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ABSTRACT

We demonstrate that the combination of Zeeman, polarimetry, and ion-to-neutral molecular line width
ratio measurements permits the determination of the magnitude and orientation of the magnetic field in the
weakly ionized parts of molecular clouds. Zeeman measurements provide the strength of the magnetic field
along the line of sight, polarimetry measurements give the field orientation in the plane of the sky, and the
ion-to-neutral molecular line width ratio determines the angle between the magnetic field and the line of sight.
We apply the technique to the M17 star-forming region using a HERTZ 350 um polarimetry map and
HCO*-to-HCN molecular line width ratios to provide the first three-dimensional view of the magnetic field

in M17.

Subject headings: ISM: clouds — ISM: individual (M17) — ISM: magnetic fields — polarization —

radio lines: ISM
On-line material: color figure

1. INTRODUCTION

In this paper, we propose a method that will permit the
determination of the magnitude and orientation of the mag-
netic field in the weakly ionized parts of molecular clouds.
As it turns out, the magnetic field can be specified with three
parameters: its magnitude B, the viewing angle « defining its
orientation relative to the line of sight, and the angle § made
by its projection on the plane of the sky (as defined relative
to a predetermined direction, east from north; see Fig. 1).
Until now, of these three quantities only the third could be
measured. At submillimeter wavelengths this can be accom-
plished, for example, with polarization measurements of the
continuum radiation emanating from elongated dust grains
that are aligned by the local magnetic field (Davis & Green-
stein 1951). The angle 3 is thus obtained from the angle of
the polarization vector. The projection of the magnetic field
vector in the plane of the sky is oriented at right angles to
the polarization vector (Hildebrand 1988). The magnitude
B cannot be measured directly; only the projection of the
magnetic field vector to the line of sight By, can be obtained
with Zeeman measurements. Despite the inherent difficul-
ties associated with this technique, numerous molecular
clouds have lately been successfully studied using measure-
ments of interstellar lines from the H 1, OH, and CN species
(e.g., Brogan & Troland 2001; Brogan et al. 1999; Crutcher
et al. 1993, 1999; Heiles 1997). For general cases, where the
magnetic field lies out of the plane of the sky, a determina-
tion of the viewing angle «, in combination with the meas-
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urements for Bjos and 3, would provide a description of the
magnetic field vector B. Up to now, this has been impossible
to achieve.

Starting with the next section, we will show how the deter-
mination of the viewing angle « can be accomplished
through a comparison of the profile of line spectra from
coexistent ion and molecular species (we will use HCO* and
HCN). Our analysis will be based on the material presented
by Houde et al. (2000a, 2000b), and we will show that the
ion-to-neutral line width ratio, as defined by these authors,
is a fundamental parameter and holds the key to the deter-
mination of the viewing angle. We will then apply and test
our new technique with data obtained for the M17 molecu-
lar cloud. More precisely, we will combine our HCO* and
HCN spectroscopic data with an extensive 350 um contin-
uum polarimetry map obtained with the HERTZ polarime-
ter (Dowell et al. 1998) at the Caltech Submillimeter
Observatory (CSO) to provide the first three-dimensional
view of the magnetic field in M17.

In this paper, we will focus more on the presentation and
the discussion of our technique, rather than the interpreta-
tion of the magnetic field results for M17. That aspect will
be treated in a subsequent paper.

2. ION-TO-NEUTRAL LINE WIDTH RATIO

Houde et al. (2000a, 2000b) have recently shown how a
comparison of the line profiles of coexistent neutral and ion
species can be used to detect the presence of the magnetic
field in molecular clouds. Assuming a weakly ionized
plasma, elastic collisions, and the presence of neutral flows
or turbulence in the region under study, they arrived at the
conclusion that in the core of molecular clouds, the width of
line profiles of molecular ions should in general be less than
that of coexistent neutral molecular species.

In considering an idealized situation where they investi-
gated the behavior of an isolated ion subjected to the pres-
ence of a neutral flow, they found the following equations
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FiG. 1.—Definition of the coordinate system (axes N for north, E for
east, and LOS for line of sight) and of the angles « and 3 characterizing the
spatial orientation of the magnetic field vector (thick line and arrow).

for the mean and variance of its velocity components:
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where m; and ; are the ion mass and reduced mass, respec-
tively. The ion and neutral flow velocities (v; and v,) were
broken into two components, one parallel to the magnetic
field (v),; and v ,,) and another (v, ; and v, ,) perpendicular
to it. The values (w,,;), (@y,;), and v, ; are the ion relaxation
rate, mean gyrofrequency vector, and collision rate, respec-
tively. Under the assumption that the neutral flow consists
mainly of molecular hydrogen and has a mean molecular
mass A, = 2.3, we get a ~0.16, b ~0.67, g =1 —qa, and
h=1-b.

It was the study of this set of equations that led Houde et
al. (2000a) to the conclusion that the presence of a magnetic
field in the weakly ionized part of molecular clouds will gen-
erally lead to ion molecular line profiles of narrower width
when compared to those of coexistent neutral species. This
fact was expressed more quantitatively in their subsequent
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paper (Houde et al. 2000b), in which expressions for the ion
and neutral line widths were derived for the special case
where the region under consideration has an azimuthal sym-
metry about the axis defined by the direction of the mag-
netic field and a reflection symmetry across the plane
perpendicular to this axis. In such instances, the line widths
(01,, and oy ; for the neutrals and ions, respectively) can be
expressed by their variance as

a,%n = Z Ck<vl,§>2 [cos? (6F) cos?(a) + %Sinz(Qk) sinz(a)] ,
X
9)
o~y Ck<vﬁ'>2{ cos? (%) cos? ()
k

sin? (%)
mi/p; — 1

where it was assumed that the different neutral flows of
velocity vf at an angle 6% relative to the axis of symmetry do
not have any intrinsic dispersion. The term C* is the weight
associated with the neutral flow k, which presumably scales
with the particle density (we assume ions and neutrals exist
in similar proportions). An example of such a configuration
is shown in Figure 2. It is important to realize that although
the type of geometry presented in this figure (a bipolar out-
flow) has the aforementioned characteristics, we are not lim-

[acosz(a) +%Sin2(a)}} ,  (10)
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Fic. 2.—Example of a neutral flow configuration. The flows (thin lines
and arrows) are all contained within a cone of angular width A centered on
the symmetry axis as defined by the orientation magnetic field vector (¢thick
line and arrow).
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ited to this model. What matters is the relative orientation
of the individual neutral flows and not their position in
space; i.e., all the flows shown in Figure 2 could be arbitra-
rily repositioned and equations (9) and (10) would still apply
(as long as all the flows are contained in the region under
study).

An important feature that can be assessed from equations
(9) and (10) is that the line width ratio oy ;/0; ,, is not only a
function of the orientation of the neutral flows but also of
the viewing angle . It is easy to show that 0; , ~ 0, ; when
the magnetic field is oriented parallel to the line of sight (i.e.,
when a = 0) and that the line width ratio is minimum when
the magnetic field is in the plane of the sky (When oo = 7/2),

with
1/2
9ni g ~ 0.26
Ul,n_ m;/u; — 1 o

for HCO™ (with 6% # 0 for at least one value of k; Houde et
al. 2001).

We present in Table 1 the line width ratios measured for a
relatively large sample of molecular clouds. As can be seen,
with the exception of HH 7-11 and Mon R2, which have
ratios of very nearly unity, every source shows the ion
molecular species as having a narrower line width than the
corresponding coexistent neutral species.

This aspect is made even more evident by studying Figure
3, where we plotted the ion line width against the corre-
sponding neutral line width for every object and pair of
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Fi16. 3.—Ion line width vs. the neutral line width for every pair of spectra
obtained for the sources presented in Table 1. HCOT is plotted against
HCN and HB3CO* against H3CN. The two straight lines correspond to
the upper and lower limits discussed in the text, where the line width ratio is
~1] and ~0.26, respectively. The cluster of open circles pertains to spectra
obtained on the same object (M 17, which will be discussed later).

TABLE 1
ToN-TO-NEUTRAL LINE WIDTH RATIOS IN STAR-FORMING REGIONS

COORDINATES
(B1950.0) (RaTIO)
v
SOURCE R.A. Decl. (kms™ Thick®  Thin®
W3IRSS i 022153.3 615221.4 —38.1 0.43 0.39
G1490 ..ot 032338.8 583639.0 —13.4 0.61 0.69
HH7-11 . 032558.2 310546.0 8.4 1.02
NGC 1333IRAS4 ...... 032605.0 310313.1 8.4 0.32
LISSTIRS S e, 0428 40.2 180141.0 6.3 0.89
OMC-1 ............ 053247.2 —0524253 9.0 0.55¢ 0.22
OMC-3 MMS6... 053255.6 —050325.0 11.3 0.51 0.48
OMC-2FIR 4 ..... 053259.0 —051154.0 11.2 0.76 0.27
053352.5 —062400.0 7.5 0.65
053912.7 —015703.3 11.5 0.95
054430.2 002042.0 9.5 0.93 0.64
060520.3 —062247.0 10.5 1.03
060823.9 —061104.0 10.9 0.78
061146.4 135033.0 19.2 0.69
063159.1 041509.0 13.7 0.95
063825.6 093219.0 8.2 0.85 0.88
181729.8 —161255.0 19.6 0.90 0.81
181731.8 —161505.0 19.7 0.90 0.78
203713.0 421200.0 -2.6 0.80 0.69
203714.5 4209 00.0 2.7 0.98 0.58
221740.0 630330.0 -7.0 0.80 0.85

Note.—Units of right ascension are hours, minutes, and seconds, and units of declina-

tion are degrees, arcminutes, and arcseconds.

4 From the ratio of HCO* to HCN line width.
b From the root mean square of ratios of H3CO™* to H!3CN line width.
¢ We have corrected the previous value of 0.19 published by Houde et al. 2000b.
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molecular species studied so far (HCO™ is plotted against
HCN and HI3CO™ against HI3CN). The two straight lines
correspond to the upper and lower limits discussed above;
the steeper of the two (with a slope of ~1) arises when the
magnetic field is oriented in a direction parallel to the line of
sight, while the other (with a slope of ~0.26) arises when the
field lies in the plane of the sky. As can be readily seen from
this figure, the data obtained so far are in excellent agree-
ment with the Houde et al. (2001) model and the prediction
it makes. Even the lower limit of ~0.26 for the line width
ratio predicted by the simple model defined earlier appears
to be fairly accurate, since only two of the more than 90
plotted points have a ratio lower than this value, and then
only slightly.

These results have important implications for the study of
the magnetic field in molecular clouds. Namely,

1. In the weakly ionized regions of turbulent molecular
clouds, the neutrals drive the ions. If the opposite were true,
we would expect the ion species to exhibit line profiles that
would be at least as broad as those of coexistent neutral spe-
cies and probably broader (Houde et al. 2001), contrary to
observation.

2. The difference in the width of the line profiles of coexis-
tent ion and neutral molecular species implies that the cou-

pling between ions and neutrals is poor in the core of

molecular clouds, at least at the scales probed by our obser-
vations (up to a few tenths of a parsec).

3. At the spatial resolution attained with our observa-
tions (we have a beam width of ~20” in most cases), the dif-
fusion between ions and neutrals can be studied through a
comparison of the width of their line profiles. It then
appears from our results that the drift speed between ions
and neutrals can often be significant in the core of molecular
clouds (on the order of a few km s~! at the gas densities
probed with the molecular species used here, i.e., n=>10°
cm3).

3. DETERMINATION OF THE VIEWING ANGLE «

From our previous discussion leading to equations (9)
and (10) and the determination of the upper and lower limits
for the line width ratio, one might infer that this parameter
could possibly convey important information about the
angle « that the magnetic field makes relative to the line of
sight. More precisely, since the line width ratio is maximum
at approximately unity when the field is aligned with the line
of sight (o« = 0) and decreases to a minimum of ~0.26 when
the field lies in the plane of the sky (o = 7/2), we could be
justified in hoping that it might be a well-behaved function
that decreases monotonically with increasing c.

We can explore this proposition by using our earlier
model of symmetrical neutral flow configuration. For exam-
ple, we could define cases with different amounts of collima-
tion for the neutral flows around the axis of symmetry
specified by the orientation of the magnetic field. An exam-
ple was shown in Figure 2, where all of the neutral flows are
contained within a cone of angular width A0. Using such a
model, with the additional simplification that the neutral
flow angle 6% is independent of the velocity vk, theoretical
line widths o, , and oy ; can be calculated for different values
of Af using equations (9) and (10). We then get for the
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square of the ratio

o7, ecos?a+f(acos?a+ gsin®a/2)(m/u; — !

ol ecos? o+ f/2sin’ a '
(11)
with
o 1 — cos3 A9
=
2 — 3cosAf + cos’ Ad

Examples of such models are shown in Figure 4, where
the line width ratio is plotted against the viewing angle « for
neutral flow collimation widths of 20°, 40°, 60°, and 90° (no
collimation). Note that every curve is monotonic and has a
ratio of ~1 at & = 0 and ~0.26 at o = 7/2, as was deter-
mined earlier. This implies that it would be, in principle,
possible to determine the viewing angle as a function of the
line width ratio if we knew the curve (or the amount of colli-
mation) that corresponds best to the object or region under
study. We show next how this can be done.

3.1. Line Width Ratio versus Polarization Level

As it turns out, there exists another parameter that is a
function of the orientation of the magnetic field relative to
the line of sight that can be readily obtained. This is the
polarization level that is measured, for example, from the
continuum emission from dust at submillimeter wave-
lengths. Indeed, since the (elongated) dust grains are pre-
sumably aligned by the magnetic field, the polarization level
P detected by an observer studying a given region where the
field is oriented with a viewing angle « can be expressed as

22
P = P sin” o, (12)
0.8 N N N -
g [ \’\ AN \\\ T
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Fi16. 4 —Ion-to-neutral line width ratio vs. the viewing angle « for angles
of neutral flow collimation of 20°, 40°, 60°, and 90° (no collimation). Every
curve is monotonic and has a ratio ~1 at a« = 0 and ~0.26 at & = 7/2.
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where P, 1s the maximum polarization level that can be
detected, i.e., when the field lies in the plane of the sky
(a = m/2). Evidently, equation (12) can be inserted in equa-
tions (9) and (10) to eliminate sin” & and express the ion-to-
neutral line width ratio as a function of the normalized
polarization level P/Pp,x. Figure 5 shows the relationship
between those two parameters for the same four cases pre-
sented in Figure 4. Given the appropriate model for the neu-
tral flow collimation, we would then expect a set of data (of
the ion-to-neutral line width ratio vs. normalized polariza-
tion level) to fall along the corresponding curve. Or should
we?

It is now well known that submillimeter (or far-infrared)
polarization maps of molecular clouds usually show that
the polarization level decreases toward regions of higher
optical depth. This decrease in polarization is more than
what could be expected from opacity effects and is not corre-
lated with the dust temperature (Dotson 1996; Weintraub,
Goodman, & Akeson 2000). Even though this phenomenon
is poorly understood, there is some evidence that it is caused
by either small-scale fluctuations in the magnetic field (Rao
et al. 1998), decrease in grain alignment with increasing
optical depth, or spherical grain growth. In view of this, we
should not expect data (of ion-to-neutral line width ratio
against normalized polarization level) to fall along a given
curve, as shown in Figure 5, but rather within an area
bounded by the P/Pyax = 0 limit and the curve in question
(for this, we use a value of P, that would be found in a
region that is unaffected by the depolarization effect). This is
shown in Figure 5 for the model with a neutral flow collima-
tion of A0 =90°, where the shaded region represents the
area where we now expect the data to fall. Locations in a
molecular cloud that are greatly affected by the depolariza-

ion/neutral line width ratio

0.2 [~ 3

0 0.2 0.4 0.6 0.8 1
P/P

max

FiG. 5.—Ion-to-neutral line width ratio vs. the normalized polarization
level (P/Pmay) for angles of neutral flow collimation of 20°, 40°, 60°, and
90° (no collimation). Every curve is monotonic and has a ratio ~1 at a = 0
and ~0.26 at v = /2. The shaded part represents the region where we
should expect corresponding data points to be located in cases where
AO = 90° (see text).
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tion effect will tend to lie closer to the P/Pya.x = 0 boun-
dary, whereas those that are affected little or not at all
should fall close to theoretical curve (with A§ = 90° in this
example).

Still, the curve that best fits a given set of data can be used
to determine the viewing angle « as a function of the ion-to-
neutral line width ratio. Once this curve is identified, one
merely has to invert the corresponding curve plotted in Fig-
ure 4 (or eq. [11]) starting with the line width ratio to obtain
«. For cases where the field lies out of the plane of the sky,
this information can in turn be combined with Zeeman and
polarimetry measurements to determine the magnitude and
the orientation of the magnetic field (the orientation of the
field is not completely determined, since there is an am-
biguity of 180° in the value of the angle 3 obtained from
polarimetry).

3.2. Nature of o

Itis appropriate at this time to be more precise in defining
the nature of the angle « in relation to actual measurements
made in molecular clouds. All the equations presented so
far dealt with a single mean component for the magnetic
field (B) at a given point in space (and time) within a molec-
ular cloud and its effect on the behavior of ions. The viewing
angle « was then defined in relation to this mean field as fol-
lows:

(B) = (B)(¢jcosa+ ey sina) .

Since observations are done with a finite resolution, how-
ever, it is likely that the magnetic field could change orienta-
tion or that numerous magnetic field components (B;) could
be present within the region of the molecular clouds sub-
tended by the telescope beam width and contribute equally
in shaping the line profile of molecular ion species. Under
such circumstances, equation (10) for the ion line width and
subsequently equation (11) for the ion-to-neutral line width
ratio can be modified easily to take this into account. This is
done by simply replacing cos? a and sin® « in these equa-
tions by their average over all the components, namely:

1 N

cos’a — {(cos’ a) = N;COSZ Qi , (13)
1 N

sin® a — (sin’ ) = NZ sin® a; (14)
P

where the index i pertains to the different orientations or
components of the magnetic field and N is their total
number.

Notice also that «, as defined by equations (13) and (14),
is an average over all volume elements. The value of «, so
defined, may differ from the inclination of the uniform field
that best fits the large-scale structure. For example, if the
large-scale field is along the line of sight, any bend or disper-
sion in the field direction will result in a value of « greater
than zero.

The values of « that will be obtained from the measure-
ments presented in the next section should, therefore, be
interpreted as representing the aforementioned average for
the orientation or inclination of the magnetic field (within a
beam width) in the regions under study.
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4. OBSERVATIONAL EVIDENCE

An extensive 350 ym polarimetry map of the M 17 molec-
ular cloud was obtained using the HERTZ polarimeter
(Dowell et al. 1998) at the CSO on 1997 April 20-27 and
2001 July 19 and is presented in Figure 6. Beside the total
flux (contours) and polarized flux (gray scale), this figure
gives a detailed view (with a beam size of ~20") of the polar-
ization vectors (or E vectors) across an area of more than
3" x 4'. All of the polarization vectors shown have a polar-
ization level and error such that P > 3op. Circles indicate
cases where P + 20p < 1%. Overall, the appearance of this
map is in good qualitative agreement with results obtained
at 60 and 100 um by Dotson et al. (2000). Details of the data
presented in Figure 6 can be found in Table 2.

As can be seen, both the magnitude and the orientation of
the polarization vectors are ““well behaved” across the
map, in that, at this spatial resolution, the variations are
smooth and happen on a relatively large scale. The amount
of polarization is seen to vary from ~0% to a maximum of
~4%, which is consistent with the bulk of observations
made on other objects at this wavelength. Another feature
that can easily be detected and that has important ramifica-
tions for our study is the depolarization effect discussed ear-
lier. A visual inspection will convince the reader that regions
of higher total flux have, in general, a significantly lower
level of polarization associated with them. This will be made
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FiG. 6—HERTZ polarization map of M17 at 350 um. All of the polar-
ization vectors shown have a polarization level and error such that
P > 30p. Circles indicate cases where P + 20p < 1%. The contours delin-
eate the total continuum flux (from 10% to 90% with a maximum flux of
~700 Jy), whereas the underlying gray scale gives the polarized flux accord-
ing to the scale on the right. The beam width (~20") is shown in the lower
left corner and the origin of the map is at R.A. = 18117m31%4, decl. =
—16°14'25"0 (B1950.0).
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FiG. 7.—Polarization level vs. the total flux taken from the 350 pm
HERTZ polarization map of M17 shown in Fig. 6. The polarization levels
have P > 30p or P+ 20p < 1%. The depolarization effect discussed in the
text is clearly seen.

even clearer with the help of Figure 7, where we have plotted
the polarization level against the total continuum flux at 350
um. As can be seen, there is an unmistakable anticorrelation
between the two parameters with a significant reduction in
the polarization levels for fluxes greater than approximately
250 Jy. This result is reminiscent of that published by Dot-
son (1996); see her Figure 6 for the polarization level as a
function of the optical depth at 100 um for the same object.

We present in Figure 8 HCN and HCO+ maps of M17 in
the J — 4-3 transition made at the CSO, using the facility’s
300400 GHz receiver during a large number of nights in
the months of 2001 March, May, June, and August. As can
be seen, the two maps have a similar appearance and are
also not unlike the 350 ym continuum map presented in Fig-
ure 6. The beam size for these sets of observations is similar
to the HERTZ beam at ~20”. This is a nice feature, since
our analysis will rest on comparisons of polarimetry and
spectroscopic data across the molecular cloud. We also
show in Figure 9 typical cases of spectra obtained that were
used to build these maps, along with a fit to their line profile.
We can see the level of signal-to-noise ratio (S/N) needed to
accurately fit the line profile (and their wings) and measure
the line width ratio defined earlier (which uses the variance
of the lines). Each spectrum used in this study required a
minimum of 8-10 minutes of integration (on-source) and
often much more.

4.1. Line Width Ratio and the Polarization Level

We are now in a position to test the model presented in § 3
and the relationship it predicts between the ion-to-neutral
line width ratio and the polarization level in molecular
clouds.

We have, therefore, measured the widths o, ; and oy, at
every position of our M17 maps and plotted the HCO*/



TABLE 2

M17 350 ym RESULTS

Aa? AS? P op P.AP OPA. Flux®
—120...... 95 0.84 0.57 151.9 19.5 255.7
—115...... =51 3.62 1.55 148.7 12.2 151.0
—115...... 78 0.76 0.61 112.9 22.8 249.6
—110...... —69 3.61 1.60 149.9 12.7 127.6
—110...... 61 0.82 0.45 135.0 15.7 255.3
—108...... 117 0.16 0.34 42.6 60.5 297.6
—105...... —86 1.74 1.77 133.7 29.4 106.5
—105...... 44 1.47 0.41 140.1 8.0 284.0
—103...... -29 3.21 0.96 149.9 8.5 206.3
—103...... 100 0.64 0.28 145.9 12.4 310.3
—100...... —103 0.60 1.60 91.6 76.3 94.3
—100...... 27 1.62 0.42 123.3 7.4 368.4
—98........ —47 3.78 0.39 143.0 2.9 214.3
—98........ 83 0.52 0.22 124.2 12.0 326.3
—95..... —120 5.36 16.45 121.4 87.9 71.1
—95........ 10 1.87 0.46 134.1 7.1 374.2
=95 139 0.95 0.76 176.0 23.1 240.4
—93........ —64 3.62 0.29 139.3 2.3 206.0
—93 .. 66 0.76 0.20 128.3 7.6 348.3
—91........ 122 0.35 0.13 69.5 10.7 3153
—90........ -7 1.48 0.52 134.6 10.2 309.6
—88........ —81 3.30 0.34 135.8 2.9 171.9
—88........ 49 0.61 0.18 122.8 8.5 371.1
—86........ -25 2.36 0.25 152.5 3.0 264.2
—86........ 105 0.62 0.06 98.3 2.7 444.9
—83........ -98 291 0.37 142.2 3.6 151.1
—83........ 32 0.64 0.15 139.0 6.8 413.1
—81....... —42 2.87 0.18 143.5 1.7 252.4
—81........ 88 0.64 0.05 119.9 2.3 475.5
=78 ... —115 1.67 0.56 140.7 9.6 116.5
=78........ 15 0.44 0.24 166.8 15.7 407.4
=78 144 0.87 0.19 60.7 6.2 233.1
—76........ —59 3.50 0.16 140.8 1.3 261.6
—76........ 71 0.92 0.06 128.6 1.8 426.4
=73 —132 0.92 1.62 131.2 50.9 105.7
=73 -3 0.94 0.62 157.0 18.5 365.0
=73 127 0.46 0.07 66.3 4.5 304.9
—Tl........ —76 3.56 0.16 141.1 1.2 269.9
—T1....... 54 0.23 0.07 123.4 10.8 452.8
—69........ 110 0.12 0.05 63.8 11.8 416.9
—68........ -20 1.48 0.10 147.7 1.9 317.6
—66........ -93 3.73 0.17 136.9 1.3 238.0
—66........ 37 0.26 0.09 11.6 9.6 533.1
—64........ —37 1.84 0.11 138.6 1.6 283.5
—64........ 93 0.47 0.05 161.5 3.1 424.7
—61........ —110 2.76 0.32 136.5 3.4 151.6
—61....... 20 0.65 0.07 177.0 3.1 567.3
—61........ 149 0.48 0.20 88.9 12.2 169.0
=59 —54 2.08 0.11 140.1 1.5 275.5
—59 . 76 0.45 0.05 151.3 3.1 368.7
—56........ —127 2.36 0.58 139.5 7.0 130.7
—56........ 2 0.87 0.10 164.5 2.5 485.7
—56........ 132 0.22 0.09 42.9 11.9 235.3
—54........ =71 2.35 0.10 139.2 1.3 305.4
—54........ 59 0.07 0.06 149.4 18.5 477.3
=5l —144 0.68 1.49 178.9 62.1 135.5
—51........ —15 1.14 0.06 151.0 1.4 377.6
—5l........ 115 0.67 0.06 7.5 2.8 312.8
—49....... —88 2.46 0.12 140.7 1.4 317.5
—49........ 42 0.19 0.07 4.8 11.8 625.6
—47 ... 98 1.06 0.05 2.6 1.3 398.6
—46........ —32 1.35 0.07 143.0 2.0 313.7
—44 ... —105 2.13 0.17 141.6 2.3 236.2
—44........ 24 0.41 0.03 7.7 3.8 710.6
—44........ 154 0.39 0.30 100.1 22.2 111.7

TABLE 2—Continued

Ac? AG* P op PAY  opa  Flux®
—49 116 008 1432 21 2589
81 060 004  179.1 20 4190
-122 271 038 1340 40 1713
7072 005  168.1 25 6318

137 052 0.3 54 7.1 1759
—66 101 0.08 1435 24 2477
64 038 0.03 23 25 559.4
-139 070 1.83 60.7 753 1489
—-10 135 008 1657 1.3 4l6.1
120 1.11 0.07 6.1 1.8 2984
—83 126 0.09 1489 21 276.6
46 012 003 1718 106  584.6
=27 115 008  159.0 1.8 3440
103 1.28 0.03 1.7 0.7 5073

: —-100 1.1 0.16  131.8 42 2731
=27 29 037 003 1573 26 6545
=27... 159 045 043 653 27.1 86.0
=25 86 087 0.3 9.4 09 6255
—44 0381 0.06  153.8 21 2713
—-117 168 045 1408 77 2135
12093 0.04 1611 L1 5793
142 066  0.17 12.6 73 1316
-6l 034 007 1563 57 2437
68 080  0.03 11.5 1.0 677.0
-5 142 003 1671 0.7 4965
125 091 0.10 7.9 32 2008
-78 048 0.08 1432 47 2538
51039 003 1743 37 5254
-2 171 0.04 1714 0.6 4310
108 118 0.04 74 1.0 3524
—-95 031 012 1308 107 2793
34071 0.04  156.9 1.6 4765
164 086  0.82 687 273 58.8
-39 117 005 1745 1.2 3405
90  1.31 0.03 48 0.6  589.0
—112 062 027 1235 125 2206
17 1.08 0.03 1621 0.8  483.6
147 054 039 1736 208 1009
73 0.83 0.03  177.8 12 5454
—-56 109 006 1734 1.7 26838
—-130  1.83 135 1148 211 1654
0 156 003 1673 0.6 490.0
130 1.02 0.4 4.4 40 1418
56 049 005 6.6 29 3774
73 0.63 0.07 23 33 2269
-17 201 0.03 1732 0.5 4717
12 122 0.09 75 22 196.4
-90 0.8 0.12 31.8 60 2063
39079 010 1754 23 3291
-3 213 0.05  177.1 0.6 409.9
95 118 0.05 5.6 13 3131
—-108 032 048 1015 428 1693
22 136 005 1773 L1 3240
152 0.51 0.77 792 437 67.9
—-51 183 0.05  178.6 08 3437
78 0.88 0.06  176.8 21 2938

5 197 004 1777 0.6 3522
134 116 052 208 129 1053
—68  1.66  0.07 12.4 13 2658
61 100  0.12 14.6 34 2269
-2 213 0.05  178.7 0.7 3623
117 160 024 12.4 43 1328
4 111 0.11 6.6 28 2247
-86  1.67  0.20 30.9 34 1950
=29 224 005 1800 0.6 3083
100 130 0.3 14.8 28 1497
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TABLE 2—Continued HCN line width ratio against the polarization level. This is
shown in Figure 10. Whenever the spectroscopic datum was

Ao? Ag P ar PAP opa Flux® not coincident in space with any of the polarimetry data, we
7175 0.08 79 13 2232 have used a simple bilinear interpolation technique to deter-
_46 191 0.06 6.7 09 2984 mine the corresponding polarization level. Referring back
83 135 0.25 9.2 54 1573 to the spectra shown in Figure 9, we see that the line profiles
10 220 0.08 5.0 1.0 2409 can sometimes be complicated. We modeled each line with a
—64 192 0.12 21.2 1.8 2268 multi-Gaussian profile and used it in its entirety to calculate
66 1.23 0.20 17.2 4.6 156.5 oy; and oy ,; i.e., we have not chosen a particular velocity
-7 2.05 0.07 3.0 1.0 238.2

component when more than one were apparent, but used
the whole fit to the line shape. This is consistent with the
material presented in § 2 (and in Houde et al. 2000a, 2000b),
since the method used when comparing molecular ion and

—81 2.06 0.22 29.9 3.1 156.4

49 1.28 0.17 15.0 39 159.5
—24 1.99 0.09 5.9 1.2 232.0
105 1.10 0.36 14.6 9.5 112.8

» 173 026 6.7 42 1685 neutral lines presupposes a large number of flows (and/or
4 19 0.10 141 14 2099 velocity components). It is also more consistent with the
15 2.03 0.20 73 29 178.1 type of comparison made here between spectroscopic and
—59  1.87 0.13 225 20 1682 polarimetry data, since it is not possible to discriminate
71233 0.42 24.5 5.1 114.4 between velocity components in the latter.
-2 228 0.14 4.5 L7 1802 In Figure 10, we have used the normalized polarization
=76 232 0.30 35.1 37 1307 level P/ Ppax with the maximum level of polarization set at

54 3.17 0.48 243 43 118.0
—20 1.54 0.14 13.1 2.6 195.2
—37 1.17 0.14 222 34 198.9

Prax = 7%. As was explained in § 3.1, this is necessary for
the comparison of the line ratio to the polarimetry data.

54 2m 0.25 278 35 163 1 Qur choice of Pn_mx was not done arbltrarlly and neither was

its value determined so as to provide a fit to the data. We

@ Offsets in arcseconds from 18"17m31%4, —16°1425” (B1950.0). have based its value on the extensive polarimetry data
b Position angle of E vector in degrees east from north. already obtained with HERTZ, where we found that the

©Jy/20" beam. highest levels of polarization detected so far at 350 um were
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F16. 8.—HCN and HCO" (J — 4—3) maps of M17. The lowest contour level has 12 K km s~! and the following levels increase linearly with an interval of
12K km s~!. The grid spacing of 220" is approximately the same size as the beam width (shown in the lower left corners) and the origin of the maps is at R.A.
= 18M17™m3134, decl. = —16°14'25"0 (B1950.0).
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Fig. 9.—HCN and HCO" spectra of M17 at two different positions
along with a fit to their line profile. The positions are shown in parentheses
on the right side of the spectra and are relative to R.A. = 18"17m31%4, decl.
= —16°14/25"0 (B1950.0). [See the electronic edition of the Journal for a
color version of this figure.]
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Fi6. 10.—HCO* /HCN line width ratio vs. the normalized polarization
level (P/Pumax) for M17. The value P,y is set at 7%, and the data are shown
against a model of neutral flow collimation of A0 = 34°5. The polarization
levels have P > 3o0p or P+ 20p < 1%.
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in the neighborhood of 7%. We assume that this applies well
to M17 and that it corresponds to the hypothetical case in
which the magnetic field lies in the plane of the sky
(o =m/2) at a position unaffected by the depolarization
effect. It should be noted that small variations in this param-
eter would not significantly change our results. Accompany-
ing the data is a curve for a configuration of neutral flows
with a collimation angle Af = 34?5 similar to the models
defined in § 3 and presented in Figure 5 resulting from a
nonlinear fit to the points that delineates the * outer ™ limit
of the data in Figure 10. The rest of the data fall neatly in
the shaded area and are seen to be significantly affected by
the depolarization effect discussed earlier.

While taking another look at Figure 7 for the polarization
level as a function of the total flux, it should not be surpris-
ing that the clear majority of data points in Figure 10 does
not take part in determining the curve that defines the colli-
mation model. Indeed, most of them belong to regions
where the flux is relatively strong and will most likely show
a reduction in their respective polarization levels. We
should, therefore, expect that only a limited number of
points would partake in the determination of the collima-
tion model. An extension of the map to fainter regions of
the molecular clouds could possibly alleviate this issue along
with bringing an increase in the number of vectors exhibit-
ing higher polarization levels. This would be desirable since,
admittedly, our map of M17 shows no points with a polar-
ization level greater than 4% that would allow for a better
determination of the proper configuration of neutral flows
and a more stringent test to our technique. Still, the out-
come is encouraging, and the results presented in Figure 10
are consistent with what was predicted by our model.

We show in Figure 11 a map of the orientation of the
magnetic field in M 17 at every observed position. The angle
0, made by the projection of the magnetic field in the plane
of the sky, was obtained from the polarimetry data by rotat-
ing the corresponding polarization angle (P.A.) by 90° and
is represented on the map by the orientation of the vectors.
The viewing angle «, or the angle made by the magnetic field
to the line of sight, was obtained by using the fit discussed
above and by inverting equation (11) with the HCO+ /HCN
line width ratio as input and can be read on the map by the
length of the vectors (using the scale in the bottom right).
Both angles are plotted on top of the 350 gm continuum flux
obtained with HERTZ.

The results are presented in more detail in Table 3. An
estimate of o, the error in the viewing angle, was calculated
by converting the error in the HCO* /HCN line width ratio
to that of the viewing angle through equation (11).

From Figure 11, we can observe some of the main fea-
tures in the orientation of the magnetic field in M17. First,
there is a gradual shift of some 40° in the orientation of the
projection of the magnetic field on the plane of the sky from
the southwest part of the map (8 ~ 50°) to the north
(B ~ 90°). On the other hand, the viewing angle is maximum
at a ~ 65° in the neighborhood of the region of peak contin-
uum emission and smoothly decreases southwesterly to a
local minimum, where the field is better aligned to the line of
sight with o ~ 30° at R.A. offset ~—50", decl. offset ~—50".
The field gradually approaches the plane of the sky, once
again, in the south of the map.

Most interestingly, there is an important and localized
decrease in the viewing angle of roughly 30°-40° close to the
position of steepest change in continuum (or HCN and
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Fi1G. 11.—Orientation of the magnetic field in M17. The orientation of
the projection of the magnetic field in the plane of the sky is shown by the
vectors and the viewing angle is given by the length of the vectors (using the
scale shown in the bottom right corner). The contours and the gray scale
delineate the total continuum flux. The beam width (~20") is shown in the
lower left corner, and the origin of the map is at R.A. = 18"17m313%4, decl.
=—16°14'25"0 (B1950.0).

HCO™) emission where « reaches a minimum at approxi-
mately 10°. This region, located at R.A. offset ~0”, decl. off-
set ~80”, is also nearly coincident with the locations of H,O
and OH masers and the ultracompact H 11 region of the
Northern Condensation, where Brogan & Troland (2001;
see their Fig. 16) have obtained a value of Bj,s ~ —300 uG
using OH measurements at 20 km s~ !.

It is important to realize that o does not provide us with
the information concerning the direction of the magnetic
field relative to the plane of the sky (i.e., is it going in or
coming out of the plane?); this will be provided by Zeeman
measurements. We know that for M 17 the magnetic field is
actually coming out of the plane of the sky (using the H 1 or
OH Zeeman measurements at 20 km s~! from Brogan &
Troland 2001). The values of «a obtained here are therefore
relative to an axis directed toward the observer. Finally, tak-
ing into account that the magnetic field can be directed away
from the line of sight by as much as 60° in some parts of
M17, we can see that a multiplicative factor of the order of 2
has to be applied to the Zeeman measurements of Brogan &
Troland (2001) in order to evaluate the magnitude of the
magnetic field. They obtained a maximum value of ~—750
uG for By, using H 1 Zeeman measurements at 20 km s—1,
implying that the magnitude of the field could be as high as
~1.5 mG for this object.

Vol. 569
TABLE 3
M17 MAGNETIC FIELD ORIENTATION

Ao A& ab o 5 o3
—60 59.9 5.5 52.6 5.5
—40 68.8 0.3 55.3 5.1
—80 51.8 1.4 48.8 1.2
—60 61.0 0.4 50.5 1.1
—40 60.2 0.5 53.9 1.7
-20 67.8 0.3 57.5 1.3
-93 51.8 2.5 46.9 1.3
-37 62.6 1.1 48.8 0.8
93 60.7 0.3 70.8 3.0
20 61.7 0.1 87.6 1.6
—54 37.7 8.7 50.1 1.4
76 65.0 0.4 61.1 2.8
2 59.6 0.3 74.2 2.5
—71 57.9 0.9 49.2 1.1
36 68.1 1.5 95.7 3.8
54 67.1 0.2 75.8 18.7
—15 67.2 0.9 61.1 1.3
115 57.7 0.6 97.4 1.5
—88 55.7 2.1 50.7 1.0
98 58.5 0.9 92.5 1.1
-32 52.1 0.6 53.3 2.0
—49 28.4 3.3 53.0 2.1
0 65.3 0.1 76.0 1.6
20 67.9 0.1 86.9 1.3
40 68.9 0.1 88.4 3.2
80 55.4 0.2 90.9 1.8
—66 57.0 0.8 53.3 2.1
64 34.6 1.6 92.2 1.7
54 63.8 0.1 89.5 3.2
—-10 62.1 0.4 75.7 1.4
120 57.4 0.4 96.1 1.8
=27 53.7 1.7 69.3 1.8
103 63.1 2.0 101.6 0.6
—44 59.7 0.5 64.6 2.0
0 64.4 1.0 75.6 0.8
20 66.4 0.3 70.3 1.4
40 63.2 0.2 72.0 2.7
—18 62.3 0.3 78.7 0.7
54 67.1 0.5 90.7 1.0
72 57.7 0.2 99.6 0.8
90 65.2 0.1 97.5 0.6
108 55.0 0.7 99.0 0.7
34 64.8 2.1 67.0 1.6
91 50.5 1.5 94.8 0.2
17 62.9 0.9 72.1 0.7
73 9.4 6.9 88.3 0.4
—40 50.8 1.5 86.0 0.4
-20 66.5 0.3 83.0 0.4
0 55.2 2.4 77.3 0.5
60 62.3 1.4 92.7 1.8
100 9.4 6.9 95.7 0.6
39 67.3 1.3 85.0 2.1
95 49.9 2.5 95.5 1.1
22 71.5 1.2 87.1 0.3
78 64.1 1.4 87.3 1.5
5 49.5 10.0 87.6 0.1
—18 57.7 7.0 87.3 0.5

a Offsets in arcseconds from 18117m31%54, —16°14/25"

(B1950.0).

b Position angle in degrees of the magnetic field to the

line of sight.

¢ Position angle in degrees east from north.
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5. DISCUSSION

In the previous sections, we have proposed a new techni-
que, based on the work of Houde et al. (2000a, 2000b), for
evaluating the orientation of the magnetic field in molecular
clouds. The orientation of the field is specified by its inclina-
tion or viewing angle « (see § 3.2 for a precision concerning
its definition) and the angle 5 made by its projection on the
plane of the sky. Once determined, these parameters can be
used also in conjunction with Zeeman measurements to
obtain maps of the magnitude of the magnetic field. We
applied this technique to spectroscopic and polarimetry
data of M17 obtained at the CSO and found the results to
be in good agreement with our predictions. As pleasing as
this outcome may be, however, our treatment of the data
rests on a number of assumptions that need to be addressed
and discussed.

1. At the heart of our technique is the extensive compari-
son of polarimetry data measured from continuum dust
emission at 350 um and line profiles of the HCN and HCO*
molecular species. It is, however, likely that the dust is opti-
cally thin at 350 um, whereas this is probably not true every-
where in M17 for the HCN and HCO™ transitions used in
this study. This implies that we are, perhaps, not probing
the same regions with both sets of observations; this is more
likely to be true in the region of maximum HCN and HCO+
intensity. It is then probable that some errors are introduced
in our analysis for that part of the cloud. Unfortunately, it is
not possible at this point to say to what extent this is so. It
might, therefore, be desirable to study this region of the
cloud with species that are less abundant (as long as the pair
of molecules used can be shown to be coexistent). Future
studies using H3CN and H3CO™ might shed some light on
this issue.

2. In the same vein, it is also not certain that given sets of
spectrometric (or polarimetry) and Zeeman data would

MAGNETIC FIELD IN MOLECULAR CLOUDS 813

always probe the same region of a molecular cloud. As far
as a comparison with the HCN and HCO™ is concerned,
Zeeman measurements made with the CN molecular species
are likely to be a better match than others made with H 1 or
OH.

3. Again, related to point 1 above is the fact that the line
profiles from HCN and HCO+* are probably saturated in
some regions of the molecular cloud. It is then likely that the
line width ratio is to some extent subject to errors due to the
different enhancement of the high-velocity wings between
both species. Using a pair of less-abundant molecular spe-
cies would also help in improving on this.

4. Small changes in the evaluation of the line width ratio
can be important in determining both the appropriate neu-
tral flow configuration to a set of data and ultimately the
viewing angle. This puts stringent requirements on the mod-
eling of the line profiles. It is extremely important that the
high-velocity wings be well fitted. Since this is often difficult
to do for a finite S/N, this is likely to be a source of error in
the analysis. We did our best to minimize this and we feel
confident about the quality of our modeling of the line pro-
files, but we cannot be entirely certain that this source of
error has no impact on our results.

5. Contrary to what was assumed in our analysis, it is
very likely that a single model of neutral flow configuration
does not apply equally well to the different regions of the
molecular cloud. It is probably better to think of the chosen
model as some sort of picture representative of the object
under study (it tells us the maximum amount of flow colli-
mation expected in the area covered by the observations).
This is certainly another source of errors. Unlike the others
discussed previously, however, it is possible to get a glimpse
as to how severe it is likely to be. To this end, we have pur-
posely chosen a ““bad ” fit to our data, calculated a new set
of viewing angles, and compared it with the one presented in
Table 3. We show in Figure 12 histograms for the distribu-

15 -

| <o = Baze AO = 34.5°

| (<a@>—<a>?)/z = 12.1°

10 -

count

<a> = 38.1°
(<a?>—<a>?)1/2 = 9.6°

AG = 60°

10 ]

count
T
.

B Al S

20 40 60 80
viewing angle (deg.)

20 40 60 80
viewing angle (deg.)

FiG. 12.—Histograms showing the distribution of the viewing angle o in M 17 for our fit to the data shown in Fig. 5 (A0 = 34°5) (left) and another where

A0 = 60° (right).
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tion of the viewing angle for the “good” (left, with
Af = 3475) and the “bad” fit, where we have arbitrarily
chosen a neutral flow configuration model of Af = 60°
(right). (Alternatively, the model with Ad = 60° would be a
good fit to the data if Py,x were raised to approximately
15%.) As can be seen, there is a definite change in the distri-
bution from one model to the other as the mean for the
viewing angle changes from 54° for the good fit to 38° for
the other. As can also be seen from a comparison of the his-
tograms, however, the error occasioned by a bad selection
of the neutral flow model is not likely to be much more than
roughly 15°-20° in the cases where « is measured to be high,
whereas it is fairly negligible when it is small. Our technique
is, therefore, relatively robust to this kind of error.

6. Finally, as mentioned in the last section, M17 is lack-
ing some higher polarization points that would allow us to
test our technique farther out in polarization space.

In view of all this, it is important that tests be conducted
on more objects to ensure the validity of the method. More
precisely, we need to conduct similar studies on molecular
clouds exhibiting higher levels of polarization and, if possi-
ble, use other less-abundant species (e.g., HI3CN and
HBCO") to better match the continuum measurements.
Although such programs require a significant amount of
observing time, the expected benefits are such that we judge
it to be imperative to push them forward. We list here some
of the most obvious benefits.

1. Aswas mentioned earlier, combining the kind of study
presented here with Zeeman measurements (subjected to
point 2 above), it is now possible to make maps for the mag-

nitude and orientation of the magnetic field in molecular
clouds.

2. It might also be possible to determine the topology of
the magnetic field in molecular clouds and, perhaps, test the
predictions made by different models (e.g., the helical field
model of Fiege & Pudritz 2000a, 2000b).

3. Aswas hinted at in the previous section, a study of the
variations in the orientation of the magnetic field through
angles o and (3 in correlation to density or density gradients
might help in revealing some of the interactions between the
magnetic field and its environment (e.g., field pinching dur-
ing collapse).

4. The knowledge of the curve relating the ion-to-neutral
line width ratio and the normalized polarization (as in Fig.
10) would allow for a *“ correction ” of the polarization lev-
els across the source and possibly help in understanding the
processes responsible for the depolarization effect observed
in molecular clouds (e.g., differentiate between different
grain models).

Time will tell how well our proposed technique fares and
how much it can reveal concerning the nature of the mag-
netic field in molecular clouds. We might be justified, how-
ever, in being optimistic about a method that purposely uses
three seemingly different and independent observational
techniques and combines them in a way that takes advant-
age of and clearly exhibits their complementarity.

We wish to thank A. A. Goodman and C. L. Brogan for
insightful comments on the subject. The Caltech Submillim-
eter Observatory is funded by the NSF through contract
AST 99-80846, and the observations with HERTZ were
supported by NSF grant 99-87441.
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