . . 2 25 52.82 ]08 27 29.2 12.68 0.26 0.09 149.5 10.6 B4
00632.00194 . . . . . . . 2 25 58.98 ]08 31 06.9 12.85 0.49 0.10 160.4 5.7 B4
00632.01078a . . . . . . 2 25 59.63 ]08 26 26.0 8.870 0.06 0.038 161.4 20.0 B4
00632.00554 . . . . . . . 2 26 03.11 ]08 32 35.3 10.722 0.29 0.05 166.4 5.0 B4
00632.00166 . . . . . . . 2 26 30.55 ]08 24 33.2 12.68 0.18 0.10 42.5 15.6 B4
00632.00485 . . . . . . . 2 26 32.13 ]08 35 59.9 10.71 0.42 0.06 148.8 4.0 B4
00632.01103 . . . . . . . 2 26 36.26 ]08 27 45.0 14.78 2.51 0.10 170.1 1.1 B4
00632.00401 . . . . . . . 2 26 37.90 ]08 30 49.1 10.95 0.36 0.05 147.8 4.3 B4
00632.00797 . . . . . . . 2 26 40.79 ]08 36 14.5 10.98 0.22 0.06 7.6 8.6 B4
00639.01043 . . . . . . . 2 33 22.53 ]07 23 59.8 12.06 0.64 0.07 5.4 3.1 B5
00639.01233 . . . . . . . 2 33 25.59 ]07 17 01.9 11.63 0.41 0.07 178.5 5.0 B5
00639.01097 . . . . . . . 2 33 36.20 ]07 32 29.7 10.34 0.21 0.05 179.0 6.2 B5
00639.01138 . . . . . . . 2 33 44.23 ]07 33 54.6 11.37 0.18 0.05 7.3 7.2 B5
00639.00738 . . . . . . . 2 34 36.00 ]07 36 56.3 10.59 0.29 0.05 164.9 4.9 B5
00639.00605 . . . . . . . 2 34 48.41 ]07 31 59.4 12.17 0.52 0.07 15.0 3.7 B5
00639.00870 . . . . . . . 2 34 51.63 ]07 37 22.7 11.76 0.40 0.06 167.5 4.0 B5
00639.01167 . . . . . . . 2 35 42.51 ]07 20 33.8 12.57 0.35 0.07 172.4 5.9 B5
00640.00184 . . . . . . . 2 43 49.59 ]09 11 12.8 13.12 0.53 0.23 65.6 12.6 B6
00640.00237 . . . . . . . 2 43 56.71 ]09 08 34.6 12.17 0.41 0.07 12.4 5.2 B6
00640.00300 . . . . . . . 2 44 07.33 ]09 08 14.0 11.97 0.34 0.06 129.4 4.6 B6
00640.00805 . . . . . . . 2 44 11.92 ]08 58 01.1 10.652 0.15 0.05 158.6 8.5 B6
00640.00399 . . . . . . . 2 44 15.56 ]09 08 51.8 12.76 0.59 0.10 0.0 4.8 B6
00640.00270 . . . . . . . 2 45 03.49 ]09 05 58.2 12.86 0.84 0.07 6.2 2.4 B6
00644.00184 . . . . . . . 2 52 47.24 ]10 24 11.7 12.85 0.64 0.05 150.5 2.3 B7
00644.00372 . . . . . . . 2 52 54.25 ]10 18 21.9 11.86 0.43 0.06 130.3 4.0 B7
00644.00745 . . . . . . . 2 52 59.65 ]10 17 46.5 13.71 0.21 0.06 165.5 8.4 B7
00644.00514 . . . . . . . 2 53 08.03 ]10 11 44.4 14.62 0.81 0.15 167.4 5.2 B7
00644.00568 . . . . . . . 2 53 12.51 ]10 06 26.5 12.86 0.78 0.07 144.8 2.5 B7
00644.00534 . . . . . . . 2 53 14.92 ]10 15 34.6 11.72 0.98 0.06 130.0 1.6 B7
00644.00667 . . . . . . . 2 53 24.22 ]10 10 40.5 12.73 0.49 0.12 165.9 7 B7
00644.00364 . . . . . . . 2 53 25.98 ]10 18 54.0 12.66 0.68 0.10 154.9 4.3 B7
00644.00278 . . . . . . . 2 53 28.71 ]10 18 49.8 13.32 0.71 0.04 147.4 1.8 B7
00644.00132 . . . . . . . 2 54 16.39 ]10 16 52.3 10.73 0.10 0.05 163.9 16.4 B7
00644.00256 . . . . . . . 2 54 18.31 ]10 07 10.4 13.12 0.84 0.09 142.6 3.0 B7
00641.00104 . . . . . . . 2 53 38.69 ]07 31 28.3 12.95 0.38 0.07 133.9 5 B8
00641.00011 . . . . . . . 2 53 42.44 ]07 26 22.0 13.21 0.36 0.07 0.6 5.3 B8
00641.00285b . . . . . . 2 53 47.05 ]07 34 45.2 9.897 0.28 0.07 19 6.9 B8
00641.00604 . . . . . . . 2 53 54.44 ]07 39 03.8 12.83 0.26 0.07 89.1 7.4 B8
00641.00474 . . . . . . . 2 53 59.73 ]07 32 54.4 10.66 0.27 0.06 166.5 6.4 B8
00641.00559 . . . . . . . 2 54 00.67 ]07 36 51.4 14.06 0.16 0.07 111.3 12.2 B8
00641.00810 . . . . . . . 2 54 12.23 ]07 37 23.9 12.37 0.19 0.07 116.8 11 B8
00641.00068 . . . . . . . 2 54 13.66 ]07 27 10.3 10.70 0.38 0.07 112.8 4.9 B8
00641.00671 . . . . . . . 2 54 50.65 ]07 29 49.4 13.37 0.60 0.07 49.5 3.4 B8
00061.00367 . . . . . . . 3 06 03.82 ]07 04 36.9 12.25 1.31 0.07 9 1.5 B9



TABLE 1ÈContinued

GSC ID R. Asc. (1950) Decl. Magnitude P(%) p(P) h(deg) p(h) Field

00061.00221 . . . . . . . 3 06 17.23 ]07 17 54.6 11.48 0.77 0.07 11.1 2.5 B9
00061.00177 . . . . . . . 3 06 22.44 ]07 04 46.7 11.80 1.13 0.05 6.4 1.3 B9
00061.00039 . . . . . . . 3 06 52.72 ]07 06 01.3 11.67 0.29 0.06 26 6.4 B9
00061.00115 . . . . . . . 3 07 10.16 ]07 08 21.6 11.85 1.71 0.07 10.8 1.2 B9
00062.00113 . . . . . . . 3 07 43.72 ]07 15 50.8 11.92 0.22 0.07 179.2 8.8 B9
00648.01070 . . . . . . . 3 06 26.42 ]09 33 28.9 10.96 0.96 0.05 24.9 1.6 B10
00648.01255 . . . . . . . 3 06 40.04 ]09 35 21.4 11.57 0.58 0.11 6.4 5.4 B10
00648.01236 . . . . . . . 3 06 40.77 ]09 35 56.1 11.15 0.68 0.07 11.6 3.1 B10
00651.01168 . . . . . . . 3 07 10.98 ]09 50 37.3 11.96 0.39 0.06 60.8 4.4 B10
00648.01052 . . . . . . . 3 07 21.54 ]09 43 56.0 12.49 0.16 0.07 149.5 13.1 B10
00648.01234 . . . . . . . 3 07 24.52 ]09 37 39.4 10.50 0.34 0.06 6.1 4.6 B10
00648.01175 . . . . . . . 3 07 52.88 ]09 44 26.5 10.19 0.40 0.04 143.9 2.7 B10
00648.01139 . . . . . . . 3 08 29.01 ]09 47 17.9 13.43 0.60 0.08 18.8 3.6 B10
00648.01265 . . . . . . . 3 08 41.86 ]09 30 57.7 15.27 0.75 0.17 12.3 6.4 B10
00651.00944 . . . . . . . 3 08 50.08 ]09 53 08.4 12.47 0.93 0.07 31.4 2 B10
00687.01105 . . . . . . . 4 44 35.02 ]10 01 45.5 12.87 2.31 0.12 26 1.5 A1
00687.01278 . . . . . . . 4 44 48.63 ]09 59 42.8 11.86 0.48 0.06 20.9 3.3 A1
00687.01010 . . . . . . . 4 45 18.61 ]09 57 32.8 12.40 2.18 0.07 69.8 1 A1
00687.01211 . . . . . . . 4 45 19.33 ]09 59 26.7 10.00 2.11 0.05 68.3 0.7 A1
00687.00498 . . . . . . . 4 45 25.58 ]10 55 39.9 11.91 1.94 0.13 70.3 1.9 A1
00687.00921 . . . . . . . 4 45 35.19 ]10 14 46.0 12.70 2.75 0.06 62.4 0.6 A1
00687.00411 . . . . . . . 4 46 01.53 ]10 03 30.0 11.75 2.01 0.07 66.8 0.9 A1
00687.00762 . . . . . . . 4 46 02.58 ]09 57 52.0 11.98 0.31 0.05 17.3 5 A1
00687.01461c . . . . . . 4 46 08.29 ]10 17 53.5 9.93 2.85 0.02 56.8 0.2 A1
00687.01466 . . . . . . . 4 46 18.66 ]10 02 08.5 11.77 2.17 0.04 66.4 0.5 A1
00687.01135 . . . . . . . 4 46 19.39 ]10 08 32.6 11.99 1.82 0.08 65.8 1.2 A1
00687.00654 . . . . . . . 4 46 18.20 ]10 17 29.1 11.42 2.69 0.05 59.9 0.6 A1
00687.00912 . . . . . . . 4 46 35.11 ]10 22 47.1 10.46 1.78 0.06 61.9 1 A1
00687.00912 . . . . . . . 4 46 35.11 ]10 22 47.1 10.46 2.65 0.11 59.5 1.2 A1
00683.01133 . . . . . . . 4 47 00.56 ]07 47 54.1 12.01 0.77 0.07 38.7 2.5 A2
00683.00565 . . . . . . . 4 47 00.69 ]07 26 11.4 11.40 0.61 0.06 37.9 2.9 A2
00683.00637 . . . . . . . 4 47 01.04 ]07 40 42.1 12.42 0.57 0.06 37.5 2.9 A2
00683.00663 . . . . . . . 4 47 07.58 ]07 38 03.0 11.44 0.72 0.06 36.7 2.5 A2
00683.01083 . . . . . . . 4 47 41.05 ]07 48 53.8 12.45 0.80 0.07 37.5 2.7 A2
00683.00701 . . . . . . . 4 47 50.75 ]07 34 08.0 11.34 0.68 0.05 38.9 2 A2
00684.00870 . . . . . . . 4 48 33.44 ]07 49 23.5 11.32 0.34 0.07 38.6 5.7 A2
00684.01019 . . . . . . . 4 48 44.80 ]07 32 30.1 10.58 0.55 0.06 36 2.8 A2
00684.01112 . . . . . . . 4 48 58.57 ]07 29 46.2 11.58 0.44 0.07 25.9 4.4 A2
00684.01148 . . . . . . . 4 49 26.55 ]07 29 34.6 10.91 0.64 0.06 33 2.7 A2
00684.00940 . . . . . . . 4 51 53.52 ]08 46 41.0 11.37 0.27 0.06 75.1 6.2 A3
00684.00488 . . . . . . . 4 52 13.32 ]08 36 30.8 11.85 0.97 0.09 88.3 2.6 A3
00684.01221 . . . . . . . 4 52 25.71 ]08 55 36.9 11.47 0.53 0.10 60.9 5.5 A3
00684.01298 . . . . . . . 4 52 52.06 ]08 42 01.5 11.25 0.37 0.06 21.3 4.3 A3
00684.00509 . . . . . . . 4 52 58.91 ]08 38 40.4 10.97 1.94 0.12 13.1 1.8 A3
00684.00844 . . . . . . . 4 53 00.12 ]08 30 36.7 11.06 0.24 0.05 88.4 5.8 A3
00684.00592 . . . . . . . 4 53 20.16 ]08 43 26.3 11.32 0.38 0.05 47.3 3.6 A3
00684.00849 . . . . . . . 4 53 31.32 ]08 49 23.2 11.31 1.33 0.07 12.0 1.4 A3
00684.00863 . . . . . . . 4 54 14.48 ]08 30 33.6 10.65 0.44 0.07 78.0 4.3 A3
00684.00527 . . . . . . . 4 54 23.56 ]08 33 17.7 11.13 0.56 0.06 71.4 3.1 A3
00688.00926 . . . . . . . 4 53 09.18 ]09 58 43.3 11.98 0.75 0.05 12.2 2.0 A4
00688.01272 . . . . . . . 4 53 26.84 ]09 45 58.1 11.02 0.79 0.06 60.6 2.2 A4
00688.00148 . . . . . . . 4 53 30.18 ]10 18 37.4 12.83 1.04 0.07 25.3 2 A4
00688.01663 . . . . . . . 4 53 47.45 ]09 47 19.1 12.34 0.65 0.14 56.5 6.0 A4
00688.01528d . . . . . . 4 53 54.69 ]10 07 42.2 9.68 0.48 0.06 73.3 3.8 A4
00688.01652 . . . . . . . 4 54 25.24 ]09 36 27.2 10.09 0.63 0.07 76.3 3.1 A4
00688.00628 . . . . . . . 4 54 27.74 ]09 48 47.7 10.01 0.67 0.03 49.8 1.3 A4
00688.01092 . . . . . . . 4 54 30.32 ]09 58 03.5 10.88 0.94 0.07 65.6 2.1 A4
00688.00866 . . . . . . . 4 54 33.71 ]09 41 45.9 11.66 0.88 0.10 65.9 3.3 A4
00688.01497 . . . . . . . 4 55 23.48 ]10 18 37.1 12.70 1.12 0.06 11.4 1.5 A4
00688.01209 . . . . . . . 4 55 23.15 ]09 53 36.6 11.71 0.50 0.05 43.6 2.9 A4
00688.01456 . . . . . . . 4 55 24.76 ]09 46 57.2 12.24 1.03 0.07 64.1 1.9 A4
00688.01128 . . . . . . . 4 55 25.50 ]09 51 16.0 11.28 0.80 0.06 67 2.1 A4
00688.01848 . . . . . . . 4 55 32.75 ]09 42 55.7 10.05 0.54 0.05 51.1 2.4 A4

a HD 15366.
b SAO 110857.
c HD 287164.
d HD 287323.
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FIG. 2a FIG. 2b

FIG. 2.ÈPolarization vectors in the area mapped. (a) region A and (b) region B. The scale is the same as inFig. 1.

exposure times for program stars ranged between 5 and 30
minutes.

The polarization vectors are shown in At veryFigure 2.
high latitudes (Ðelds B1ÈB3) the polarization is D0.20%.
Even in the small polarization Ðelds (B1ÈB3), there is a good
alignment of the polarization vectors. The distribution of
the error in the position angle, p(h), versus the percent
polarization, P(%), is displayed in As expected, theFigure 3.
stars with the largest errors in the position angle are those
with the smallest polarization.

The Ðelds we observed are not far from the ecliptic : the B
region goes from ecliptic latitude \ [3¡ to \ [10¡ and
region A is at \ [10¡. The IRAS maps at 100 km were
corrected for the zodiacal light, but such a correction is not
necessary for the polarization data. The polarization of the
zodiacal dust decreases rapidly as a function of ecliptic lati-

FIG. 3.ÈError on the position angles, p(P.A.), vs. P

tude Renard, & Dumont and is(Levasseur-Regourd, 1990)
due to the scattering of solar light by these particles. The
dust grains near the ecliptic plane have rather heter-
ogeneous scattering properties so that they are unlikely to
mimic the polarization of background stellar light by
dichroic extinction, as is the case for interstellar polariza-
tion.

2.2.1. Region A

There is a broad distribution in position angle (hereafter
P.A., or h) from h\0¡ to 90¡ at low polarization (P¹0.4%)
(see histogram in There are several data points withFig. 4).
Pº 0.6% with similar P.A.s. They appear in the Ðelds
A1 and A2 as shown in where the percent polar-Figure 5,
ization as a function of the P.A. is represented for each
individual Ðeld. The mean IRAS Ñux, P.A. and P(%) is

FIG. 4.ÈHistogram of the position angles for the targets in region A.
The curve shows a Ðt to the dispersion in position angles using the models
of & GoodmanMyers (1991).
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FIG. 5.ÈPolarization vs. position angle for the four Ðelds in region A

summarized in for each Ðeld. Because there are twoTable 2
concentrations of values of P, there are at least two clumps
of polarizing dust along the line of sight toward region A.

The highly polarized Ðeld A1 has a mean polarization of
^2.0^ 0.8%. The 100 km Ñux toward the targets in this
Ðeld is 18.8^ 0.7 MJy sr~1, the highest in our survey (see

The P.A. of the polarization vectors in the concen-Fig. 1).
tration is h \ 55¡ with a dispersion of 19¡. This orientation
is parallel to the large-scale distribution of the emitting dust
(see therefore the local magnetic Ðeld is aligned withFig. 1) ;
the dust lane.

The Ðeld A2 traces the more di†use medium in region A
with just 7.3 MJy sr~1 of Ñux at 100 km. The dispersion in
the P.A. of the polarization vector is only 4¡ although the
percent polarization is signiÐcantly lower than in A1, just
0.6%. The Ðelds A3 and A4 are more confusing with a not
so well-deÐned P.A. and intermediate IRAS Ñuxes (see Table

Also they are located in transition regions between dense2).
dust clouds and the di†use cirrus (see There is noFig. 1a).
obvious relation between the IRAS cirrus morphology and

the magnetic Ðeld orientation as derived from the P.A. of
the polarization vectors in these three more di†use regions.

2.2.2. Region B

The mean values per Ðeld of the percent polarization,
position angle of the polarization vector, IRAS 100 km Ñux,
and magnitude are given in as for region A. TheTable 2
P.A. is typically between 150¡ and 200¡ (see TheFig. 6).
examination of the individual Ðelds indicates that the P.A. is
well deÐned in the Ðelds : B1, B5, B7, and B9 (see alsoFig. 7).
This good alignment is remarkable for B1 since the percent
polarization is very low P(%) \ 0.24^ 0.05 and the ISM
very di†use (the IRAS Ñux at 100 km is just 4.1 MJy sr~1).

The Ðeld B10 samples the southern border of the HLMC,
MBM 16. This cloud is at a distance between 60 and 95 pc

et al. The high polarization indicates that our(Hobbs 1988).
stars are behind the cloud and sets up a lower limit to the
distance of our survey of D100 pc. Other arguments con-
cerning the distance are discussed below MBM 16 is(° 4.1).
a Ðlamentary molecular cloud elongated in the eastÈwest
direction. Our data show that the direction of the magnetic

FIG. 6.ÈHistogram of position angles for the targets in region B

TABLE 2

MEAN VALUES PER FIELDa

F100Field P(%) p(P) h p(h) (MJy sr~1) p(F100) Magnitude p(Mag) Nb

A1 . . . . . . . 2.0 0.8 55 19 18.8 0.7 11.5 1 14
A2 . . . . . . . 0.6 0.1 36 4 7.3 0.3 11.5 0.6 10
A3 . . . . . . . 0.7 0.6 55 30 9.1 0.3 11.3 0.3 10
A4 . . . . . . . 0.8 0.2 52 21 14.7 2.3 11.3 1 14
B1 . . . . . . . 0.24 0.05 7 10 4.1 0.1 11.8 0.6 8
B2 . . . . . . . 0.17 0.06 6 39 5.6 0.4 12.2 1.3 8
B3 . . . . . . . 0.44 0.28 11 24 6.8 0.5 12.2 1 10
B4 . . . . . . . 0.51 0.71 168 23 4.9 0.2 11.7 1.6 10
B5 . . . . . . . 0.37 0.15 179 10 7.0 1.0 11.6 0.8 8
B6 . . . . . . . 0.48 0.23 2 39 9.3 1.9 12.3 0.9 6
B7 . . . . . . . 0.61 0.27 151 14 14.1 1.9 12.7 1 11
B8 . . . . . . . 0.32 0.13 169 56 11.6 1.5 12.2 1.4 9
B9 . . . . . . . 0.91 0.59 10 8.8 14.4 2.3 11.8 0.25 6
B10 . . . . . . 0.58 0.26 11 28 14.9 1.4 12.0 1.5 12

a p values are standard deviations from the mean for each Ðeld and physical magnitude.
b Number of stars in each Ðeld.
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FIG. 7.ÈPolarization vs. position angle for the 10 Ðelds in region B

Ðeld is perpendicular to this Ðlament of molecular gas. A
similar orientation of the Ðeld with respect to the cloud
elongation has been observed in other molecular clouds
such as B216/217 et al. Lupus I(Heyer 1987), (Strom,
Strom, & Edwards and L204 et al.1988), (McCutcheon

We refer the reader to for other clouds1986). Bastien (1991)
with di†erent Ðeld orientations.

3. ANALYSIS

In this section, we compare our measured polarization
values with the properties of the local interstellar medium
(LISM) and the mean galactic model for the H I distribu-
tion, in order to more clearly identify the signiÐcant mag-
netic Ðeld structure at high latitudes. Then, we account for
the measured values of the polarization of our targets using
the IRAS data.

3.1. T he L ISM : Clumps
The ISM around the Sun is clumpy ; 80% of the mass is in

clumps of cold H I that Ðll only 10% of the volume (Trapero
et al. The Sun is surrounded by a local cloud of1992).
radius 2 pc and particle density n \ 0.1 cm~3(Frisch 1981)
whose detection would require much larger sensitivities
than that obtained with our instrumental setup. Farther
out, the Sun is within the local bubble of hot ionized
medium (HIM) at T \ 106 K. The size of the bubble has
been determined from its X-ray emission ; it has an equiva-
lent radius of 150È200 pc toward the south galactic plane
and galactic longitudes between 180¡ and 250¡ et(Snowden
al. This is the area sampled in our survey. The topol-1990).
ogy of the HIM is unclear but it is best explained by the

& Ostriker model. In this model hot gasMcKee (1977)
produced in supernova explosions Ðlls the ISM surround-
ing clumps of cold neutral medium (CNM) until they
evaporate. The typical density and size of these local clumps
are n \ 40 cm~3 and R\ 2 pc. The expected contribution
of one of these clumps to the polarization can be derived
from the well-known relation between the H I column
density in the line of sight to various stars, and the color
excess E(B[V ) which measures the total amount of dust in
that line of sight :

N(H)\ 5.8] 1021E(B[V ) cm~2 (3.1)

(e.g., Spitzer 1978).
The classic paper by Mathewson, & FordSerkowski,

henceforth established that interstellar polar-(1975, SMF)
ization takes its maximum value at a wavelength of jmax ^
0.45 kmÈ0.8 km. This quantity can be determined obser-
vationally for each star. For the large sample of stars
studied by the median value is less thanSMF, jmax[ \0.55
km. It is proportional to the average size of the grains on
the line of sight to each star.

More extensive recent investigations have generalized the
relation to the empirical formula et al.SMF (Whittet 1992)

p(j)
pmax

\ exp
C
[K ln2

Ajmax
j
BD

4 a ,

and

K \ 0.01] 1.66jmax , (3.2)

where p(j) is the percent polarization at a wavelength j, and
is the peak polarization occurring at Thepmax jmax.maximum polarization correlates well with E(B[V ) :

pmax¹ 9.0E(B[V ) . (3.3)

For our observations, the e†ective wavelength was
j ^ 0.7625 km. Thus, using the median value of of 0.55jmaxkm in we obtain the median value ;equation (3.2)
SaT \ 0.91.

The link between polarization and column density is
obtained on combining the relations (3.1)È(3.3) ;

P(j \ 0.7625 km)¹
a

6.4
N20 cm~2\ 0.14N20 cm~2 ,

(3.4)

where the H I column density is measured in units of 1020
cm~2. Therefore a clump with a column density character-
istic of the LISM clumps, that is, cm~2, produces aN20 \ 5
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maximum polarization of 0.7% which can be easily
detected. It is clear from Figures and that we are gener-5 7
ally measuring a more di†use medium since only
occasionally do we detect sudden increments of polariza-
tion in our Ðelds. Moreover, since the interstellar clouds can
be traced either in polarization or through thermal emis-
sion, these LISM clumps also show up in the IRAS maps
that therefore can be used to trace the clumpiness in the
ISM (see below).

3.2. Model for Galactic H I

The H I layer has a vertical extent not much greater than
1 kpc and there are many irregularities in its lower regions

Hobbs, & Shull and references therein).(Lockman, 1986
The mean H I column density for gas with galactic latitude

is well Ðtted by the expression (seeo b oº 2¡.5 DL),

N1 (H)\ 2.9] 1020 csc o b o^ 1.4] 1020 cm~2 . (3.5)

If the galaxy consisted of a uniform gas layer, then one
would expect that sin b \ const. Plots of b oNH NH o sin
versus o sin b o show, however, that there is a large disper-
sion, and regions of excess value often correspond to the
Ðlamentary structure.

The behavior of the mean gas density as a function of
scale height z is also given by They suggest that forDL.
galactic radii between 4 and 8 kpc, the best estimate for n(z)
consists of two Gaussians (central densities, 0.395 and 0.107
cm~3 ; FWHMs, 212 and 530 pc) and an exponential
(central density, 0.064 cm~3 ; scale height, 403 pc). We have
computed the total column density predicted by this model
and obtain

N1 20 o sin b o\ 3.12 . (3.6)

3.3. IRAS Fluxes
Several studies of high-latitude clouds have shown that

the far-IR emission of low-velocity H I clouds at high lati-
tude correlates well with the extinction and H I column
density Baud, & van Albada Vries &(Boulanger, 1985 ; De
Le Poole & Boulanger for low lati-1985 ; Wakker 1986 ;
tudes, see & Fich Thus, for a speciÐc Ðeld atTerebey 1986).
b \ ]60¡, et al. Ðnd the relationMartin (1994)

F100 \ 0.85N20 [ 1.4 , (3.7a)

where is the IRAS 100 km Ñux measured in units ofF100MJy sr~1. A larger scale average of high-latitude IRAS
emission was compared with H I maps by &Boulanger
Perault henceforth These authors found that a(1988, BP).
linear, least-squares Ðt to the 100 km proÐles at b \ [20¡
gives the cosecant law

F1 100\ 3.4
o sin b o

[ 1.7 . (3.7b)

This is a more appropriate form for our purposes because
our data span such a large portion of the high-latitude sky
along the anticenter stream.

Using the mean galactic H I model to eliminate(eq. [3.6])
o sin b o in one Ðnds that the IRAS Ñuxequation (3.7b),
associated with the smooth H I component is

F1 100 \ 1.1N1 20[ 1.7 . (3.8)

We plot the relation between b o and o sin b oF100 o sin
toward our target stars in Also shown inFigure 8. Figure 8

b o vs. o sin b o. The dashed and continuous lines rep-FIG. 8.ÈF100 o sin
resent the expected correlations derived from the mean galactic modelDL
and the eqs. and respectively.3.7a 3.7b,

is the predicted relation for the mean galactic gas model,
prescribed by equations and for the models by(3.7a) (3.7b)

et and respectively. The data points that lieMartin al. BP,
signiÐcantly above these lines are highly signiÐcant ; these
are structures that stand out strongly against the mean H I

of the Galaxy. They represent either di†use cirrus or molec-
ular clouds detected by IRAS and have Ñuxes º3È5 MJy
sr~1 producing a measurable polarization that can be
detected in our survey.

3.4. Polarization
In we plot the percent polarization versus theFigure 9

IRAS Ñux toward our targets. Only data with a small rela-
tive error in P(%), p(P)/P¹ 0.3, are shown. This corre-
sponds to There is a clear-cut correlationp(h)¹ 8¡.6.
between the percent polarization and the IRAS Ñux :

P(%)¹ (0.16^ 0.05)F100 .

If we substitute using thenF100 equation 3.7a,

P(%)¹ (0.13^ 0.03)N20[ 0.22 ,

which is very similar to apart from a constantequation (3.4)
term. The intercept probably varies due to the lack of an
absolute calibration of the IRAS data itself. Two of the stars
shown in GSC 00632.01103 and GSCFigure 9,
00684.00509, have an abnormally high polarization even
though the P.A.s of their polarization vectors are similar to
those of other stars in the same Ðelds. This suggests that
their polarization is not intrinsic. They could probably be
distant sources, or sources that lie behind very small clumps
of unusually high column density that are not resolved by
IRAS (the 100 km IRAS maps have a resolution of 1@.5).

We conclude that the column of warm dust detected at
100 km is the same that is responsible for the polarization of
the stellar radiation. Thus, our polarization measurements
trace the magnetic Ðeld geometry in the cirrus clouds
detected in the 100 km IRAS band. Note that in the regions
of low Ñuxes MJy sr~1) and of high Ñuxes(F100 ¹ 8



No. 2, 1997 STRUCTURE OF GALACTIC MAGNETIC FIELD 725

FIG. 9.ÈPolarization, P(%), vs. infrared Ñux, Open and ÐlledF100.circles correspond to sources in regions A and B, respectively. Only points
with relative error in P(%) smaller than 0.3 are plotted. The straight line
represents the correlation derived from our data (see text) and presents a
very good upper envelope to the data. The two stars above the line are also
discussed in the text.

MJy sr~1) there are stars with polarization(F100 º 16
values as high as expected if all the dust grains emitting at
100 km were also involved in the polarization of the stellar
light (see This indicates that our survey is as deep asFig. 9).
the IRAS survey in these regions. The high Ñux limit corre-
sponds to region A (Ðeld A1) in the outskirts of the Orion-
Monoceros complex at a distance of 500È700 pc. The low
Ñux limit corresponds to di†use IRAS cirrus in the Ðelds
A2, B1ÈB5. Fluxes between 8 and 16 MJy sr~1 are(F100)detected in the lines of sight toward sources having polar-
ization values signiÐcantly lower than that implied by their
IRAS Ñuxes. T his suggests that the magnetic Ðeld orientation
changes signiÐcantly with the column density in this area.
This is further conÐrmed in where the P.A. isFigure 10
plotted versus the for the same sources. Note that theF100dispersion in P.A. is signiÐcantly larger for these interme-
diate IRAS Ñuxes. They correspond to the Ðelds B7ÈB10 in
region B and A3ÈA4 in region A.

3.5. Polarization Position Angles
We have performed Ðts to the Gaussian-like distributions

of position angles for regions A and B separately (Figs. 4
and respectively). We followed the method developed by6,

& Goodman The results are given inMyers (1991). Table 3.
The columns give respectively the name of the region, the
total number of stars included in the Ðt, the mean position
angle and its error, the dispersion of the distributions and

TABLE 3

DISTRIBUTION OF POLARIZATION

POSITION ANGLES

Region Na #
E

s

A . . . . . . 48 53¡ ^ 5¡ 0.43^ 0.05
B . . . . . . 88 178¡ ^ 4¡ 0.47^ 0.08

a Number of stars in each region.

FIG. 10.ÈPosition angles vs. infrared Ñux, Open and Ðlled circlesF100.correspond to sources in regions A and B, respectively. Only points with
relative error in P(%) smaller than 0.3 are plotted.

its error. The errors are based on nonlinear least-squares Ðts
of the f3D model of & The distribution ofMyers Goodman.
position angles for both regions has a single maximum, with
dispersion of around 0.4 radians. Such values are typical of
the values found for clouds with embedded clusters,
whereas clouds without clusters usually have dispersions of
0.2È0.3. According to their model, the Ðeld can be divided
into uniform and nonuniform components. The non-
umiform component has a certain number of correlation
lengths along the line of sight through the cloud. Typical
values which have been evaluated by & GoodmanMyers

are of order a few. For example, for L204, they(1991)
obtained 3 or 4 according to whether the absorption or
emission measurements of the H I Zeeman observations
were used for the calculation, respectively. The number of
correlation lengths cannot be determined for our two
regions since Zeeman observations are not available, but we
expect that it should be comparable.

4. DISCUSSION

4.1. High-Velocity Clouds
If the ACHVCs are within several hundred pc (Mirabel

there is a chance that some stars in1982 ; Giovanelli 1980b),
our sample are behind the stream. One way to get an esti-
mate of the distance to the clouds is to Ðnd the distance to
our program stars. Four of the brightest stars in our sample
appear in the SIMBAD database, and one of those stars has
a known distance. It is listed as a probable nonmember of
the Hyades star cluster by The distance thatSchwan (1991).
he found is 69.3 pc for SAO 110857 (\BD ]07¡451 \
0641.00285). This star is in region B8 (see and thisTable 1),
region is characterized by a large dispersion in position
angles, as shown in Therefore, it cannot be readilyTable 2.
related to the other stars in the sample, and cannot be used
to put a reliable constraint on the distance to the HVCs.

has recently put constraints on some ofTamanaha (1996)
the anticenter HVCs. He studied four regions in particular.
One of them, ““ CohenÏs stream.ÏÏ covers the southern part of
our region B, and is located at more than 350 pc. Another
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region, AC I, located about 10¡ northeast of our region A, is
at more than 280 pc, according to him. These results are
consistent with our analysis in above.° 3

The precise location of the anticenter HVCs in the sky is
plotted in using data. HeFigure 11 GiovanelliÏs (1980a)
rastered this area with scans of constant declination at 0,
2.5, 5, 7.5, 8.75, 10, 12.5, and 15 degrees. The complex is
between and the two regions A and B are7¡.5 ¹ d ¹ 10¡
clearly identiÐable in the Ðgure. The stream extends in the
eastÈwest direction (P.A.\ 90¡). The open circles corre-
spond to positions with column densities greater than
1 ] 1019 cm~2. The total column density of high-velocity
material is very low in most directions. The locations where
the column density is high enough to produce a polariza-
tion greater than 0.1% (according to are markedeq. [3.4])
with Ðlled dots. & Schwarz carried outWakker (1991)
higher resolution mapping of several HVC complexes and
observed that the gas is more clumped than the earlier
lower resolution surveys suggest. In fact, the peak column
densities may increase by a factor 4 depending on the indi-
vidual cloud. Unfortunately, the ACHVC is not mapped at
this improved resolution but we expect that at most the
polarization produced by individual clumps reaches 0.40%.
This peak value is expected in the Ðelds B4 and B5 of region
B and in A2 of region A. In all of them the dispersion in the
P.A. of the polarization vector is small, in particular in A2.
The Ðeld appears to be perpendicular to the stream espe-
cially at high galactic latitudes.

The column density of H I gas in the high-velocity com-
ponent is only a few percent of that at the line center. It is
therefore impossible to disentangle magnetic structure that
is well and truly associated with the HVCs, as compared to
the low-velocity gas. We can only safely say that the low-
velocity, high-latitude gas has a well-ordered, associated
magnetic Ðeld that is perpendicular to the gas Ðlaments. It
would be somewhat surprising, however, if the HVCs did
not also share the same magnetic Ðeld structure in view of
their cospatial projected distribution with the low-velocity
material and the low dispersion in P.A. along the whole
dust column.

4.2. Magnetic Field Structure at High L atitudes : A Model
Our observations provide good evidence that the high-

latitude clouds that are so well traced out by IRAS have an
associated magnetic Ðeld. Given the statistical nature of our
survey, we feel it safe to say that we have probably probed

the galactic magnetic Ðeld structure out to several hundred
pc below the plane. The polarization vectors are plotted in
galactic coordinates in the top panel of We alsoFigure 12.
plot in the bottom panel, the polarization data of stars in
the general Ðeld from the survey of & NeckelKlare (1977).
These data complement our own and help to further demar-
cate the polarization associated with the high-latitude
clouds.

Our main Ðnding is that at high latitudes, the galactic mag-
netic Ðeld is perpendicular to the stream. The polarization
shows a large z-component (perpendicular to the galactic
plane) even at latitude [50¡. This is true for clumps such as
those detected toward B1 or B5 and also for the more
di†use medium. Only in B7 is the polarization approx-
imately parallel to the galactic plane. Closer to the Galactic
plane at latitudes º[25¡ the z-component is dominant.

A natural explanation for these observations is that the
high-latitude H I Ðlaments are associated with a predomi-
nantly toroidal magnetic Ðeld. This would explain why the
polarization is perpendicular to the H I. The fact that high-
speed gas motion occurs along the Ðlament implies that the
toroidal Ðeld component is wrapped around the outside of
the Ðlament where it cannot impede the infall of the gas.
Thus it appears that the magnetic structure of the high-
latitude clouds may consist of braided magnetic Ñux tubes.
Gas can fall freely down along the arched magnetic Ñux
Ðlament, back to the Galactic plane as the Ñux tube rises
into the Galactic corona.

Observational support for our hypothesis of predomi-
nantly helical Ðeld derives from the study of the magnetic
Ðeld associated with the molecular Ðlament L1641 in the
Orion A cloud (see Both optical polarimetryBally 1987).
and Zeeman measurements have been performed which
clearly show that a toroidal Ðeld is wrapped around the
Ðlament. Since the Orion cloud lies near the base of the
stream, our interpretation of a predominantly toroidal Ðla-
ment magnetic Ðeld seems well justiÐed.

There are good physical reasons why rising magnetic Ñux
tubes should be dominated by a toroidal magnetic Ðeld.
Magnetic Ðelds in the Galactic plane have energy densities
that are roughly in equipartition with that of the gas (e.g.,

et al. As a buoyant magnetic Ñux tube lifts upHeiles 1993).
out of the Galactic plane and into the low-density Galactic
corona, gas will drain out of it and Ñow back to the mid-
plane of the galaxy (e.g., et al. &Matsumoto 1988 ; Foglizzo
Tagger As the Ñux tube reaches the rariÐed higher1994).

FIG. 11.ÈDistribution of high-velocity H I in the anticenter direction from The open circles represent points where the column densityGiovanelli 1980a.
is in between 1] 1019 cm~2 and 1] 1020 cm~2. The Ðlled circles represent areas with column densities º1 ] 1020 cm~2 and that henceforth would
contribute to the total polarization with at least a 0.1%.
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FIG. 12.ÈMaps with the polarization vectors in galactic coordinates.
The upper frame shows the stars in our survey while the lower(Table 1),
frame shows stellar polarization data from the & NeckelKlare (1977)
compilation of the general interstellar polarization. There is usually a good
agreement between the two data sets. The scale for the linear polarization
vectors is indicated at the bottom left of the Ðgure.

latitudes, the magnetic forces begin to exceed any other
force. This imbalance of the magnetic force is compensated
by a restructuring of the Ðeld so that it becomes approx-
imately force-free : the total Lorentz force associated with
the Ñux tube vanishes, J Â B \ 0, where J is the current. It
may be shown that for open-ended Ñux tubes whose end
points do not su†er any motion, the Ðelds which minimize
the magnetic energy subject to initial and boundary condi-
tions are in general force-free (see & PriestHeyvaerts 1984,
henceforth Thus, the current is parallel to the Ðeld,HP).
J p B, or

$ Â B \ a(r, t)B , (4.1)

where a is a scalar function of space and time. A larger value
of a corresponds to more current and a stronger twist of the
magnetic Ðeld line. General solutions of this nonlinear
equation are not available. However, show that theHP
most relaxed magnetic conÐgurations available are with
a \ const. The corresponding Ðeld conÐguration therefore
obeys the linear vector Helmholtz equation (Chandrasekar
& Kendall 1957).

+2B ] a2B \ 0 . (4.2)
In the simplest possible theory where the magnetic structure
can be represented by a single term in a Bessel series
(assume cylindrical coordinates) with corresponding radial
wavenumber k, one has solutions of the form B

r
, BÕ P

exp ([bz) and exp ([kz), where the e†ec-J1(kr) B
z
P J0(kr)

tive radial wavenumber is k \ (a2] b2)1@2 and where J1, J0are Bessel functions.
The current, in our galactic context, is generated by the

relative shear of the two footpoints of the magnetic Ñux
loop, rooted at low Galactic latitudes. This happens for
footpoints of Ðeld lines that are anchored at slightly di†er-
ent Galactic radii. The resulting relative shear between the
footpoints results in a current which generates the toroidal
Ðeld in the Ñux rope. Following we suppose that aHP,
Galactic magnetic Ñux loop evolves between states of larger
and larger a, each of which could be considered to be force-
free. Eventually, the magnetic energy that is stored in this
system is released in the form of a Ñare.

This physical picture is akin to the well studied problem
of magnetic Ñux tubes in the tenuous solar corona (see, e.g.,

& Emslie Linear force-freeTandberg-Hanssen 1988).
models have, on occasion, been successfully matched to the
solar data. Consider the simple model in which a magnetic
Ñux loop is anchored at radii & Nakagawa^r0 (Raadu

Then, the twist angle c of the Ðeld at the top of the1971).
arcade with respect to the axis connecting the two foot-
points of the loop is

a
b

\ tan c . (4.3)

This result allows a to be found in terms of c and b which
are given by the observations (the vertical scale of the loop
is H \ 2n/b). As an example, for an observed twist of 60¡,
say, then a \ 2n tan c/H \ 10.9/H.

Our observation that the dispersion in P.A. is larger in
the di†use medium than in the clumps also appears to have
a simple explanation. Consider a turbulent medium in
which a magnetic Ñuctuation has a scale size j

B
\ 2n/k

B
.

The magnetic Ðeld direction remains coherent over a cell
(i.e., low dispersion in P.A.), but varies randomly in direc-
tion from cell to cell. One can account for our observation if
the size of such regions is independent of their surface
density (at least for the low to moderate optical depths
probed by our survey). For, in this case, when we probe a
region of low optical depth, we traverse many scale lengths

before reaching the surface of unit optical depth. Thus,j
Bthe net measured polarization, being summed over N ran-

domly oriented cells, would be lower than that of a single
cell by a factor of N~1@2 (where N is the number of cells
required to reach an optical depth of unity). Thus the dis-
persion in P.A. associated with high-density clumps will be
much lower than measurements made through the di†use
medium, as our observations demand. The concept of mag-
netic cells used here is similar to that discussed in ° 3.5
above.
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FIG. 13.ÈPosition-velocity diagram of the ACHV and ACVHV
streams. The open and Ðlled circles represent areas with column densities
as in The velocity gradient is observed in the eastÈwest direction.Fig. 11.
The spatial scale is the same than in Figs. and The location of1a, 1b, 2a, 2b.
MBM 16 is marked by dashed lines.

4.3. Kinematics
The LSR velocity of the ACVHC is plotted versus(VLSR)right ascension in for comparison. The kine-Figure 13

matical behavior of the two components : the ACVHV
stream and the ACHV stream is very di†erent. The ofVLSRthe ACHV stream increases smoothly along its length at a
rate of 0.67 km s~1 deg~1. However the of the ACVHVVLSRstream decreases rapidly at a rate of [11 km s~1 deg~1 as
it approaches the Galactic plane. The high-latitude molecu-
lar cloud, MBM 16, extends between right ascension 3h14m
and 3h26m (see and it is located close to the regionFig. 13)
where both streams cross each other in the velocity-position
diagram. The IRAS maps also show a shell structure in this
area (see associated with MBM 16. Note that at thisFig. 1)
location the magnetic Ðeld is perpendicular to the stream.

The highest speed that gas could aquire in falling back
toward the plane if it started from the top of a loop located
at Galactocentric radius is just the galactic escape speed,R0Current measurements indicate that the escapevesc(R0).speed in the vicinity of the Sun is

vesc(R0) \ 500 km s~1
& Tremaine This is more than enough to(Binney 1987).

account for most of the high-velocity clouds.
Finally, we note that according to Magnani, &Blitz,

Wandel the broad-wing molecular lines measured in(1988),
MBM 16 do not have an obvious energy source. Note,
however, that our observed high-latitude streams intersect
at the position of MBM 16. It is possible that the collision
of infalling low-density HVCs into this region could provide
the needed energy. It remains to be seen whether or not the
resulting shocks could explain the details of the spectros-
copy of MBM 16.

5. CONCLUSIONS

We surveyed the optical polarization of stars in the direc-
tion of the anticenter HV and VHV streams in the area
5h º a º 2h and 6¡ ¹ d ¹ 12¡. We divided this area into
two regions (A and B). Region A (Galactic latitude
b ^ [20¡) samples the direction toward Orion and region
B (b ^ [50¡), the high-latitude stream. We augmented our
data with the 100 km IRAS maps of the region in order to
help discriminate polarization that arises from foreground
dust from dust that is associated with the high-latitude
clouds. The IRAS Ñux is dominated by the anisotropies of
the ISM (shells of warm dust, molecular clouds, etc.) that
are observed on top of the contribution by the mean H I

distribution.
We Ðnd the following :

1. There is a correlation between the 100 km IRAS Ñux
and the percent polarization such that P(%)¹ (0.16^

which implies that0.05)F100, P(%)¹ (0.13 ^ 0.03)N20 [
0.22, where is the H I column density in units of 1020N20cm~2. This relation is similar to that derived from the corre-
lation between polarization and reddening (Spitzer 1978)
apart from the constant term. This discrepancy is likely due
to the uncertainties in the absolute calibration of the IRAS
100 km images.

2. The correlation between IRAS and polarization data
indicates that our survey is as deep as IRAS at least in the
areas corresponding to low Ñuxes MJy sr~1) and(F100 ¹ 8
to high Ñuxes MJy sr~1). The high Ñux limit(F100º 16
corresponds to region A and the outskirts of the Orion-
Monoceros complex located at a distance of 500È700 pc.
The low Ñux limit corresponds to high-latitude IRAS cirrus.
Therefore, along these lines of sight, the magnetic Ðeld
direction does not change signiÐcantly with the optical
depth and our polarization survey is as deep as the IRAS.
The intermediate region corresponds to the Ðelds A3ÈA4
and B7ÈB10 that are located in regions where many small-
scale features in the IRAS maps are detected.

3. The central Ðnding of this paper is that the Galactic
magnetic Ðeld at high latitudes is perpendicular to the
stream in region B, and especially in regions where the dis-
persion in P.A. is smaller. The magnetic Ðeld is also perpen-
dicular to the Ðlamentary high-latitude cloud, MBM 16. We
interpret this as evidence that the Galactic magnetic Ðeld
toward the high-latitude clouds is predominantly toroidal
in character, wrapping around the gas Ðlaments.

4. There is a large component parallel to the stream in
region A where the outskirts of the molecular cloud
complex of Orion-Monoceros are sampled. The magnetic
Ðeld is also parallel to the IRAS cirrus and the plume of
dust that extends to high Galactic latitudes. This indicates
that the Ðeld is predominantly poloidal nearer to the plane.

5. The dispersion in position angles of the polarization
vectors is slightly higher than 0.4 rad for both regions A and
B. This may be due to the fact that we are dealing with a
more di†use medium than clouds located closer to the
Galactic plane.

6. Our results can be interpreted in terms of an arcade of
magnetic Ñux loops that rise out of the Galactic plane and
up into the corona of the Galaxy. Such structures ought to
acquire a force-free character dominated by toroidal mag-
netic Ðeld at high latitudes. Gas contained within these Ñux
tubes drops back to the Galactic plane and this may explain
the correlation of gas density, velocity, and magnetic struc-
ture that we have uncovered in our survey.

In order to further test some of our conclusions and their
theoretical consequences, better measurements of the mag-
netic Ðeld structure toward the high-velocity clouds are
needed. In particular, one would like, by spectroscopic
observations, to have accurate distances to the background
stars used in our survey.
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FIG. 1a

FIG. 1.È100 km IRAS maps of the regions sampled in the polarization survey. (a) Region A and (b) region B. The location of the Ðelds (see isTable 1)
indicated. The overlapping of adjacent IRAS images is not good in the corners, this shows up in b where some features located at high and low delta and close
to the edges between two IRAS images are observed twice. The grayscale is set so white corresponds to a Ñux of 0 MJy sr~1 at 100 km and black corresponds
to 20 and 15 MJy sr~1 for a and b, respectively. North is up and east to the left.
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FIG. 1b
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