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Abstra
t

The magneti
 �eld is believed to play a 
ru
ial role in the pro
ess of star formation.

From the support it provides during the initial 
ollapse of mole
ular 
louds to the 
re-

ation of strong 
ollimated jets responsible for large mass losses, 
urrent theories predi
t

its importan
e in many di�erent stages during the formation of stars. Here we report on

observational eviden
e whi
h tests one aspe
t that 
an be inferred from these theories:

the alignment between the lo
al magneti
 �eld and 
ollimated bipolar out�ows in su
h

environments. There is good eviden
e of an alignment in the 
ase of NGC 2071.

Subje
t headings: ISM: individual (NGC 2071) � ISM: 
loud � ISM: magneti
 �eld �

ISM: mole
ules

1. Introdu
tion.

In two previous papers (Houde et al. 2000a,b), we presented theory and observations whi
h

established the possibility of dete
ting the presen
e of the magneti
 �eld in mole
ular 
louds through

its e�e
ts on the pro�le of mole
ular ion emission lines. This new e�e
t 
an be dramati
 and 
an

produ
e ion pro�les with narrower line width and signi�
antly suppressed high velo
ity wings when
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ompared to the spe
tra of 
oexistent neutral mole
ular spe
ies. It is observed in the weakly

ionized plasmas of the dense interstellar medium provided they are supported by turbulen
e or

stellar out�ows rather than thermally. It also requires some degree of misalignment between the

lo
al mean magneti
 �eld and the neutral �ows present in the gas. Di�eren
es between the line

pro�les of the ion and neutral spe
ies disappear if the �ows and the magneti
 �eld are aligned.

This e�e
t resembles in many ways the ambipolar di�usion phenomenon whi
h arises when one


onsiders similar environments in a 
ollisionally dominated regime (i.e., magnetohydrodynami
s).

Under su
h 
ir
umstan
es, if the small-s
ale spatial gradients of the magneti
 �eld 
an be negle
ted

then gyromagneti
 motions 
an also be ignored and the drift speeds between the ions and the

neutrals is found to be small (Shu 1992). But as we have shown in our �rst paper on the subje
t

(Houde et al. 2000a), in the presen
e of neutral �ows the magneti
 for
es qui
kly dominate over


ollisional pro
esses even in 
ases where the lo
al �eld is relatively weak (a few µG at a neutral

density of ∼ 105

m

−3
). Gyromagneti
 motions then be
ome important, spatial variation in the

magneti
 �eld on the s
ale of a gyro-radius arise and mu
h larger drift speeds are observed.

As 
an be inferred from earlier 
omments, the dete
tion of a magneti
 �eld is most easily

established in 
ases where the di�eren
es between the lines pro�les of ions and neutrals are strongly

a

entuated. However, under the assumption of the existen
e of a su�
iently large magneti
 �eld, a

high degree of similarity in the spe
tra 
an potentially tell us something about the alignment between

the mean magneti
 �eld and the �ows. This is mostly interesting for the study of obje
ts whi
h

show strong 
ollimated bipolar out�ows as it allows a 
omparison between theory and observation.

Indeed, 
urrent theoreti
al models (see Ba
hiller (1996) for a review) predi
t the existen
e of bipolar

jets emanating from the poles of the protostars during 
ertain stages of star formation. One agent

ne
essary for the presen
e of these jets is believed to be the magneti
 �eld to whi
h they would be

aligned.

While these jets 
an be observed at opti
al and/or radio frequen
ies, mole
ular out�ows, whi
h

appear to exist in irregular shells or in the walls surrounding the 
avities formed by the jets, are

also dete
ted at millimeter and submillimeter wavelengths. The alignment between these mole
u-

lar out�ows and the magneti
 �eld has been observed at opti
al wavelengths with measurements

of the orientation of the polarization ve
tors of the radiation emanating from ba
kground stars

lo
ated behind bipolar out�ows originating from protostars (Cohen et al. 1984; Heiles 1987) and,

more re
ently, at millimeter or submillimeter wavelengths through line and 
ontinuum polarization

dete
tions (Girart et al. 1999b). The te
hnique we present here, whi
h we argue also allows us to

a
hieve this, has the advantage of being very simple. It only requires 
omparisons of the line pro�les

of 
oexisting neutral and ion mole
ular spe
ies, in our 
ase HCN and HCO

+
, taken at the same

positions in the out�ows.

To show how this 
an be done, we examine the following set of equations (Houde et al. 2000b)

whi
h applies to 
ases where the region under study has i) an azimuthal symmetry about the axis

parallel to the orientation of the mean magneti
 �eld and ii) a re�e
tion symmetry a
ross the plane
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perpendi
ular to this axis (see Figure 1). We also assume that the �ows in the region under study

are linear, the plasma is weakly ionized and all the 
ollisions between ion and neutral mole
ules are

perfe
tly elasti
:

[σn
obs]

2 =
∑

k

Ck
〈

[vn]k
〉2

[

〈

cos
(

θk
)〉2

cos2 (α) +
1

2

〈

sin
(

θk
)〉2

sin2 (α)

]

(1)

[

σi
obs

]2
≃

∑

k

Ck
〈

[vn]k
〉2





〈

cos
(

θk
)〉2

cos2 (α)

+

〈

sin
(

θk
)〉2

[

mi

µ
− 1

]

[

a cos2 (α) +
g

2
sin2 (α)

]



 . (2)

The �rst equation gives an expression for the width (varian
e) of the neutral line pro�le and the

se
ond another expression for that of the ion. The summation runs over every �ow present in any

quadrant of any plane whi
h is perpendi
ular to the plane of re�e
tion symmetry and whi
h also


ontains the axis of symmetry. Ck
is the weight asso
iated with the neutral �ow k, whi
h presumably

s
ales with the parti
le density (we assume ions and neutrals to exist in similar proportions), its

velo
ity is given by [vn]k, θk
is the angle between its dire
tion and that of the mean magneti
 �eld

and α is the angle between the latter and the line of sight to the observer. a and g are 
oe�
ients

that are weak fun
tions of the ion mass mi and the redu
ed mass µ. If we 
hoose the mean neutral

mole
ular mass to be 2.3m
H

, we get a ≃ 0.16 and g ≃ 0.84 for a wide range of ion masses. We 
an

easily verify from equations (1) and (2) that, as was mentioned above, the ion and neutral spe
ies

will have similar line widths if the magneti
 �eld and the �ows are aligned (θk ≃ 0), irrespe
tive of

what the viewing angle α is. The di�eren
e between the line widths is maximized when the �ows

are perpendi
ular to the �eld (θk ≃ π
2
).

The di�eren
e between the two line widths is also a fun
tion of the viewing angle α. While we

have σn
obs ≃ σi

obs when the magneti
 �eld is parallel to the line of sight (α = 0), we get:

[

σi
obs

]2

[

σn
obs

]2
≃

g
[

mi

µ
− 1

] ≃ 0.07

for HCO

+
when α = π

2
(with θk 6= 0 for at least one value of k).

In general, the line narrowing and high velo
ity wing suppression e�e
ts are seen in the 
ore of

mole
ular 
louds for many ion spe
ies (HCO

+
, H

13
CO

+
, N2H

+
, HCS

+
and H3O

+
have been studied

so far) whether the observed lines are opti
ally thin or not. Some notable examples are W3 IRS 5,

OMC-1, OMC-2 FIR 4 and OMC-3 MMS 6. We also showed, in our previous study of a sample of

eleven mole
ular 
louds (Houde et al. 2000b), that the ratio of ion to neutral line width is likely to
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vary signi�
antly from one sour
e to another, with the ion spe
ies always exhibiting narrower line

pro�les. However, when averaged over the sample, it is fairly 
lose to what would be expe
ted if

the �ows were randomly oriented in relation to the dire
tion of the mean magneti
 �eld (as 
an be


al
ulated from equations (1) and (2)). Perhaps this is a sign that there is no obvious propensity

for the alignment between the two in the 
ores of su
h high density mole
ular 
louds. But in at

least one 
ase of a well de�ned out�ow, �eld and �ow alignment is indi
ated.

In the next se
tion, we present observations of the NGC 2071 mole
ular 
loud where we argue

that HCN and HCO

+
spe
tra provide eviden
e for the alignment between the magneti
 �eld and

the 
ollimated out�ow. This 
on
lusion will be drawn from the remarkable similarities between the

pro�les observed in the bipolar out�ow for these two mole
ular spe
ies. We should stress that this

result, in itself, does not validate the di�erent theories that 
all for su
h an alignment. For all we

know NGC 2071 may just be a 
han
e happening. Similar studies, like the one presented here or

others using di�erent te
hniques, will have to be done on a number of obje
ts before a 
on
lusion


an be rea
hed.

In light of the above dis
ussion 
on
erning the signi�
ant di�eren
e in line widths whi
h we

observed in mole
ular 
louds, we infer that, from a more general standpoint, the 
ase studied in this

paper is rather unusual. An explanation for this might reside in the fa
t that the aforementioned

narrowing of the ion lines 
ould be an indi
ation that the 
entral stru
ture of the 
louds is more


omplex than the simple, bipolar out�ow that will be dealt with here. A given 
ore 
ould harbor

multiple �ows and even, perhaps, a magneti
 �eld whi
h may be 
ontrolled from a system external

to it. For example, one 
ould 
on
eive of the possible intera
tions between the �elds and �ows

emanating from di�erent protostellar sour
es residing in the 
ore. Hopefully, possible future high-

resolution (interferometri
) observations will shed some light on this issue.

2. Observations.

NGC 2071 is an opti
al re�e
tion nebula lo
ated at approximately 390 p
 in the L1630 mole
ular


loud of the Orion B region. This obje
t is known to exhibit a strong bipolar out�ow whi
h has been

extensively studied with many di�erent mole
ular spe
ies (see Girart et al. (1999a) and referen
es

therein). Some of its main 
hara
teristi
s are its relatively high degree of 
ollimation, its large size

and a favorable viewing angle whi
h all 
ontribute to a relatively well understood geometry, making

this sour
e a perfe
t 
andidate for the appli
ation of our te
hnique.

Our observations of NGC 2071 were made at the Calte
h Submillimeter Observatory (CSO)

using the fa
ility's 300-400 GHz re
eiver (beam width ≃ 20′′). 12
CO (J → 3− 2) data was obtained

on 29 January 1997 and 5 February 1999 while HCN (J → 4 − 3) and HCO

+
(J → 4 − 3) spe
tra

were obtained on 29 O
tober 1999 and 16 De
ember 1999.

Figure 2 shows two

12
CO (J → 3 − 2) maps, the 
ontours highlight the integrated intensity of

a) the red out�ow (10 km/s ≤ v ≤ 50 km/s) and b) the blue out�ow (-50 km/s ≤ v ≤ 10 km/s).
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The underlying grey s
ale levels delineate the total integrated intensity (-50 km/s ≤ v ≤ 50 km/s).

Figure 3a) shows three spe
tra (

12
CO, HCN and HCO

+
) taken at the sour
e's 
enter position.

The HCN and HCO

+
spe
tra are very similar with their 
enter velo
ity (≈ 9.5 km/s) reasonably

well aligned with the self-absorption feature of the

12
CO spe
trum (presumably 
aused by and at

the velo
ity of the ambient quies
ent 
loud). The HCO

+
to HCN line widths ratio was 
al
ulated to

be 0.93 (Houde et al. 2000b). Although this position is not lo
ated in any of the two out�ows, this

number suggests that perhaps we have a good alignment between the mean magneti
 �eld and the

out�ow. To verify this, we have obtained deep integration spe
tra in one position for ea
h out�ow.

Figure 3b) shows spe
tra of the same mole
ular spe
ies taken in the redshifted out�ow (RA o�. =

−40′′, DEC o�. = −60′′). The 12
CO spe
trum shows an extended high velo
ity wing that goes as

far as 40 km/s. The HCN and HCO

+
spe
tra are, of 
ourse, mu
h weaker at this position than

in the 
ore but also exhibit redshifted velo
ity wings whi
h indi
ate that they are taking part in

the out�ow motion. At �rst look, these two spe
tra show similar pro�les, reinfor
ing the align-

ment hypothesis between the magneti
 �eld and the 
ollimated out�ow. Note that the velo
ity at

peak intensity (≈ 11.2 km/s) di�ers somewhat from that of the quies
ent part of the 
loud (≈ 9.5

km/s). Figure 3
) shows a similar set of spe
tra taken in the blueshifted out�ow (RA o�. = 40′′,

DEC o�. = 50′′). The

12
CO spe
trum again exhibits a strong high velo
ity wing that extends to

approximately −50 km/s. This time, the HCN and HCO

+
line pro�les are noti
eably di�erent. But

both spe
trum have a velo
ity wing that extends as far as that of

12
CO while also showing a narrow

peak at the velo
ity of the ambient 
loud. This 
omponent 
an be dis
arded when 
omparing the

wing pro�les. This 
an be as
ertained with the help of Figure 3d) where we present a set of spe
tra

taken at a position (RA o�. = −60′′, DEC o�. = 40′′) situated at approximately the same distan
e

from the 
ore as those of Figure 3b) and 
) but in a dire
tion roughly perpendi
ular to the axis

of the out�ow. At this position, only this 
omponent is present in the spe
tra and it is natural to

assume that it is the result of emissions emanating from the quies
ent part of the 
loud and not

from the out�owing gas.

3. Alignment of the magneti
 �eld and the 
ollimated out�ows.

As we mentioned earlier, a

ording to the material we presented in our two previous papers

(Houde et al. 2000a,b), the line pro�les of 
oexistent ion and neutral mole
ular spe
ies should show

no signi�
ant di�eren
es in 
ases where there is a good alignment between the mean magneti
 �eld

and the �ows present in a given region of a mole
ular 
loud. In Figure 4, we have superposed the

HCN and HCO

+
spe
tra obtained in the red and blueshifted out�ows presented in Figure 3b) and


). We have also s
aled the range of the verti
al axis in order to better show the details of the

di�erent spe
tra and avoid any unwanted 
onfusion that 
ould be brought by the 
omponents of

the quies
ent part of the 
loud. In both 
ases, the similarity between the HCN and HCO

+
spe
tra

is striking. We are led to the 
on
lusion that there is strong eviden
e for a high degree of alignment

between the magneti
 �eld and the bipolar out�ow of NGC 2071. We do not mean to imply that
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this validates the di�erent theories that 
all for su
h an alignment, for all we know NGC 2071 may

just be a 
han
e happening. Similar studies like this one (or using other te
hniques) will have to be

done on other obje
ts before a 
on
lusion 
an be rea
hed.

Evidently, there is always the alternative that there is no magneti
 �eld in the out�ows to

impede the motion of the ions (a 
omparison of opti
ally thin lines (H

13
CN and H

13
CO

+
) whi
h

probe deeper in the sour
e's 
enter, presented in Houde et al. (2000b), gives an ion to neutral line

width ratio of 0.64 and, therefore, establishes the presen
e of a magneti
 �eld in the 
ore). Be
ause

of this we 
annot be absolutely 
ertain of the alignment. But as Cohen et al. (1984) and Girart et

al. (1999b) have shown, a magneti
 �eld does exist in the out�ow of many obje
ts. It is therefore

likely that the same is true for out�owing sour
es in general.

3.1. The driving agent behind the out�ows.

The previous dis
ussion and the 
on
lusion we rea
hed are partly based on the assumption, and

likely hypothesis, that jets are the primary driving agent of mole
ular out�ows. In this s
enario,

out�ows with standard high velo
ities would 
onsist of ambient 
loud gas whi
h has been swept up by

underlying winds. Whether these winds are 
omposed of the (ionized) jets alone or in 
ombination

with a signi�
ant neutral 
omponent is un
ertain, but there is eviden
e that entrainment of the

ambient gas by bow sho
ks or turbulent mixing on the sides of the jets 
an be a
hieved (Ba
hiller

1996).

Our interpretation of the data might 
hange if the driving agent were of a di�erent nature.

In fa
t, our analysis rests on the assumption that neutral �ows are present, working on the ion

spe
ies and trying to bring them along in the �ows via 
ollisions. Something of this sort is needed

to explain the di�eren
e in the line pro�les between 
oexistent ions and neutrals observed in the


ore of mole
ular 
louds (i.e., the larger widths of the neutral spe
tra (Houde et al. 2000a,b)). Our


on
lusions might not apply if, on the other hand, the situation were reversed and the ions were

driven through some magnetohydrodynami
al pro
ess and working on the neutrals. But we would

then expe
t the ions to have spe
tra whi
h would be at least as wide as those of the neutrals and

sometimes broader, depending on the degree of 
oupling between the two spe
ies.

4. Con
lusion.

Using some of the material presented in our two previous papers (Houde et al. 2000a,b), we

have shown how it is possible to �nd out if the mean magneti
 �eld and 
ollimated out�ows are

aligned with ea
h other in star formation regions. We have applied this te
hnique to data obtained

at the CSO for the NGC 2071 mole
ular 
loud and 
on
luded that there is strong eviden
e that

there exists a high degree of alignment in this 
ase. This te
hnique has the advantage of being

very simple sin
e it only requires a 
omparison between the line pro�les of two 
oexistent mole
ular
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spe
ies (in our 
ase HCN and HCO

+
).
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B

Fig. 1.� Example of a possible sour
e geometry whi
h exhibits the symmetries enumerated in the

text. The thi
k and thin arrows represent infall and out�ow, respe
tively, and the dots the ambient

mole
ular 
loud.
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Fig. 2.�

12
CO (J → 3− 2) maps of NGC 2071. Map a) shows 
ontours for the integrated intensity

(10 km/s ≤ v ≤ 50 km/s) of the red shifted lobe and map b) that of the blue shifted lobe (−50 km/s

≤ v ≤ 10 km/s). The underlying grey levels delineate the total integrated intensity (−50 km/s≤ v ≤

50 km/s). The maps have a grid spa
ing of 10

′′
. The size of the teles
ope beam (FWHM≃ 20′′)

is shown in the lower left 
orners. The 
enter position of the maps is RA = 5h44m30.s2, DEC =

00◦20′42.′′0 (J1950).
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Fig. 3.�

12
CO (J → 3 − 2), HCN (J → 4 − 3) and HCO

+
(J → 4 − 3) spe
tra in four dif-

ferent positions in the NGC 2071 mole
ular 
loud. Emission line pro�les a) at the 
enter posi-

tion (RA o�. = 0′′, DEC o�. = 0′′ in the maps shown in Figure 2), b) in the redshifted out�ow

(RA o�. = −40′′, DEC o�. = −60′′), 
) in the blueshifted out�ow (RA o�. = 40′′, DEC o�. = 50′′)

and d) away from the three previous positions (RA o�. = −60′′, DEC o�. = 40′′).
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Fig. 4.� Superposition of the HCN (J → 4 − 3) and HCO

+
(J → 4 − 3) line pro�les in the a)

redshifted and b) blueshifted out�ows. The pro�les are remarkably similar for velo
ities di�erent

from that of the ambient 
loud (v ≃ 9.5 km/s). Note that the two �gures have di�erent velo
ity

s
ales.


