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ABSTRACT

We have carried out polarimetric observations to investigate the geometry of the magnetic field in the giant
molecular cloud Monoceros R2. This study is based upon deep R-band CCD polarimetry, covering a total
area of 0.5 deg? of the giant molecular cloud. The data were calibrated using a new technique that relies on
obtaining broad-band photometry of stars simultaneously with polarimetric photometry of the Mon R2 fields,
thus providing an accurate means of measuring the electric vectors of starlight which is polarized by the fore-
ground dust grains aligned by the magnetic field in the Mon R2 GMC. In this work, (1) we were able to
continuously trace magnetic field lines from the largest scales in Mon R2 to the detailed structure of the field
in the dense core, as determined from infrared polarimetry; and (2) we have found that the ambient field is
apparently modified by a large-scale structure in the Mon R2 cloud. The mean angle of polarization for the
complete sample we measured is 158°, which is roughly coincident with the local Galactic magnetic field
(155°). The dispersion in the angle of polarization is 33°, similar to that found in the Orion GMC. The disper-
sion in angle of polarization for stars located along the western side of the three CCD fields is 22°. The CCD
fields are bisected by a dense ridge of gas defining the boundary of an expanding gas shell that recent observa-
tional results at millimeter wavelengths now reveal dominates the Mon R2 GMC. Our results suggest that the
expanding shell has distorted the magnetic field lines extending from the core to the northern gas structure

comprising Mon R2.

Subject headings: ISM : individual (Monoceros R2) — ISM: magnetic fields — polarization

1. INTRODUCTION

For some time now it has been suspected that magnetic
fields play a major role in determining the mass spectrum of
stars formed in molecular clouds. Theoretical models of pro-
tostellar evolution in a quiescent environment invoke magnetic
fields as one form of cloud suppert and one which has a deci-
sive effect on the minimum stellar mass formed (cf. Shu,
Adams, & Lizano 1987; Shu et al. 1988). The magnetic field
also might act as an angular momentum damping
mechanism—a vital requirement for gravitational collapse and
subsequent star formation (Gillis, Mestek, & Paris 1974;
Mouschovias 1978). Empirical evidence of the contribution of
magnetic fields to the total energetics of molecular clouds
comes from analysis of Zeeman splitting of OH absorption and
thermal emission lines originating from moderately dense
(n ~ 103 cm~3) cloud cores (Myers & Goodman 1988; Heiles
et al. 1991, and references therein). These measurements reveal
field strengths as large as one to two orders of magnitude
greater than that measured in the diffuse interstellar medium,
indicating that magnetic fields are energetically important in
dense portions of the ISM.
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Measurement of magnetic field strengths in molecular
clouds nevertheless remains a formidable task: consequently,
efforts are usually focused on determining the direction of the
magnetic field. We may infer the sky-projected direction of
magnetic fields from magnetic alignment of rotating inter-
stellar dust grains. Although slight modifications are appar-
ently in order, the classic Davis & Greenstein (1951)
paramagnetic relaxation mechanism is generally assumed to be
the correct explanation of the grain alignment phenomenon.
Since the grains are anisotropically oriented, starlight shining
through cloud will be polarized. Thus, measurements of the
polarized far-infrared thermal emission from the dust grains
and optical and near-infrared polarization by selective extinc-
tion of background stars will give time-averaged direction of
the magnetic field (cf. Lee & Draine 1985; Hildebrand 1988).
Far-infrared polarimetry is useful for studying high-opacity
regions of molecular clouds but can be carried out only above
Earth’s troposphere. Optical polarimetry has the advantage
that it can be accomplished using modest ground-based tele-
scopes, but it has the drawback of being limited to diffuse
media and to low-opacity regions (4, < 5) of molecular clouds.
Near-infrared polarimetry has been generally limited by the
detector technology. With the advent of sensitive large-format
CCDs and near-infrared detectors, optical and near-infrared
polarimetry is now more widely applicable to the overall
molecular cloud environment.

Previous radio studies of the molecular gas in Mon R2
(Kutner & Tucker 1975; Loren 1977; Bally & Lada 1983;
Maddalena et al. 1986), as well as recent efforts (Myers-Rice &
Lada 1991; Xie 1992), and infrared surveys of the embedded
population of stars (Beckwith et al. 1976; Thronson et al. 1980;
Hackwell, Grasdalen, & Gehrz 1982) have revealed this cloud
to be a kinematically complex region undergoing vigorous
high-mass star formation. Analogous to polarimetric studies of
dense molecular clouds (cf. Dyck & Lonsdale 1979), there is
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some evidence that magnetic fields play an important role in
relatively high energy environments such as Mon R2. The
results of far-infrared polarimetry of Orion A (Novak et al.
1989; Novak, Predmore, & Goldsmith 1990) suggest that the
magnetic field possesses a substantial degree of order and has
played a role in the formation of massive stars in this GMC.
Sato et al. (1988) note that some of the flattened structures seen
in the p Ophiuchi cloud are consistent with gravitational col-
lapse along the ambient magnetic field. Likewise, optical and
infrared polarimetry of the Mon R2 core region (Hodapp 1987;
Zaritsky et al. 1987; Aspin & Walther 1990) reveal a magnetic
field geometry consistent with gravitational contraction pri-
marily along the direction of an energetically important mag-
netic field. The apparent long axis of the Mon R2 core region is
perpendicular to the average magnetic field direction, and the
field lines suggest curvature possibly due to contraction along
the direction perpendicular to the field. Furthermore, the mag-
netic field direction is parallel to the long axis of the high-
velocity bipolar molecular outflow (cf. Bally & Lada 1983; Xie,
Goldsmith, & Patel 1993) centered near the embedded infrared
cluster. A field direction—outflow axis coincidence has also
been observed in other molecular clouds (Hodapp 1984; Strom
et al. 1986). In a related study, Aitken et al. (1993) find that
most high-mass protostellar objects possess a magnetic field
direction that lies in the plane of their toroidal disks (i.e., per-
pendicular to the outflow axis). Theoretical modeling of low-
mass star formation tends to favor a scenario in which cloud
collapse starts along the magnetic field direction, forming flat-
tened structures (cf. Mouschovias 1976; Shu et al. 1987);
however, no consistent empirical evidence have thus far been
obtained to verify this (e.g., Vrba, Strom, & Strom 1976, 1988;
Heyer et al. 1986; Goodman et al. 1990; Klebe & Jones 1990;
Goodman et al. 1992). The mixed results underscore the com-
plexity of protostellar evolution in which the gas undergoes
stages of gravitational collapse and mass outflow, all the while
influenced by cloud rotation and the ambient magnetic field. In
addition to local environmental factors, the star formation
may also be influenced by large-scale events, such as shock
waves from nearby supernova or winds from OB stars. The
Mon R2 giant molecular cloud is a prime example. To date, the
most extensive view of the complex gas structure of the Mon
R2 region comes from the millimeter-wave study of Xie (1992)
and Xie & Goldsmith (1994). They found that the large-scale
structure of Mon R2 is dominated by a blueshifted (supersonic)
expanding shell with a dynamical crossing time of a few million
years.

In this paper we present CCD R-band polarimetric observa-
tions of stars located behind the Mon R2 giant molecular
cloud (d ~ 850 pc; Herbst & Racine 1976; Loren 1977). Our
goal is to investigate the overall magnetic field geometry in this
high-mass star formation region; until recently, it has not been
feasible to map magnetic fields throughout an entire GMC. By
combining techniques for studying the field in dense regions
(infrared polarimetry) with optical CCD polarimetric tech-
niques to measure the magnetic field structure at the largest
scales (this study), we may better understand issues related to
the ISM and star formation, as well the role of magnetic fields
in GMCs in relation to the Galaxy as a whole (Parker insta-
bilities, spiral density waves, etc.). We present the observations,
data and calibrations in the following section, including a brief
discussion of the new polarimetric technique used in this study.
Our method effectively circumvents problems caused by varia-
tions in the atmospheric transmission that occur on timescales
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shorter than the period of modulation of the polarization. The
basic technique is to observe the sky through a succession of
polarizers, each of which has a hole drilled through its center.
By carefully positioning the CCD array, stars located in the
center of the field are viewed without any polarizer in the light
path. The measured intensities of these stars serve to monitor
changes in atmospheric transmission. The effects of these
changes are subsequently removed from the polarization
results that are obtained for the stars that are observed
through the polarizers. In a separate paper (Novak & Jarrett
1994) we discuss in greater detail our polarimetric technique.
The results of the polarimetry are presented in § 3, followed in
§ 4 by a discussion of the magnetic field structure in Mon R2.

2. OBSERVATIONS AND DATA

The polarimetric data collected in this program consist of
optical CCD images of fields toward the Mon R2 molecular
cloud complex. The observations were carried out over a
period of three nights beginning 1992 January 24 using a Tek
2048 CCD camera mounted (f/7.5) to the Kitt Peak National
Observatory 0.9 m telescope. A summary of the physical char-
acteristics of the detector as well as the telescope can be found
in Schoening et al. (1990).

The detector configuration is as follows. Four linear polar-
izing filters, with position angles 0°, 90°, 45°, and 135°, were
loaded into a rotating filter-wheel assembly. The polarizers are
commercially available photographic filters, with one impor-
tant modification: A small hole of size 9/16 inches (1.4 cm) was
drilled out of the center of each Polaroid filter. The effective
area of the hole is ~12%-15% of the CCD field. A Cousins R¢
broad-band filter, held in a fixed position directly in front of
the filter-wheel, was employed in tandem with the Polaroid
filters and CCD to complete the polarimetric detector system.
With this configuration, roughly 85% of the CCD field is
subject to an R-band/Polaroid filter combination, while the
remaining ~ 10%-15% of the field is screened through the R
filter alone.

Three CCD fields were imaged in Mon R2 using the R-band
and Polaroid filter combination. The field areas were
~23' x 23 each, centered at these locations: (1) & = 6"05™21°,
8 = —6°22'33"; (2) 6"04™36°, —6°05'29”; and (3) 6"04™4652,
—5°39’51” (1950). In addition to the polarimetry data, V, R,
and I images were obtained for the Mon R2 fields to provide
color information, while fields which included Landolt flux
standard stars (Landolt 1983), and known polarized stars were
obtained to provide calibration information. The calibrations
are described in the following section.

2.1. Data Reductions

A series of four or five exposures were taken for each Pol-
aroid orientation, 0°, 90°, 45°, and 135°, giving a total of 16—20
images per field. Each raw CCD image was subject to bias and
dark current corrections, flat-field division, cleaned of cosmic-
ray hits and cosmetic anomalies, and corrected for atmospheric
extinction. IRAF routines were used for these corrections, and
the extinction coefficients were checked against mean site
values. The average R-band extinction coefficient was deter-
mined to be ~0.185, which is roughly a factor of 2 larger than
the mean KPNO value averaged over a ten year period or so
(G. Jacoby, private communication). This “additional ” extinc-
tion probably resulted from the tiny ice particles in the upper
atmosphere that formed SO, gas released from the recent 1991
Mount Pinatubo eruption. Next, the images were corrected for
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variations in atmospheric transmission. This correction was
determined from stars located in the center of the image where
the filter hole was aligned with the CCD field; and thus, the
intensities were subject to the R-band filter only. In this way we
are able to correct for small transmission differences between
exposures of the four polarizing filters.

The next step was to perform synthetic aperture photometry
for stars located within the portion of the CCD field subject to
the polarizing filters. For each star the aperture size was care-
fully chosen in order to minimize the uncertainties due to
Poisson effects. This step is particularly important for our data
set since the PSF varies widely across the field of view due to
optical aberrations stemming from the large physical size of the
Tek 2048 CCD array. The aperture radius varied from 4” to 8”
depending on the size of the corresponding stellar profile, esti-
mated using an elliptical Gaussian least-squares fit. The back-
ground or sky contribution was measured using an annulus of
radii 8"—11” and subtracted from the integrated stellar flux.
The precision of the sky-subtracted stellar flux measurement
was estimated from the Poisson contribution due to the star
and from the variance in the sky flux. The sky-subtracted
stellar fluxes of each sequence were then combined into the
normalized Stokes parameters, g and u, and weight-averaged
to obtain the final estimates of the Stokes parameters, § and .
Here we have followed the conventions of Serkowski (1974).
The fluxes were weighted according to the estimated precision
in the measurement. In Novak & Jarrett (1994) we describe in
detail the method we used to estimate the uncertainties that
apply to g and u. Briefly, our method was to use the weighted-
standard deviation of the individual measurements of Stokes
parameters g and u to determine the uncertainties. However,
we modified this procedure somewhat to account for the small
number of exposures at each polarization angle. The conver-
sion to the degree, P, and angle, 6, of polarization, and their
associated uncertainties, follows in the standard way.

Each star is assigned a V, R, and I magnitude based on the
broad-band images, taken at the end of the observing run.
From Landolt standards, we determine the (p—R), (r—R),
(V —R), and (V —I) color transformation coefficients, where r is
the raw R-band magnitude, and p is the raw magnitude of the
R plus Polaroid-filter combination. The photometric accuracy
of the color transformations is ~10%, which is not a major
concern since the primary focus of this study is to measure
accurate polarimetric fluxes. In addition, the V and I images
were not sufficiently deep in order to obtain V —I colors for
the faintest R-band program stars.

2.2. Polarimetry Calibrations

In order to determine the instrumental polarization, we
observed a number of unpolarized stars located in the M67
cluster, as well as one highly polarized source in the L1641
cloud of Orion. A more complete discussion is given in Novak
& Jarrett (1994).

The old Galactic cluster M67 serves as an excellent cali-
bration field owing to its close proximity (750 pc; Eggen &
Sandage 1964), abundant population, and minimal obscur-
ation (Janes & Smith 1984). The polarizations of these stars
have not been independently measured but are probably less
than 0.3% (see below). We computed the Stokes parameters for
bright stars (R < 13) located uniformly throughout the CCD
field. On average we measure 0.2% as the degree of polariza-
tion. To test the uniformity of the filters/detector combination
we divided the CCD field into eight contiguous zones, each of
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size ~7'7 x 77. The degree of polarization in each zone is
comparable to the ensemble average, and there is no indication
of a transmission gradient across the field. We conclude that
the upper limit to the instrumental polarization is <0.3%
(Novak & Jarrett 1994). Although we make no correction for
this effect in the measured Stokes parameters, we do add 0.3%
in quadrature to the estimated Stokes uncertainty AP.

As a further check of our methods and detector capabilities,
we observed the highly polarized source VSS 185 (Vrba et al.
1988, hereafter VSS) located toward the L1641 molecular
cloud. The measured R-band polarization of VSS 185,
7.3% + 0.7%, is consistent with the published visual value of
VSS, 6.9% + 0.6%, within the 1 ¢ error limit. The angle of
polarization, 70° + 4°, is within ~2 ¢ of the VSS value
61° + 1°. We conclude that the methods used in this study to
measure linear polarization of stars provide results that are
consistent with those measured using standard techniques.

3. RESULTS

Three 23’ x 23" CCD fields were observed toward the Mon
R2 region. The first field (henceforth, Mon R2 Core) is centered
on the dense core of the Mon R2 molecular cloud, and includes
as well the powerful bipolar molecular outflow observed by
Loren (1977) and Bally & Lada (1983). The second field (Mon
R2 NW) lies roughly 17’ north and 12" west of the core. The
third field (Mon R2 NN) lies roughly 42’ north and 8 west of
the core.

In Mon R2 Core we detected ~ 190 stars with S/N ratios
> 50:1. The R-band magnitudes of these stars range from 12 to
18. The bright end was constrained by the dynamic range of
the CCD. Within the central 20% of the field (subject only to
the R-filter) another half-dozen stars were detected that had
expected photometric errors <1%. These stars were used to
calibrate against variability in atmospheric transmission. Of
the total polarimetric sample, ~80 sources had measured
linear polarizations accurate to better than 3 4, or P/AP > 3.
In Mon R2 NW we detected ~ 190 and in Mon R2 NN ~250
stars with S/N ratios >50:1. Within the central 20% of the
NW field another five stars were detected that had expected
photometric errors <1%, while seven were detected in the
center of the NN field. Of the total polarimetric sample, ~95
sources in the Mon R2 NW had measured linear polarizations
accurate to better than 3 g, while ~ 57 were measured with this
accuracy in Mon R2 NN.

In order to properly trace the magnetic field structure of the
Mon R2 molecular cloud, it is essential that we isolate only
starlight which is polarized by clouds in Mon R2. Given the
distance of Mon R2 (~850 pc) we expect a large fraction of
stars in our polarimetric sample to be located in front of the
cloud, and thus polarized by the interstellar medium fore-
ground to the Mon R2 GMC. However, since the foreground
extinction is small, E(B— V) < 0.27 (Herbst & Racine 1976), we
expect the polarization due to the foreground ISM to be less
than 1% or 2%. This value is probably an upper limit given
that the Herbst & Racine extinction is an upper limit
(determined from R association stars in the Mon R2 cloud) and
that VSS measured a foreground polarization component of
less than 0.3% for the Orion GMC, which is located in roughly
the same area relative to the Galactic disk as Mon R2
(although, it is about half as distant as Mon R2). It should also
be noted that mm-wave studies of Mon R2 find no significant
clumps of gas foreground or background to the Mon R2 GMC
(Xie 1992). Following a procedure similar to that of VSS, we

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...430..743J

&

A D 14307 C

1992

L

746

estimated the foreground interstellar polarization component
by first plotting the Stokes parameters for all stars brighter
than R = 17 with (V —1I) colors <2.2. With this brightness
limit we expect more than two-thirds of the observed stars to
be located in front of the molecular cloud.” The color con-
straint eliminates heavily reddened stars, presumably located
behind the molecular cloud. Finally, the “foreground ” sample
was limited to those stars with measured AP < 0.7% to elimi-
nate objects with poor Stokes measurements. The results are
shown in Figure 1. In Figure 1a we plot the Stokes parameters
for the entire sample with AP < 2%, and in Figure 1b, we show
the sample after being culled with the “foreground” criteria.
Consistent with our expectation that the foreground polariza-
tion is small, most of the stars in Figure 1b cluster around the
origin in the g-u plane. There are a few stars with polarizations
> 1%, but this is not unexpected since distant, luminous giants
could survive this culling process, and also our sample includes
stars with 1 ¢ errors of up to 0.7%. From Figure 1b we estimate
the foreground polarization component to be g = 0.25%
+ 0.45% and u = 0.20% + 0.40%. The uncertainty in these
values is large, due in part to our inability to measure polariza-
tions less than ~0.3% (the estimated uncertainty in the instru-
mental polarization), which may also be indicative of
foreground polarization primarily due to a mixture of low-
opacity clouds along the line of sight. We correct our polari-
metric sample for the foreground polarization by subtracting
the estimated foreground component from the measured (g, u)
values of each star. Even though our estimate of the fore-
ground component is poor, this value is still small compared to
the overall Stokes uncertainties: the foreground subtraction
changes the angle of polarization by <5°, typically less than
1 o of the estimated intrinsic uncertainty in 6.

Accordingly we restrict the foreground polarization cor-
rected sample to only those stars with measured polarizations
greater than 1% and P/AP > 3. The results of the foreground-
corrected polarization measurements for these stars are given
in Table 1. The coordinate positions are accurate to 10"—15".
The estimated photometric error of the V, R, I photometry is
~10%. In Figure 2 we plot the R-band polarization vectors for

7 The stellar number densities are estimated from a Galactic stellar distribu-
tion model (Jarrett 1992).
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FiG. 1.—Stokes parameters, q and u, corresponding to (a) stars with AP < 2%, which effectively represents the entire sample, and (b) stars brighter than R = 17,
(V —I) colors <2.2amd AP < 0.7%, criteria used to isolate stars located foreground to the Mon R2 cloud.
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the Mon R2 Core sources. The E vectors are overlaid on the
R-band CCD image of the Mon R2 Core region. The length of
the electric vectors is proportional to P. The large circle
denotes the area of the field corresponding to the hole in the
Polaroid filters; stars located within the encircled area were
used only for flux calibration. Also shown in Figure 2 are the
I-band and K-band polarization vectors measured by Hodapp
(1987) for the central 3’ region of the cloud core (and located
within our “hole” area). The Mon R2 bipolar molecular
outflow long-axis direction (Bally & Lada 1983) is indicated
with arrows directed toward the northwest (blueshifted gas)
and southeast (redshifted gas). Likewise, the R-band polariza-
tion vectors for the sources located in the Mon R2 NW and
NN fields are plotted in Figures 3 and 4, respectively.

3.1. The Polarization Mechanism

The goal of this study is to measure the component of star-
light polarized by magnetically aligned grains in the Mon R2
molecular cloud. This opertation is complicated by not only
the foreground extinction but also the fact that there are two
additional components of polarized starlight that are both
independent of magnetic fields. We consider two alternative
polarization mechanisms: (1) polarization by scattering of star-
light from interstellar dust associated with the extended Mon
R2 cloud, and (2) intrinsic stellar polarization.

First we consider scattering by dust in Mon R2. With the
local young stellar cluster providing the starlight and the dense
filamentary gas structures acting as an efficient reflector, the
dominant form of polarization is undoubtedly from a scattered
light component. Indeed, it is evident from our deep broad-
band CCD data that scattered light is abundant in the Mon R2
region. However, it is not likely that the net or integrated
polarization we measure for stars includes an appreciable scat-
tered light component. Our method of measuring the polariza-
tion of stars relies upon a local background subtraction via
aperture photometry. The typical size of a photometry aper-
ture is ~ 10", and the circular annulus used for the sky subtrac-
tion extends another 5” from this boundary. Thus, any
scattered light measured in the aperture will exactly cancel the
scattered light measured in the local sky annulus, unless there
is a strong spatial gradient, over roughly a few arcseconds in
the scattered light. If, as we hypothesize, dust grains are mag-

10 prrmr gy e
(b) '
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FIG. 2—R-band polarization vectors corresponding to Table 1 sources overlaid on R-band CCD image of the Mon R2 Core region. The length of the electric
vectors is proportional to P(%). The large circle denotes the area of the field corresponding to the hole in the Polaroid filter. The I-band and K-band polarization
vectors (Hodapp 1987) for the central 3 region of the cloud core are also shown. The Mon R2 bipolar molecular outflow long-axis direction (Bally & Lada 1983) is
indicated with arrows directed toward the northwest (blueshifted gas) and southeast (redshifted gas).

netically aligned, then starlight passing through the cloud will
be dichroically absorbed by the grains; the resulting polariza-
tion can be measured with respect to the local background
radiation, irrespective of the Rayleigh-scattered polarized light.

We have argued that our method is insensitive to diffuse-
scattered light. Nevertheless, we are still vulnerable to highly
polarized light from young stars associated with the star-
forming cluster. The source of this polarization is probably due
to local scattering from a dusty circumstellar/envelope struc-
ture. Given that none of our 3 ¢ detections are identified with
IRAS point sources, our observations are probably not sensi-
tive enough to detect very many of these (typically) heavily
embedded objects. Next consider intrinsic stellar polarization
in field stars. Intrinsic polarizations of up to 1%—2% have been
observed in late-type giants (cf. Dyck, Forbes, & Shawl 1971).
As in the case of young stellar objects, the polarization mecha-
nism is most likely related to scattering from an anisotropic
media associated with the evolved star. Based on the large
degree of polarization for the Mon R2 stars (see Table 1), the
relative contribution from evolved giants is essentially negligi-
ble, or at worst it adds a small dispersion to the measured
angle of polarization.

Finally, we expect few of the sources in Table 1 to belong to
the stellar population lying foreground to the Mon R2 cloud.
As noted above, foreground stars should have small (<1%)
polarization since the line-of-sight extinction is most likely less

than 14,. Moreover, the extensive polarimetric measurements
of Mathewson & Ford (1970) for bright stars near the Mono-
ceros region (and thus representative of the field star popu-
lation, including nearby stars and distant giants) generally do
not show polarizations greater than 1%.

3.2. Polarization and Visual Extinction

In order to better understand the relationship between
polarization via selective optical extinction of starlight and the
intervening, aligned dust grains in the Mon R2 molecular
cloud, we construct a polarization-extinction, P versus A,
relation. Extinction due to the molecular clouds was estimated
for the three fields using CO molecular gas column density
measurements.

A very good tracer of the dust extinction is the molecular gas
column density. The gas column density is typically estimated
from CO J = 1-0 emission line data. Xie (1992) estimated the
visual extinction of the Mon R2 GMC using !3CO column
densities. The gas column densities were estimated from 12CO
and '3CO (the latter was acquired by Bally, Langer, & Liu
1991) using the LTE method (Dickman 1978). Even though
there is a fair amount of uncertainty in the absolute conversion
to A,, the relative extinction should be reliable for moderate to
high opacities.

The resultant visual extinction values range from 1 to 20
mag. The relative extinction values corresponding to the stars
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FIG. 3—R-band polarization vectors corresponding to Table 1 sources overlaid on R-band CCD image of the Mon R2 NW region. The symbols used are

described in Fig. 2.

with 3 ¢ polarizations are given in the last column of Table 1.
Figure 5 shows the P versus A, relationship for the Mon R2
stars in Table 1. Also shown in Figure 5 is the P/A ratio
adapted from the Serkowski, Mathewson, & Ford (1975) rela-
tion: P, (%) < 9.0E(B—V), which represents the empirical
upper limit observed for stars in the field (i.e., corresponding to
the diffuse interstellar medium). Here we assume a value of 3.2
for the ratio to total selective extinction and use Serkowski’s
P(2) versus P,,,, law, relating P, to Pg, where we assume 4, is
near A, (see also Hiltner 1956; Clayton & Carelli 1988; Klebe
& Jones 1990). Although there is significant scatter in the P to
A relationship in Figure 5, there are no points for which the
ratio has a value much greater than 2.9, suggesting that the
grain alignment mechanism in Mon R2 is probably similar to
that functioning in the general interstellar medium. The overall
P-A trend, although very weak, is that of increasing polariza-
tion with extinction, in which the peak polarization occurs for
A, ~ 6. For heavily obscured regions of the Mon R2 fields, the
polarization appears to be decreasing or at least remain flat
with increasing extinction. The scatter in the relation is also
increasing with opacity. These results are similar to those
found in other polarimetric studies of molecular clouds (cf.
Vrba et al. 1976; Klebe & Jones 1990). It has been hypothe-
sized that a flattening in the P-A, relation is related to the dust
grains themselves; for dense regions the efficiency of polariza-
tion is lower relative to more diffuse areas of the cloud. Clayton
& Cardelli (1988), for example, have argued that the flattening

seen in the P-A, relation at large 4, may be due to a grain
population with increasing physical sizes via coagulation of
small dust grains—the signature being an increasing ratio of
total-to-selective extinction R,—which is less efficient at
dichroically absorbing starlight.

In a related issue, Jones (1989) and Jones, Klebe, & Dickey
(1992), among others, have demonstrated with numerical
models that the degree of polarization, as well as the dispersion
in the direction of polarization (Myers & Goodman 1991), may
be influenced primarily by the line-of-sight column density of
the polarizing dust grains (which Jones et al. 1992 assume are
in perfect alignment) and magnetic field geometry. An impor-
tant assumption that these models adopt is that the magnetic
field is composed of a uniform and random component. The
basic idea is that as the starlight passes through the molecular
cloud it encounters clumps of gas, each of which is coupled to a
nonuniform (or random) component of the ambient magnetic
field. Thus, there is a characteristic scale length corresponding
to an opacity at which the random component of the magnetic
field decorrelates. In this way, the large scatter seen in Figure 5
may be related to a changing magnetic field geometry as the
line-of-sight extinction increases, where the decorrelation
opacity is of order 24,. In summary, we have suggested alter-
native mechanisms that might explain the observed weak
correlation between P and A4,. In previous sections, we have
argued that our measurements determine magnetic field direc-
tions within the Mon R2 cloud, with the qualification that
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F1G. 4—R-band polarization vectors corresponding to Table 1 sources overlaid on R-band CCD image of the Mon R2 NN region. The symbols used are
described in Fig. 2.
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F1G. 5—Percentage polarization vs. visual extinction for stars observed through the Mon R2 cloud (Table 1). Also indicated is the P/A upper limit observed for
field stars observed through diffuse interstellar clouds.
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TABLE 1
MONOCEROS R2 LINEAR POLARIZATION MEASUREMENTS FOR STARS WITH P > 1% AND P/AP > 3
a (1950) 8 (1950) P AP a (1950) 8 (1950) P AP
hhmmss ddmmss V V-R R-I % % 8° o) A) hhmmss ddmmss V VR R % % 8° o) A)
06 05 40.4 63340 161 12 09 30 0.5 140.5 4.8 32 06 04 37.9 61621 16.6 19 1.5 32 04 126.4 25 59
06 05 42.0 63335 180 12 67 19 125.6 58 32 06 04 45.5 61618 156 21 1.7 41 04 133.7 1.6 6.6
06 04 41.9 63312 143 1.8 14 56 03 148.3 0.5 6.8 06 04 13.0 616 9 15.6 14 12 19 04 165.2 3.2 57
06 05 16.1 63238 168 12 28 09 152.7 84 4.6 06 04 19.4 6152 172 1.1 12 53 0.6 157.7 29 6.0
06 04 40.4 63238 174 1.5 80 1.1 154.8 34 1.0 0604 1.5 614 0 16.8 1.8 1.5 44 0.5 165.0 24 5.0
06 05 3.9 63228 154 1.0 09 28 04 130.6 2.0 6.5 0605 1.2 61334 166 09 09 32 04 162.0 29 3.0
06 04 38.9 63227 158 14 58 0.5 156.1 1.8 8.2 06 03 50.8 61332 144 06 06 1.1 03 26.1 15 19
06 04 34.1 63215 162 4.6 05 170.1 22 73 06 04 4.8 61329 168 15 14 69 0.5 167.9 1.5 58
06 05 44.5 63213 173 09 37 1.0 106.9 54 3.8 06 04 9.7 61313 171 13 1.0 51 0.5 160.8 1.8 4.8
06 05 33.4 63150 154 12 10 25 04 137.0 3.1 48 06 04 20.7 61257 174 1.1 09 21 0.6 157.5 6.2 4.2
06 06 3.1 63132 157 08 06 22 0.6 127.6 13 29 06 04 6.7 61240 182 3.7 12 25 25 46
06 05 44.9 63118 173 09 44 1.0 1325 3.1 33 06 04 48.8 61228 140 1.6 14 24 03 153.2 13 4.7
06 05 33.7 631 6 17.5 1.0 48 12 147.9 6.2 48 06 04 19.5 61222 170 1.0 1.0 32 05 163.2 43 48
06 04 52.3 63036 16.8 09 46 0.7 143.6 33 53 0605 7.8 61213 181 34 1.1 179.4 8.7 34
06 05 48.7 63013 16.7 0.9 08 27 0.7 133.1 19 29 06 04 51.5 612 5 182 16 52 1.2 135.8 54 4.7
06 04 48.1 62934 163 12 0.9 19 0.5 123.2 4.0 517 06 04 56.8 61131 158 14 16 13 03 83.3 25 3.6
06 05 21.6 629 1 16.7 13 39 0.8 167.0 52 5.0 0604 5.0 61124 167 13 14 63 04 169.5 12 4.7
06 04 51.6 62855 160 1.5 14 31 04 139.8 25 102 06 04 9.6 61042 166 23 19 81 04 162.8 0.8 8.7
06 06 1.0 62846 173 08 32 1.0 149.8 8.0 35 06 03 50.9 60824 162 13 12 26 04 162.2 33 1.0
06 05 47.9 62828 177 1.0 65 1.8 1409 10.0 34 0604 11.5 60820 159 1.8 16 57 04 164.9 0.9 6.6
06 06 03 62825 163 0.9 08 35 0.6 126.6 48 35 06 03 57.7 60742 155 14 12 28 03 167.2 1.0 40
06 05 55.7 62818 179 09 59 1.6 142.6 6.6 37 06 03 53.4 60735 151 0.9 08 27 03 171.7 0.7 2.7
06 05 55.2 628 0 17.6 08 176 1.6 0.6 6.1 37 06 03 49.9 -6 07 31 17.2 1.2 08 23 0.6 168.8 63 32
06 06 0.8 62655 154 13 14 12 04 99.1 55 34 06 05 16.2 60655 178 13 39 1.0 11.1 1.7 63
06 05 57.7 62644 152 1.6 15 42 04 128.8 24 55 0605 0.5 60654 17.1 14 14 1.6 05 175.1 8.1 4.6
06 04 35.9 626 0 15.6 22 0.4 162.6 28 4.7 0604 54 60635 175 14 12 36 0.7 173.9 39 35
06 05 46.8 62536 154 13 1.1 2.1 0.5 379 54 102 06 03 55.3 60546 175 22 15 45 0.7 177.8 52 53
06 04 43.9 62523 165 14 37 0.6 149.1 35 8.2 06 03 53.4 60424 176 26 1.5 3.1 0.8 177.6 5.1 39
06 06 2.4 62510 163 1.7 23 0.6 127.2 79 4.0 06 04 14.4 604 1 182 45 12 164.9 52 5.0
06 04 37.5 62510 164 12 1.0 28 0.7 155.6 6.0 33 06 03 56.1 60359 166 15 13 28 0.8 14 14 35
06 04 43.0 62460 154 13 1.1 24 04 1443 5.1 54 06 03 51.1 60354 169 09 09 1.8 0.5 1733 712 2.6
06 04 38.3 62420 166 12 10 28 0.7 153.1 6.3 24 06 05 0.0 60317 173 1.6 12 31 0.6 159.9 36 4.1
06 05 56.0 62310 180 1.1 6.1 19 712 15 73 06 04 6.4 60310 172 1.0 1.0 45 0.7 163.6 4.7 3.0
06 05 48.2 623 5§ 18.0 1.1 52 18 80.9 7.1 4.6 06 04 56.7 60152 155 17 14 36 04 174.2 13 24
06 05 45.5 62037 163 15 25 0.6 168.5 74 6.4 06 03 51.7 60148 156 1.0 0.9 1.6 03 163.0 23 3.0
06 05 41.5 61842 166 09 09 438 1.1 39.4 8.1 9.4 06 03 50.0 60140 173 1.1 1.0 20 0.6 179.6 55 33
06 04 36.2 61838 165 1.2 37 0.6 128.0 3.7 51 06 03 52.1 60132 174 1.5 1.0 25 0.7 160.5 14 3.0
06 05 53.9 61810 16.1 12 1.1 26 0.5 61.9 56 55 0604 7.4 -6 0121 17.1 1.7 12 23 0.5 155.1 53 41
06 04 35.0 61654 149 1.1 03 75.1 3.0 4.8 0605 34 601 1 17.8 1.0 10 32 0.9 1.7 82 32
06 04 38.8 61630 166 1.5 38 1.0 127.2 9.8 59 06 04 57.3 60032 176 13 1.0 34 0.8 170.6 6.8 35
06 05 28.1 61630 160 1.7 14 42 0.5 32 36 44 06 04 21.6 60025 155 1.0 0.8 14 03 149.3 35 35
06 04 46.4 61628 155 21 1.7 36 0.4 130.2 22 6.6 06 04 22.7 60014 164 1.0 09 24 0.4 155.8 2.8 35
06 05 51.2 61626 164 14 92 0.5 56.2 1.0 13 06 04 12.6 60011 17.6 1.0 09 29 1.0 157.7 92 43
06 05 21.0 61555 173 15 56 1.0 66.0 34 15 06 04 58.7 -6 00 01 53 1.6 12 16 03 170.1 2.8 35
06 04 53.9 61554 18.1 16 6.1 2.0 150.9 74 14 06 04 31.4 55938 16.7 1.1 13 19 0.5 102.2 63 58
06 05 29.1 61522 1638 12 31 0.9 7.1 8.6 32 06 04 18.5 55914 171 1.0 09 22 0.6 147.4 8.6 14
06 05 56.7 61519 168 19 96 1.1 355 4.1 6.5 0604 9.5 -55911 17.5 13 1.1 35 0.7 148.1 56 58
06 05 28.3 615 1 159 14 12 43 04 15.9 12 32 06 04 44.8 559 2 182 1.0 14 59 13 141.6 7.8 45
06 05 23.4 61427 138 1.0 09 5.1 03 36.1 0.2 52 06 04 15.1 558 8 17.2 1.1 10 20 0.6 1479 53 24
06 05 27.9 61418 138 09 08 37 03 10.1 0.7 22 0604 5.2 -558 8 16.6 1.0 1.1 33 0.4 156.1 19 32
06 05 45.9 614 8 155 13 1.1 24 0.4 239 2.1 1.8 06 04 55.2 55757 182 5.1 1.2 168.2 52 3.1
06 05 44.3 61348 149 15 13 19 03 0.5 1.7 19 06 03 51.3 55747 176 19 42 0.8 139.7 25 42
0605 2.1 61344 166 09 09 25 0.7 170.7 7.0 3.0 0604 9.5 -55743 17.7 19 12 25 0.8 143.8 6.8 20
06 05 27.6 61329 157 1.0 1.0 44 04 134 15 1.8 06 04 55.5 55729 168 1.1 08 25 0.5 175.4 38 1.6
06 05 27.6 61248 167 12 40 1.1 393 7.8 2.0 06 04 25.3 55714 170 12 13 32 0.6 1559 4.1 4.1
06 04 49.7 61238 140 16 14 24 03 147.2 12 4.7 06 04 15.2 55656 142 1.0 09 23 03 150.1 12 29
06 05 20.7 61231 17.5 1.1 35 1.1 09 105 53 06 05 13.6 -55653 17.6 12 1.1 25 0.8 106.5 6.4 37
06 04 9.1 61655 164 4.1 04 174.6 12 6.8 06 05 13.6 -5 5653 17.6 12 1.1 25 0.8 106.5 6.4 37
0605 6.9 55650 15.8 0.9 09 1.8 04 17.4 38 25

these magnetic field directions are projected onto the plane of
the sky and averaged along the line of sight to each star.
Finally the P-A, relation in Mon R2 implies that we cannot be
certain which density regimes within Mon R2 are being
sampled by our measurements.

3.3. General Features in the Polarization Field

In this section we discuss the main features that are evident
in our data. For clarity, in Figure 6 we combine the E vectors
for the three polarimetric fields, Core, NW, and NN (denoted

by large boxes). Also shown in Figure 6 is a gray-scale render-
ing of the '>CO J = 1-0 peak antenna temperature for the
Mon R2 core and vicinity. In Figure 7 we show the angle of
polarization distributions for the three individual fields and the
combined (“all ) field result. The histograms are plotted for 8
between 90° + 90°. The peak in the combined distribution
occurs at a position angle of about 160°. For the remaining
analysis we compute 6 between 160° + 90°. Using the conven-
tion of Myers & Goodman (1991) in which the dispersion in
the angle of polarization is measured by fitting a Gaussian to
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TABLE 1—Continued
a (1950) 8 (1950) P AP
hh mm ss dd mm ss \4 VR R-1 % % 0° o0 AN

0604 92 -55622 152 1.0 09 12 03 1351 33 22
0603569 -55552 178 13 14 27 09 1760 38 31
0604 12 55550 181 .. 36 11 1587 52 43
0604366 -55543 171 15 14 27 06 1627 57 1.7
0605 56 -55539 173 1.1 09 26 06 122 61 36
0604 10 55515 185 .. 53 1.6 1693 104 43
0604180 -55411 180 .. 14 32 10 771 91 26
0605155 5546 160 11 08 1.6 05 663 60 34
06 04 10.1 5542 164 13 09 13 04 1638 47 27
0605167 61537 180 .. 72 1.5 1778 21 131
0604103 61518 175 22 16 82 14 1570 50 74
0603517 61253 134 14 12 20 03 1681 27 30
0604 92 55046 135 1.1 10 23 04 1555 45 38
0604179 55043 149 08 08 15 04 1605 54 32
0605176 -55029 151 1.1 11 15 03 1001 3.0 49
0604326 -5509 150 12 11 18 04 1527 55 17
0604441 54953 154 1.0 08 13 04 950 66 1.8
0604522 -54912 168 .. 08 32 09 317 85 25
0605221 -54838 152 .. 13 21 03 1778 33 14
0604200 5485 141 09 09 19 04 1515 66 35
0604163 54756 153 10 09 19 05 1498 64 3.1
0604235 54755 145 18 15 29 04 1537 35 43
0605104 -54738 173 .. 07 41 14 1769 36 16
0604227 -54735 134 05 05 12 03 696 64 43
0604202 -547 7 151 08 08 14 03 1504 52 43
0604312 -54658 153 08 07 14 03 1660 39 47
0605138 -54641 165 .. 07 21 07 893 71 13
0604147 54559 126 10 09 15 03 1472 438 1.1
0605148 54544 160 07 07 18 06 294 70 12
0604589 54530 169 .. 06 36 11 223 84 14
06 04 0.5 5453 154 08 08 14 04 1410 73 21
0604194 54456 157 10 1.0 35 04 1743 18 29
0605266 -54413 165 .. 12 26 07 146 83 1.7
0605260 -54116 149 08 07 22 03 245 34 10
06 04 19.3 542 161 09 08 19 05 1565 59 3.1
0604 7.8 54055 129 25 1.2 03 1026 48 40
0605246 53917 145 06 06 11 04 342 89 14
0604223 53823 132 10 09 12 03 1553 31 29
0604229 -5386 138 04 05 12 03 1537 34 29
0604 11.1 53647 159 09 08 17 05 1558 69 28
0604 72 -53537 143 05 05 11 03 1605 38 15
0604299 -53534 157 12 11 33 04 1515 11 31
0604350 -53435 161 07 07 19 05 1602 52 55
0604103 -53337 155 06 06 14 04 1599 51 27
0604332 -53320 162 08 08 25 06 1405 42 39
06 04 28.1 5335 174 .. 1.1 47 15 1348 81 44
0604318 -53233 160 .. 07 30 05 1234 33 30
06 05 8.7 52947 143 .. 20 33 04 1559 28 47
0605246 -52938 142 09 07 21 04 368 56 42
0605211 52911 159 .. 08 19 0S5 346 64 87
0605239 -52831 170 .. 07 46 10 78 59 84
0605235 -543 6 158 .. 09 22 06 423 9.1 1.2

Notes.—The coordinate positions are accurate to 10"-15". The estimated
photometric errors of the (V, R¢, Ic) photometry is ~10%. The degree of
polarization, P, and its uncertainty, AP, are expressed as percentages. The
angle of polarization, 6, and its uncertainty, o(6), are expressed in degrees
counterclockwise from position angle 0° (north). The visual extinction, A(V), is
estimated from the molecular gas column density in the Mon R2 GMC.

the distribution of polarization angle we find that 6, = 159°
+ 1° and s = 0.37 + 0.01 for the combined fields (Fig. 8a;
Gaussian fit is denoted by the dotted line), where 6 is the
Gaussian center and s is its 1 ¢ width (in radians). Note that we
have fitted only the Gaussian-like feature in the distribution,
when in fact it is clear that the distribution has non-Gaussian
side “wings.” The statistical mean in the distribution is 158°
and the standard deviation is 33°. In contrast to these results,
it is apparent that in the western half of each of the three fields
(see Fig. 6) there is a substantial degree of uniformity in the
projected direction of the magnetic field. Figure 8b shows the
distribution of the position angles for the data set consisting of
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the western halves of the three fields. A Gaussian least-squares
fit yields 0 = 158° + 1° and s = 0.24 + 0.01, while the sta-
tistical mean is 157° with a standard deviation of 22°, which we
point out is roughly coincident with the Galactic plane, at
~155°.

In the eastern halves of the three fields, the directions vary
much more than the western halves. Even in the eastern halves,
however, some order is apparent. The southeastern quadrant
of the Core field and much of the eastern half of the NW field
show continuity with the adjacent portions of the western
halves of these fields (see Fig. 6). However, most of the data for
the eastern halves show position angles that are very different
from the position angles that characterize the western halves of
the fields. The northeastern quadrant of the Mon R2 Core field
is perhaps the most dramatically discordant example, with
large values of the degree of polarization, and position angles
approximately orthogonal to those seen in western halves (see
Fig. 7 “core ™).

Smaller scale maps of the magnetic field in the core of Mon
R2 have been made by Zaritsky et al. (1987), who measured
R-band polarization within a 9’ x 9’ region approximately
centered on the core, and Hodapp (1987), who mapped the
I-band and K-band polarization of the central core of Mon R2
(the polarization vectors are shown in Fig. 2). Hodapp uses his
data to draw a number of conclusions about the role of the
magnetic field in Mon R2. Specifically, he argues that the direc-
tion of the minor axis of the cloud, the rotational axis, and the
average magnetic field direction are all coincident, and that the
overall picture is consistent with simple theoretical scenarios of
magnetically diluted gravitational contraction. Hodapp
further notes that the bipolar outflow from the core of Mon R2
follows the magnetic field lines.

Our data sample a much larger region than was mapped by
either of the two polarization studies mentioned above. At first
glance, our results seem to support the arguments of Hodapp.
This is because (a) they show that the inferences made by
Hodapp concerning the large-scale field orientation hold true
as one extends the field lines out from the small region he
mapped to the larger region encompassed by our Core field
(see Figs. 2 and 6), and (b) this NW-SE orientation is preserved
even on the largest scales, if one considers only the western
halves of the fields. However, the results we have obtained in
the northeast quadrant of the Core field do not fit in with
Hodapp’s picture of a collapsing cloud core in a uniform mag-
netic field. It seems that the field geometry in Mon R2 is suffi-
ciently disturbed (as least near the core) to make it very difficult
for one to convincingly explain isolated features in the mag-
netic field by analogies to simple theoretical models that were
developed from studies of gravitational collapse in a uniform
magnetic field. As we will show below, there is some evidence
that a large-scale shock wave has substantially influenced the
magnetic field geometry in Mon R2.

Previously we made a small correction to our measured
polarizations to account for the effects of foreground material.
While there is some uncertainty in this correction, we argue
that the effects of this uncertainty on our data are reasonably
small. Thus, we believe that most of the features in our polar-
ization map are due to magnetic alignment of dust grains in the
Monoceros R2 giant molecular cloud. For any given feature,
however, it is difficult to eliminate the possibility that the
polarization is due to foreground material. Because we believe
that it is likely, however, that the foreground contribution does
not have a significant effect on the gross features that we have
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north.

discussed in this section, we will proceed, in the following
section, to discuss these gross features under the assumption
that they do represent magnetic field geometry in the Mon R2
cloud. Finally, it must be emphasized that polarimetric mea-
surements and subsequent interpretation of the magnetic field
structure is limited to the plane of the sky.

4. DISCUSSION

It is evident that the inferred magnetic field structure of Mon
R2 is far from simple. Polarimetry of the three CCD fields
presented in this work reveals an overall structure common to
each field but with significant differences. These nonuni-
formities are possibly related both to small-scale changes in the
gas associated with massive star formation and to the large-
scale alteration of the cloud geometry by a shock-compressed
gas shell. For the sake of clarity, we consider these issues
separately.

4.1. Small-Scale Field Structure

The “Core” region—the location of one of the most ener-
getic and complex bipolar outflows observed in molecular
clouds and the site of recent high-mass star formation—is
characterized by a significantly distorted field structure (see
Figs. 2 and 6). This distortion appears to extend from the dense
cloud core out to the boundary of the core region. It is signifi-
cant that there is continuity between our optical polarimetry
and the infrared polarimetry of Hodapp—which presumably
probes deeper (in opacity) into the molecular cloud. This
implies that both sets of polarization vectors are tracing the
same gas structure, or, less likely, that the magnetic field
remains unchanged between the low- and high-opacity regions.
This same effect has also been observed in other dark clouds
(cf. Goodman et al. 1992; Klebe & Jones 1990) but is not well
understood.

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...430..743J

No. 2, 1994

T S — B

# stars

MAGNETIC FIELD STRUCTURE IN MON R2 753
-
10 4
5} 4

10

""Core"

# stars
o
Ll

0 50 100 150
6 (degrees)

20 E
3 TNWY 4

el 1 U S Y 1

0 50 100 150
6 (degrees)

F1G. 7—Distribution of angle of polarization, 6 (degrees), for the Mon R2 sources (Table 1) given as histograms

As briefly discussed in the previous section, recent theoreti-
cal work shows that a distorted magnetic field is not an unex-
pected result in the event of cloud collapse. As noted in the
review by Shu et al. (1987), in supercritical cloud collapse the
magnetic forces are overwhelmed by the cloud gravitational
forces resulting in a bending of the magnetic field, and subse-

# stars

1 1

quently, amplification of the field strength. The tension
between the magnetic field lines tend to oppose the inward fall
of gas so that the gravitational collapse is effectively “diluted.”
However, this configuration is eventually relaxed via ambi-
polar diffusion, and the magnetic forces are no longer dynam-
ically important.
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FiG. 8 —Distribution of angle of polarization for (a) all three fields combined and (b) the combined western halves of the three fields. A Gaussian fit (dotted line) to
the distributions yields 6y = 159° + 1°,s = 0.37 + 0.01 for the combined fields, and 6 = 158° + 1°,s = 0.24 + 0.01 for the western-only half-fields.
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There are a number of factors that potentially confuse the
simple picture described above. These are all related to the fact
that the physical environment of the Mon R2 cloud core is far
from quiescent (as was once thought). In addition to turbulent
gas motions, the dense core of Mon R2 possesses a massive
bipolar molecular outflow, ~10*7 ergs (Bally & Lada 1983), by
far the dominant energy source in the core. An outwardly
radial-directed wind from the young object may transfer
enough energy to the local surrounding media that it functions
as the dominant form of cloud support (relative to gas turbu-
lence or the magnetic field). It is interesting to note that the
projected bipolar outflow axis and the projected magnetic field
direction are along the same direction, which suggests a
common physical origin. One possibility is that the outflowing
gas from this object is preferentially expanding along the mag-
netic field—which is also coincident with the direcion of the
largest gas density gradient. We have emphasized the latter
point since the connection between the magnetic field and the
outflow may only be indirect at best. As previously discussed in
§ 3.2, the inferred correlation between the observed polariza-
tion and the magnetic field geometry is complicated by the fact
that the opacity in this region is large. As seen in the R-band
images and in the molecular gas column density map, there are
many dark clumps and filaments observed in projection across
the Mon R2 field, and thus we are potentially measuring the
integrated dichroic absorption of starlight through different
magnetic field geometries along the line of sight of the molecu-
lar cloud. If the magnetic field decorrelation length is some-
thing like 1 or 24, (as suggested by Jones et al. 1992 as typical
for molecular clouds) then the polarized light we measure
should represent from as low as one to as high as four different
field directions (in the random component of the field) and the
dispersion in the angle of polarization from star to star should
be correspondingly low to high. In the most extreme case, the
polarization direction is dominated by the gas column density
and less so by the underlying magnetic field structure. Instead
of a distorted magnetic field morphology, the complex polar-
ization in the northeast quadrant of the Core field may instead
reflect the complex clumpy gas structure in this area. More
likely, however, the angle of polarization we measure in this
area represents some combination of a modified magnetic field
structure and opacity effects, both associated with the embed-
ded YSO cluster in the core of Mon R2 (and possibly related to
a shock wave; see below). Empirically, we find that the total
scatter seen in the distribution of angle of polarization for the
“Core” field, s =040 + 0.02 rad, is comparable to values
measured in other active star formation regions (cf. VSS;
Myers & Goodman 1991).

In the remaining areas of the Core field and in the western
portions of the Mon R2 NW and NN fields, we find that the
dispersion in the angle of polarization is much smaller, from
0.21 to 0.25 radians (e.g., Fig. 8b), which is comparable to that
measured in less vigorous star-forming regions such as Taurus-
Auriga (cf. Heyer et al. 1986; Myers & Goodman 1991). This
result seems to suggest that the polarization vectors are tracing
a uniform magnetic field structure, as least for the western
portions of the three Mon R2 fields.

It is remarkable that the larger part of the magnetic field in
Mon R2 appears to be azimuthal with the Galactic plane. This
result is in accordance with the Parker instability (Parker
1966), where molecular clouds weigh down the magnetic field
and constrain its structure along the plane of the Galaxy.
Notably, this is not seen quite so clearly in Orion (VSS),
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another giant molecular cloud often connected with Mon R2
due to their unusually large dislocation from the Galactic
plane. Some authors (cf. Franco et al. 1988) have proposed
models explaining the common origin of the Mon R2 and
Orion giant molecular clouds, while also directly or indirectly
relating this “event ” with that of Gould’s belt. Notwithstand-
ing the complexity of Orion’s magnetic field structure, the coin-
cidence of the magnetic field direction in Mon R2 and the
Galactic plane direction is significant and needs to be investi-
gated in other GMCs.

4.2. Large-Scale Field Structure

Recent observational results at millimeter wavelengths
reveal that an expanding gas shell now dominates the Mon R2
GMC (Xie 1992; Xie & Goldsmith 1994). The expanding gas
bubble is immense, ~3° in diameter (crossing time of 5 x 108
yr), with a projected center (origin) ~ 30’ east of the cloud core
and located behind the bulk of the Mon R2 cloud. The esti-
mated mechanical energy of the shell is 10*3-10*° ergs. The
western front of the bubble shell, corresponding to high-
density gas >10* cm™3 moving at 3.5-45 km s7!
(VLSR ~ 11-14 km s !), is clearly seen as an opaque ridge in
our Mon R2 NW and NN fields (Figs. 3 and 4). The authors
argue that the main central core, including the outflow and
embedded stellar cluster, forms a “peninsula” structure
extending into the cavity or postshock region (see Fig. 6). The
cavity side, oriented toward the east relative to our three
polarimetric fields, is characterized as a hot low-density
medium with H, densities less then 100 cm ~3. The eastern side
of Mon R2 NN (Figs. 4 and 6) most dramatically illustrates the
low extinction cavity region.

Since the magnetic field is coupled to the gas, the B field
geometry should also be modified by the expanding gas shell.
Shock waves can alter the velocity field and can deposit energy
into the medium—either of these two mechanisms can result in
a distorted field in the postshock region. The radio data
provide compelling evidence that the large scale gas structure
of Mon R2 has undergone asymmetric compression. It can be
seen from Figure 6 that a curving ridge of dense gas extends
northward from the core (southernmost box) through the
center of the NW field and diagonally through the eastern side
of the NN field. Figure 6 nicely illustrates the continuous,
magnetic field structure slowly curving along the western side
of the three CCD fields. Unfortunately, the gas kinematics are
sufficiently complicated along the western shock front of Mon
R2 (partly due to projection effects) that it is not altogether
obvious which regions to the west of the opaque dust ridge
(which we identify as the expanding shell) have been affected by
the compression wave.

In principle the magnetic field distortion resulting from a
shock wave depends on the angle between the ambient field
direction and the shock front. The component of B parallel to
the shock front is compressed and amplified, while the orthog-
onal component does not change. The supersonic expanding
gas shell originates from a location east of three polarimetric
fields. As already noted there appears to be significant distor-
tion in the magnetic field within Mon R2 Core, in which the
polarization vectors corresponding to the northeast quadrant
are inclined ~90° to the rest of the Core region (see Fig. 6). We
have suggested that the bent field morphology is due (in part)
to gravitational collapse, which may in turn be precipitated by
a vector (asymmetric) force—the expanding gas shell. We
caution, however, that it is not possible to separate the effects
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(upon the magnetic field) of gravitational contraction from
those of the shock wave.

In contrast to the well-defined E vector orientation for the
western side of the three fields, the polarization results for the
eastern side of the NW and NN field—corresponding to the
evacuated side (in sky projection) of the expanding shell—is
characterized by stars with relatively low percentage of polar-
ization and, significantly, much higher dispersion in the angle
of polarization. The low percentage of polarization in these
regions is probably due to the relative paucity of gas and dust
(A, < 3)—most of which has been swept up by the expanding
bubble shell. Under these circumstances, foreground inter-
stellar clouds situated along the line of sight can have compa-
rable polarizations to that of the molecular cloud itself. The net
result would be an increase in angle of polarization dispersion.
In addition to foreground cloud contamination, hot and turbu-
lent gas in the postshock region may also contribute to a large
dispersion in 6. It is interesting to note that many of the polar-
ization vectors are aligned parallel to the dense ridge bisecting
the fields, which suggests that the magnetic field has undergone
a counterclockwise distortion of ~40°-60°. We do not believe,
however, that much significance should be attached to this
result since the sample is small and the dispersion in the dis-
tribution of € is large.

We also draw attention to a feature seen in the NW field.
The average angle polarization for the sources located in the
southwest quadrant of Mon R2 NW is 165° + 10° (see Fig. 7),
which is offset ~15° counterclockwise from the average B,
field direction computed for all three fields (west of the gas
ridge; see Figs. 6 and 8). We speculate that the magnetic field in
this quadrant has been altered by the expanding gas shell. The
12CO observations (Fig. 6) and particularly, the 3CO gas
column densities (Xie 1992) indicate that this region is part of
the expanding gas shell. The polarization vectors just to the
south of this quadrant (and slightly east, corresponding to the
northwest quadrant of Mon R2 Core) are aligned more to the
west. Are we viewing the projected curvature in the shock
compressed shell? Additional polarimetric measurements of
fields located to the south and west of the expanding shell are
necessary in order to establish field curvature. Further obser-
vations are also necessary to firmly establish the B, geometry
corresponding to ambient primordial field of Mon R2.

In the context of an energetic shock wave propagating
through the Mon R2 giant molecular cloud, the magnetic field
lines have been distorted by the expanding shell resulting in a
compressed magnetic field structure near the interface. A pos-
sible outcome of just such a distortion is local clumping of the
gas and subsequent gravitational collapse along the direction
of the field. This may have recently occurred in the Mon R2
complex. Aligned along the eastern edge of the gas ridge that
extends into the NW and NN fields (see Fig. 6), in the post-
shock region, there are tens of IRAS point sources which are
presumed to be deeply embedded young stars (Xie 1992). In
contrast, there are few IRAS point sources anywhere along the
western side of the GMC. The location and age of these
sources suggest shock-triggered star formation, and to which
we suggest that the primary form of cloud support, the mag-
netic field, has been significantly altered by the shock. This
mode of star formation is certain to be common throughout
the Galaxy. In a polarization study of the CMa R1 association,
for example, Vrba, Baierlein, & Herbst (1987) similarly find
that the underlying magnetic field has been distorted by a
shock wave. In the case of CMA R1, a proximal supernova
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provides the vectored force that distorts the field and which
(presumably) triggers a burst of star formation interior to the
“amplified ” magnetic field. Both in Mon R2 and CMa R1, a
large-scale structure has significantly altered the cloud
environment, from the largest size scales, in which we observe
filamentary gas morphology and curvature in the ambient
magnetic field geometry, to the smallest, in which we detect
local clumping of gas and recent star formation.

Given the energetics of Mon R2 and complications due to
the massive bipolar outflow and expanding bubble shell, it
remains a very difficult task to understand the magnetic field
geometry. Nevertheless, the results of this study, in concert
with those of the central Orion A molecular cloud (Novak et al.
1989), suggest that magnetic fields are a dynamically important
component to massive star formation regions.

5. SUMMARY

We have carried out polarimetric observations to study the
magnetic field structure of the Mon R2 giant molecular cloud.
The polarimetry was calibrated using a new technique that
relies on obtaining photometry of stars simultaneously with
polarimetric photometry of object fields, thus providing an
accurate means to measure the polarization of electric vectors
for stars observed through the Mon R2 cloud. The main points
and conclusions of this work may be summarized as follows:

1. We obtained deep R-band CCD polarimetry of three
fields located toward the Mon R2 molecular cloud, covering a
total area of 0.5 deg?. The polarimetry was complete for all
stars brighter than R ~ 18, comprising more than 600 stars. Of
this total, ~ 180 stars had measured polarizations with >3 ¢
accuracy and P > 1%.

2. The polarizations for sources observed through the Mon
R2 molecular cloud have values consistent with selective
extinction via a grain alignment mechanism similar to that
functioning in the general interstellar medium. The overall
trend is of increasing polarization with extinction, although the
scatter is very large. One possibility is that for the dense
regions, the efficiency of polarization is diminished in compari-
son to that of more diffuse areas. It is also possible that the
magnetic field geometry decorellates in the higher opacity
regions, effectively rendering our optical polarimetry less sensi-
tive to the magnetic field in these dense structures.

3. The Mon R2 “core” magnetic field geometry is com-
prised of three distinct features as inferred from the polariza-
tion vectors: general alignment parallel to the long axis of the
filament, coincidence with the bipolar molecular outflow axis
and the local Galactic magnetic field, and finally, distortion or
bending toward the long axis of the cloud core. The latter two
features suggest that magnetic fields play an important role in
massive star formation regions. In addition to gravitational
and rotational stresses, another mechanism that likely contrib-
utes to the distorted magnetic field is an energetic shock wave,
which recent millimeter-wave observations reveal is now
dominating the Mon R2 complex.

4. The polarimetry suggests continuity in core general mag-
netic field structure. The mean angle of polarization for the
three fields is 158° + 33°, which is roughly coincident with the
local Galactic magnetic field at 155°. The dispersion in the
distribution of angle of polarization is similar to that found in
the Orion GMC. The mean angle of polarization for stars
located along the western side of the three CCD fields is ~ 157°
with a standard deviation of 22°. To the north of the Mon R2
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core region, the polarization vectors exhibit a substantial
increase in scatter, as seen from west to east across the CCD

i3 fields. These CCD fields are bisected by a dense ridge of gas

which appears to be the boundary of a shock-compressed shell.
Our polarimetry suggests that the expanding shell has dis-
torted the magnetic field lines extending from the core to the
northern gas structure comprising Mon R2. One possible con-
sequence of the shock-altered magnetic field is a recent burst of
star formation along the eastern boundary of the gas ridge.
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