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Twisted magnetic field lines around protostars
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Abstract. Polarized dust emission from six star-forming clouduch twisted field lines. We have therefore made polarizatic
cores has been detected, at wavelengths of 450 to 400 measurements of a sample of star-forming cores, to look f
The data are used to measure net magnetic field directionslaanges in field orientation over different size scales.
a function of beam size, and in two sources the field is found The six sources selected have all previously been detec
to twist through very large angles (60-<§0For the low-mass in 800 um polarimetry at the James Clerk Maxwell Telescop
protobinary IRAS16293-2422, one field direction is along thdCMT). We have now detected five of the sources at 1400
circumbinary disk, while another is aligned between the twand three of the brighter objects at 4bf:. In this Letter, we
bipolar outflows. This is the first observational evidence of beptesent the evidence for twisted magnetic fields in two of t
field lines around protostars. For the high-mass W75N sourseurces, and compare the results to models of magnetized s
the data indicate a centrally contracted field. The dust core darming cores.
cupies the most compressed part of the field, and the field lines
are bent by large angles, 45°.

In the highest angular resolution observatior§i§@am at 2. Observations

450um), the deduced magnetic field directiorp@rallel to the b . dei b 4 Jul
outflow axis, in all three sources observed. This suggests EH%e observations were made in February and July 1995, at

highest-resolution observations may be tracing the compone‘?%wr’ Ir:)ca:(te)d c()jn Ma/turll\?vl\;ea, IH"’_‘W""”' Th:/ldata were IObltgign
of the magnetic field that constrain the outflowing gas. using the Aberdeen/QMW polarimeter (Murray et al. 1992
Murray 1991) and the continuum receiver UKT14 (Duncan ¢

Key words: polarization — stars: formation — ISM: magneti@l' 1990). The polarimeter half-wav_e plqte was stepped af 22
fields intervals around 360 and the resulting sinusoidally modulateg
signal was analysed to find the polarization (Nartallo 1995). |
tegration times were 16s per waveplate position, with typical
10 waveplate cycles of 38heeded to detect the polarization.
The 450um data were obtained in July 1995, during a perio
Magnetic fields are thought to be important in star formationf excellent weather when the 4%6n zenith sky opacity was
especially in braking processes which move angular momentanly ~ 0.6 (about 0.75 mm of precipitable water vapour). Th
outwards, and in the collimation of jets and bipolar outflowd.100um data from February 1995 were observed with PWV
It is now possible to detect the magnetic fields in star-formirlg5—3 mm, and 1100m sky opacities of- 0.2. During the runs,
cores using far-infrared or submillimetre polarimetry (e.g. Flefistrumental polarization was measured on Mars (assumed
& Murray 1991). Elongated dust grains are partially aligned dye unpolarized), and subtracted in the reduction. The IP leve
the field and consequently their emission is linearly polarizedere 1.93+ 0.27% and 1.73t 0.07% at 450 and 1100m
The average direction of the field, within the telescope beam aiespectively. The telescope beam sizes wérartl 19 at these
in the plane of the sky, is perpendicular to the position angle whvelengths (full-width at half-power), while the beam size fo
the polarization. previous 80Qum observations was 14 The telescope pointing
Many models exist predicting the magnetic field structuie accurate to’2or better.
around protostars (e.g. Henriksen & Valls-Gabaud 1994; New-
man et al. 1992; Shu et al. 1995). A feature of many of these
models is that the field lines ateisted For example, a linear 3. Results

field in the ambient cloud material may be wound up in a Ciﬁ:he polarimetry results at 450 and 1106, are presented in

cumstellar disk, and then twist through a right angle to emerge . .

along the outflow axis. So far, there is no direct evidence fg ble 1, togethe_:r_ with previous ‘JCMT.SW data. For each
source, the position angle of the polarizatiénhas been used

Send offprint requests 1d.S. Greaves to derive the magnetic field directiofizp = 6 + 90°, within

1. Introduction
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ll'l_J Table 1. Submillimetre polarimetry results at 450 and 1300, together with previously published data, primarily at 800. The first three
— cores contain low or intermediate mass stars, and the second three are high-mass sources. The percentage polarization and associated position
'i,J angle are given by and¢ respectivelyp values and errors have been corrected for bias effects (Wardle & Kronberg 1974). The mean magnetic
field angle is given by g, with a+10 range from the measurements.
source R.A.,Dec. distance wavelength P 0 05
(1950) (pc) fom) (%) ©) ©)
IRAS16293-2422 16h 29m 21.05s, 2222 15.5’ 160 450 1.83t 0.47 173+7 110+ 30
800" 1.444+0.40 62+ 8
1100 1.01+0.24 4+ 7
NGC1333-IRAS4A 03h 26m 04.8s, +303 13.6’ 350 800 3.8+ 0.6 144+ 9 54+ 8
1100 491+ 042 142+ 2
S106-IR 20h 25m 34.3s, +3712 50.0" 600 800 3.14+0.78 173+ 7 73+ 11
1100 2.68+0.71 152+ 7
W75N 20h 36m 50.0s, +426 58.0" 2000 450 2.02+ 0.63 127+9 172+ 32
800° 0.7+ 0.24 55+ 5
1100 ~0.30+0.28 ~63+ 22
W3-IRS5 02h 21m 53.2s, +86 62 21.0' 2300 806 0.49+ 0.31 47+ 18 149+ 12
1100 1.75+ 0.58 70+ 9
NGC7538-IRS11 23h 11m 36.8s, +610 37.0’ 2700 450 2.39+ 1.06 83+ 13 161+ 13
80 25+0.2 58+ 2

References® Greaves et al. (1997), see also Flett & Murray (19%1hean of values from Minchin et al. (1995), Tamura et al. (199%)r
result, see also Tamura et al. (1995}3olland et al. (1996)° Vallée & Bastien (1995), flux peak positionGreaves et al. (19945; Minchin
& Murray (1994), see also Flett & Murray (1991).

each beam size used. The range of obsefiyedalues is given wavelength can occur for sources with mixed grain populations,
in the last column of Table 1. but not with this magnitude (Greaves et al. 1998).

The observed polarization position angle is expected to ex-
actly trace the net magnetic field orientation in the cores, since _
the submillimetre dust emission is optically thin, and therefofe Discussion
arises frqm aI] the grains along the line of sight. Thusf if 4 1 The magnetic field around IRAS16293-2422
changes in going from a small to a large beam size, there must
be a net twist in the field within this larger beam. In particURAS16293-2422 is a low-mass system containing two can-
lar, extended emission detected only in the larger beam mdistate protostars, separated by &n the sky (Wootten 1989;
be associated with a different field direction, compared to movindy et al. 1992). Our observations are centred on the MM1
compact emission seen by both beams. source, which has most of the submillimetre flux (Tamura et al.

Such twists in the field are clearly seen in two of our sourcek93). There are two bipolar outflows in the system, at position
IRAS16293-2422 and W75N. In IRAS16293-2422, the diffe@ngles of approximately 35and 103 (Walker et al. 1988), of
ence in field orientation between 450 and 800 beam sizes which the former (most highly collimated) is associated with
is 6% + 11°, and that between 800 and 1106: is 58 4+ 11°. MM, and the latter perhaps with MM2 (Walker et al. 1992, but
Remarkably, the field has twisted from an east-west orientatig@e Fukui et al. 1993).
in the smallest beam, to a roughly SE-NW one, and thack The magnetic field direction at 8Q@n is close to the ma-
again to E-W in the largest beam. This indicates a complex y@r axis of the circumbinary envelope (Walker et al. 1992, and
derlying field structure. In W75N, the orientation change frofig. 1). This suggests that the two protostars may be magneti-
the 450 to the 80@sm beams is 72+ 10°, and the field direc- cally linked through their surrounding material. A similar result
tion at 1100u/m is uncertain, but probably close to that at 80bas also been obtained from 3 mm polarimetry (Akeson & Carl-
wm. strom 1997). In contrast, the field seen at 450/1100is atf

For the other four sources in Tabledchanges by much = 8% & 6°, which is close to the bisecting lines between the
less & 10-25 between the 450, 800 and 110@: beams). two outflows, at an angle of (8$105°)/2 = 8C. It is therefore
These are more typical results — for example, a compilatié®@mpting to identify field components near the outflow axes and
of 800 and 110Q:m JCMT polarization results shows a meathe circumbinary disk plane. However, it is unclear what deter-
position angle change of 18° between the two wavelengths mines which field direction is seen in which beam size.
Thus the angle changes of 602&&en in IRAS16293-2422and ~ The data show, for the first time, some very large twists in

W75N are clearly exceptional. SmaNariations as a function of the magnetic field around low-mass protostars. Such twists, of
~ 90°, can occur where the field in the disk plane bends to
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. o ] o Fig. 2. A schematic diagram of the proposed field structure in W75
Fig. 1. Magnetic field orientations in IRAS16293-2422. The bold arfhe dense core (shaded) occupies the region where the field lines

rows represent the net magnetic field directions at 800 and 450/1H@st compressed. The field and outflow directions are shown as
pm, and the arrow lengths are equal to the FWHM beam sizes. The ¢ifg. 1: the outflow data are from Hunter et al. (1994).

cumbinary disk (shaded) and outflow locations (solid lines and dashed
arrows) are based on Walker at al. (1992, 1988), and the crosses mark

the positions of the two protostars.
lines, so the net result is in tigerpendiculadirection (Fig. 2).

The observed difference in the 450 and 809 orientations
emerge along the outflow, and this is the first evidence of suish72 + 10°, in reasonable agreement with the expected rig
an effect. In addition, the scale on which the field is twisted &ngle, and the symmetry axis, atan anglésts 37°,isaligned
IRAS16293-2422 can be identified. The field orientation is di€lose to the outflow oriented at 45A requirement of the data
ferent at 14 resolution, compared td’8r 19’, so significant is that the field lines must bend outwards by5°, relative to
twisting occurs over a region of size14” (2000 au at 140 pc). the central linear region, in order to produce a net SE-NW fie
This size scale is typical of protostellar envelopes (e.g Andat the longer wavelengths (Fig. 2). This may be a useful test f
et al. 1993), and much larger than the sizes of the accretimodels of contracted fields.
disks (e.g.< 70 au for the protostar VLA1623, Pudritz et al. InW75N, the core size is similar to that of the 45@. beam,
1996). Thus the observed twisting occurs within the circumbdracing the central linear part of the field. The beam FWHM i
nary envelope. This is consistent with models such as those86f and a five-point map made at 4a@h indicates a core di-
Henriksen & Valls-Gabaud (1994), where circumstellar magmeter ot~ 8”. A similar result is found for the contracted field
netic fields follow large-scale streamlines. mapped in W3-IRS5 (Greaves et al. 1994), where the cent
part of the field occupies roughly the area of th& béam, and
the core size is Y3(Oldham et al. 1994). These data indicats
that the dense post-collapse core occupies the region where
For W75N, our observations were centred on the source W75Md lines have contracted the most.
HII(B), whichis thoughtto drive the outflow (Moore etal. 1991).

The outflow system (Hunter et al. 1994) has two concentratio . L
of material along axes at 4&nd 75, and thus consists eitherE%' Magnetic collimation of outflows
of two well collimated flows, or the two sides of a wider, hollowThe JCMT 450um observations have the highest angular res
outflow. olution of any single-dish submillimetre polarimetric observa

A magnetic field model for W75N is sketched in Fig. 2. Itigions. For the three sources observed at 4bf) we find that
suggested that quasistatic contraction has occurred, pullingatr8’ resolution,f 5 is in all cases parallel to some part of the
the initially linear field lines, along with infalling gas and dustoutflow systemn IRAS16293-2422, the field direction at 450
into a flattened core (e.g. Nakano 1990). Magnetic flux is gradm is between the two outflow axes, while for W75N, the fielg
ually lost, until it becomes subcritical, and the core collapsesclose to the axis of the NE-SW outflow lobe. In NGC7538
to form stars. Outflows emerge perpendicular to the core plaieS11, the deduced field at 450n lies north-south, and the
along the symmetry axis of the field. outflow lobes are offset north and south from the central obje

For W75N, the 450um beam appears to be tracing théKameya et al. 1989), which suggests that this is the directig
straight field lines at the centre of the system, while the largef the current outflow phase. Finally, we note that Akeson
800 and 110Qum beams are dominated by the pulled-in fieldl. (1996) have observed the proto-binary NGC1333-IRAS4

4.2. A model for W75N
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with 5” resolution (at 3.4 mm) using the OVRO interferometekndré P., Ward-Thompson D., Barsony M., 1993, ApJ 406, 122
array. They measured the field directions at the two polarizatibancan W.D., Robson E.I., Ade P.A.R., Griffin M.J., Sandell G., 1990,
peaks, and found fields aligned within15° of the two outflow MNRAS 243, 126
axes (see Minchin et al. 1995). Flett AM Murray AG 1991, MNRAS 249, 4P .

Inallthese cases, the magnetic field on’5s@ales is aligned FukuiY., lwataT., l\’/’llzuno A.,Bally J., Lan_e A.P.,1993,in “_Protqstars
near an outflow axis, and for our three sources, the field direction 279 Planets 1lI", eds. Levy E.H., Lunine J.I., pub. Univ. Arizona

. . . . . Press, p. 603
is significantly different with a lower resolution. Thus, the h'ghc'sreaves J.S., Murray A.G., Holland W.S., 1994, A&A 284, L19

resolution observations may be isolatitige field component g qaves 3.5, Holland W.S., Ward-Thompson D., 1997, ApJ 480, 255
that constrains the bipolar outflowslany models predict that Greaves J.S., Holland W.S., Minchin N.R., Murray A.G., Stevens J.A.,
outflow collimation takes place within a few au of the protostar 1998 (in prep.)

itself (e.g. Shu et al. 1995), but our observations suggest th@hriksen R.N, Valls-Gabaud D., 1994, MNRAS 266, 681

magnetic fields also influence the flow on much larger scalesiolland W.S., Greaves J.S., Ward-Thompson D., &rfely 1996, A&A

309, 267
. Hunter T.R., Taylor G.B., Felli M., Tofani G., 1994, A&A 284, 215
5. Conclusions Kameya O., Hasegawa T.I., Hirano N., Takakubo K., Seki M., 1989,

We have searched for evidence of twisted magnetic fields in APJ 339, 222
six star-forming systems, and found twists@60—70 in two M!ncE!n H.FRQ, '\g“rrgylfée" “/}994' ’2&2 2?35272&A 203 L61
sources, W75N and IRAS16293-2422. For the latter, the res Qehin N.K., sandetl ., vurray A.6., ’ !

. . . . . . ore T.J.T., Mountain C.M., Yamashita T., McLean |.S., 1991, MN-
give the first observational evidence for twisted fields around’ RAS 248 377

low-mass protostars. Such fields have been predicted in m%—ndy L.G., Wootten A., Wilking B.A., Blake B.A., Sargeant A.l.,
els of protostellar evolution. In the massive star-forming core 1992 ApJ 385, 306

WT75N, the data support a model of contracted field lines, siMurray A.G., 1991, Ph.D. thesis, University of Aberdeen

ilar to that previously proposed for W3-IRS5 (Greaves et allurray A.G., Flett A.M., Murray G., Ade P.A.R., 1992, Infrared Phys.
1994). Finally, we have detected polarization in three sources 33, 113

at a high angular resolution’(8 and find that in all three casesNakano T., 1990, MNRAS 242, 535

the net field is aligned with some part of the outflow systerhfartallo R., 1995, Ph.D. thesis, University of Edinburgh

This suggests that the high-resolution data may reveal the figgvman W.l., Newman A.L., Lovelace R.V.E., 1992, ApJ 392, 622
component that constrains the outflows. Oldham P.G., Griffin M.J., Richardson K.J., Sandell G., 1994, A&A

284, 559
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