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Abstract. Polarization at 800 and 11Q0n has been observedand has also been used to constrain grain alignment efficiencies
in the star-forming regions Mon R2, DR21 and W3-IRS4. Theg¢Roberge 1996, Hildebrand & Dragovan 1997).
data have been used to test proposed mechanisms for producAlthough many data have been obtained on the polarization
ing polarized dust emission in the submillimetre. It was founof dust emission, it is still unclear exactly how the grains are
that illumination effects are not sufficient to explain the olaligned (Hildebrand 1996). Paramagnetic relaxation (Davis &
served polarization, and that some degree of grain alignmenGireenstein 1951) was favoured, but it is now known that this
required. In general, mechanical alignment (via collisions withechanism aligns small grains most efficiently, the opposite
molecules) and radiative alignment of asymmetrical grains dewhat is observed (e.g. Lazarian 1996a), and that unrealisti-
the most probable mechanisms. cally large gas and dust temperatures differences are required for
The degrees and directions of polarization observed in DR&blecular clouds (Roberge 1996). Alternatives include super-
are found to be wavelength dependent at 800 to 1200A paramagnetism (paramagnetism enhanced by iron compound
search of previous JCMT polarimetry results shows that forclusions in the grains, e.g. Sorrell 1994); mechanical align-
about half the sources observed, p(1100) is greater than p(8@@nt by collisions with gas molecules (Roberge et al. 1995);
while in most of the other sources the two values of p are and radiative alignment where a torque is induced on asymmet-
agreement. A possible explanation for this result is that theieal grains (Draine & Weingartner 1996, 1997). A necessary
are two (or more) non-cospatial grain populations along the lisendition for many of the alignment models is that the grains
of sight, with different degrees of polarizability and differenspin at suprathermal speeds. This spin-up could be due to radia-
opacity indices. This can produce bias effects in the polarizatitive torque (Draine & Weingartner 1996), or initiated by cosmic
percentage and position angle. Thus the choice of wavelengiiis which release Hmolecules from grain mantles providing
is notimmaterial in dust emission polarimetry, as is commonlg ‘rocket effect’ (Sorrell 1995a). Finally, it has been suggested

believed. by Onaka (1995) that polarization can angi¢houtalignment,
if grain heating depends on the cross-section presented to an
Key words: ISM: magnetic fields — polarization illuminating source. This mechanism can also affect the polar-

ization if the grains are aligned (Onaka 1996).

We have made polarization observations at 800 and
1100um of three star-forming molecular clouds, including Mon
R2, W3 and DR21. The results are discussed here, and used to
Polarized continuum emission from dust grains has been ge@nstrain the above models for the production of submillimetre
tected in a wide variety of Galactic sources. Itis widely believagplarization in dust clouds.
that the local magnetic field acts to align elongated grains, so
thatthey spin with their long axes perpendicular to the field. Thgs Observations

results in linear polarization, which can be used to measure the )
direction of the field component in the plane of the sky. ThEhe observations were made at the James Clerk Maxwell Tele-

polarization position angld), is perpendicular to the net fieldSCOPe (JCMT) in September 1995. The Aberdeen/QMW po-
within the area observed. The percentage polarization p is }ﬂﬂmeter, consisting of a rotating half-waveplate and fixed wire-
so generally useful, as it is a function of several parameters, #id analyser, (Murray 1991, Murray et al. 1992) was used in
cluding grain alignment efficiency, optical depth, inclination gtonjunction with the continuum bolometer instrument UKT14
the field to the plane of the sky, and the amount of local disord&tuncan et al. 1990). The observations were made at wave-
in the field. However, the value of p sometimes correlates wiggngths of 800 and 11Qam.

other source properties (e.g. in protostars, Greaves et al. 1997),1 € observing procedure has been described by Greaves et
al. (1994); briefly, photometry was done at 16 equally spaced

Send offprint requests 1d.S. Greaves waveplate positions in a 38@legree cycle, and the sinusoidal

1. Introduction




J.S. Greaves et al.: Submillimetre polarization and constraints on dust grain alignment 669

Table 1. Polarization percentages and position angles at 800 afable 2. Physical properties of the cloud cores, from dust emission
1100um. The values of p and the errors ¢thhave been corrected maps (Henning etal. 1992; Richardson etal. 1986; Oldham etal. 1994).
for bias due to the positive nature of p (Wardle & Kronberg 1974The dust temperature and gas density are given by T angl) nfidr
Position offsets are in arcseconds; beam sizes were set'tbylthe DR21, the second set of results uses an unpublished JCMT map at
use of an aperture, apart from the W3 data, where a diffraction-limit880.m, with the methods of Richardson et al. (1986) but & h&am

14" beam was used.

instead of 40; the luminosity is from Harvey et al. (1977). For Mon R2,
the models include some cloud emission outside the cores (diameters

source p(800) 0(800) p(1100) 6(1100) ~ 0.1 pc), and the temperature is from Nthata (Henning et al. 1992).
(%) ©) (%) ©)

Mon R2 source size mass luminosity T ni;—l A,

IRS2 1904 0.83 90+13 0.72+0.88 83+ 36 (P9 Mo) (0Le) () (em™) (mag)

IRS3 1.83+ 0.36 134+ 6 2.224+0.76 160+ 10 Mon R2

DR21 IRS2 0.7 40 7 ~50 1 x10° 50

(0,0) 2.34+ 0.27 20+ 3 1.394+0.21 14+ 4 IRS3 0.7 30 13 ~50 1 x10° 70

(0,-14) 1.50+ 0.21 30+ 4 3.474+ 0.69 16+ 6 DR21 0.65 5700 150 47 2x10° >>100

(0,+14) 2.314+ 0.39 31+ 5 3.00+ 0.43 4+ 4 0.35 2200 150 47 1x10° >100

W3 IRS4 W3

(0,0) 0.45+0.32 103+ 22 IRS4 0.15 200 97 62 3x10° 280

(0,+13.5) 2.28:1.06 95+ 14 IRS5 015 80 130 68 1x10° 280

(0,-13.5) 1.15£0.44 29411

(+13.5,0) 1.6740.80 115+14

(-13.5,0) 3.35£0.91 112+ 8

information about the physical properties of the sources is also
given, for context (Table 2).

modulation of the signal was used to deduce the Stokes pa-The Mon R2 cloud core, centred near the IRS1 source, has
rameters Q and U, and hence p @hdhtegration times ranged heen mapped in 8Q@n polarization by Greaves et al. (1995).
from 8 to 20 waveplate cycles each of 5 minutes duration. Tigr new data for IRS2 and IRS3 support their model. The field
data were analysed using a least-squares fitin the SIT reduciiffections converge near the dust peak (see Fig. 1 in Greaves et
package (Nartallo 1995). Despiking was used to improve the 1995), consistent with field lines pulled in during core con-
fits, and a Kolmogorov-Smirnov test (e.g. Press et al. 1988) Wasction. There is a significant difference in thealues at 800
used to eliminate fits with discontinuous Q or U, usually causgg 110Qum for IRS3 which is difficult to explain under the

by changes in sky transmission. Approximately 7% of the dat@rmal assumptions (optically thin dust emission in the submil-
were rejected in the K-S test.

Instrumental polarization (IP) was measured using Satame aligned grains). The origin of position angle variations is
(assumed unpolarized), and was subtracted in the data reduct@eussed further below.

The IP level was 1.6% 0.03% at 110Qumn, and 0.28+ 0.04%

limetre, so the polarization at each wavelength traces exactly the

DR21 has been mapped in 80@: polarization by Minchin

at 800um. The large change in IP percentage as a function @f Murray (1994), and the field across the cloud core was
Wa.Velength is due to the effects of the JCMT Wind'b”nd, Which)und to be quite linear. The new p alddvalues show con-

has a polarization minimum at around 800:.

The sources observed are listed in Table 1. Central positiq8s 16, which is intermediate between that of the core major
were Mon R2-IRS2: RA(1950) = 06h 05m 19.4s, Dec.(195Qkis (~ 170°) and the dominant outflow axis«70°). There is

=-06 22 27’, Mon R2-IRS3: 06h 05m 21.5s, -0@2 29’
(Aspin & Walther 1990), DR21: 20h 37m 14.5s, €429 00’

sistency between the two datasets. The mean field orientation

as yet no detailed picture for the magnetic field in DR21, but
a model for sources with no obvious field alignments has been

(Minchin & Murray 1994), and W3-IRS4: 02h 21m 43.5spresented by Minchin et al. (1996).

+61° 52 49’ (Oldham et al. 1994). For W3-IRS4 and the point

The W3 cloud has been mapped in 100 and 8@0po-

offset to the north, the data were combined with approximataktimetry by Hildebrand et al. (1995) and Greaves et al. (1994).

1 hour of observations made in 1991, which slightly improvehe 800.m data suggest an hourglass-shaped field centred on
the signal-to-noise. IRSS5, and the larger-scale 100: map indicates that the hour-
glass field axis lies roughly SE-NW. Near IRS4 (located about
1’ west of IRS5), there appears to be another local distortion in
the field, but with a wave-like shape (Fig. 1). The field twists
The polarization results for the three sources are listed in Tarough a right angle at a position between IRS4 and the dust
ble 1, and the deduced magnetic field structures are discusse@ IRS4S, 20to the south (Oldham et al. 1994). Zeeman data
briefly here. The standard assumption is used, that the grashew a changing gradient in the line-of-sight field strength near
are magnetically aligned with the net field perpendicular to thBS4 (Roberts et al. 1993, their Fig. 4a), which also supports
observed polarization angle (but see also Sect. 5.1 below). Saheeidea of a distortion in the field.

3. Results
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will be hotter, and thus emit more. This mechanism of polarized

thermal emission by anisotropic radiation (PTEAR) can also

modify the polarization characteristics when grains are aligned
(Onaka 1996). The effects are predicted to be more significant
at shorter wavelengths than in the submillimetre.

Our 800um observations of W3-IRS5 (Greaves et al. 1994)
showed a four-point centro-symmetric polarization pattern that
could be explained by PTEAR, with IRS5 as the illuminating
source. To test this hypothesis, we have made another four-point
polarization map around the IRS4 source in W3, which is very
similar to the IRS5 core in luminosity and extinction (Oldham
et al. 1994). Thus if PTEAR is a significant effect, IRS4 should
also show a centro-symmetric polarization pattern.

As shown in Fig. 1, the polarization vectors around IRS4
are not centro-symmetric. Three of the four offset points have
vectors pointing roughlyowardsIiRS4, and only the northern
point has a centro-symmetric orientation. By considering the
Stokes parameter Q (= p caZxpected in PTEAR, we can
constrain the magnitude of the effect. For the north and south
points, Q should be negative, while for the east and west points,

Dec. offset from 615221.0  (arcsec)

——p=1% | Q should be positive (and the parantdiie= p sin) should be
2 | ‘ | ‘ ! ! ‘ zero at all positions). In fact, Q has the wrong sign at three of the
-20 —40 —60 -B0 —100 ~120  four points, so another effect, presumably magnetic alignment,
RA offset from 2"21™53%.2 (arcsec) must provide a larger Q component of opposite sign.

Fig-1.800jm coninuum mapof W3 R84 rom Okhametal. 1990y f V2 8 P SOEE B B0 B2 T D B
with polarization vectors superimposed. The vector length and direc- P

tion indicate the percentage polarization (see scale) and position ang;%é[eaves etal. 1994). If we assume tiathe polarization there
Data at 80Qum (this work) are shown within circles representing thé due to PTEAR, and exactly the same effects are produced
14" beam size, and 1Q@n data (Hildebrand et al. 1995) are showrround IRS4, then p(PTEAR) #Q(IRS5) and p(magnetic)
without circles (beam size of 5. A suggested field morphology is = v/[(Q(IRS4) — Q(IRS5))2 + U(IRS4)2]. Then the average
also shown (dashed lines). IRS4 is located at the centre of the midd(@TEAR) and p(magnetic) are 2.4% and 3.4% respectively,
circle. giving p(PTEAR)/p(magneticy 0.7. If our initial assumption

that p(IRS5)= p(PTEAR) is invalid, then this ratio will be

an upper limit. These results indicate that magnetic alignment

dominates over PTEAR in the submillimetre, even for cores

In W3, both the IRS4 and IRS5 sources have a polarization

minimum of p(800)~ 0.5%, compared to surrounding pOsiWIth very luminous sources (L(IRS4) = 10Lo, Oldham et al.

tions with p(800)~ 1-3% (Greaves et al. 1994, and this pal—994)'

per). This effect is consistent with complex field structure at

the star-formation sites, resulting in polarization directions thét2. Suprathermal rotation
cancel out within the beam (Minchin & Murray 1994). Cor o .
formation has strongly affected the field around both IRS5 a‘?té/vas originally suggested by Purcell (1979) that grains could

. . . spun up to suprathermal speeds, whenmdlecules were
IRS4/IRS4S, but the overall field geometries are seen to diff ; : o
’ . o . f h face.Th - h
even though the cores are physically similar (Table 2). This s ; __ected afterforming on the grain surface. This spin-up enhances

) . ignment because the grains are less disoriented by gas-grain
gests that the fields are affected by the larger-scale env'ronr.n%ﬁisions. However, free H atoms are needed to adsorb onto

such as cloud internal motions or the presence of Hll regiops . .
) e grain surfaces, whereas in molecular clouds nearly all of the
adjacent to IRS5 (Oldham et al. 1994). g y

hydrogen is in the form of H Recently, Sorrell (1995a,b) has
proposed a modified model, in which cosmic rays strike grain
4. Comparison with polarization models mantles, ejecting accreted, Hnolecules from the surface and

. providing the necessary torque for spin-up. Lazarian & Roberge
4.1. PTEAR mechanism (1997) have argued that this torque will not be significant for
It has been pointed out by Onaka (1995) that dust grains illuréyPical cosmic ray fluxes.
nated anisotropically will have different temperatures depend- A key prediction of the Sorrell model is that the efficiency
ing on the cross-section they present to the radiation source. T#g®ends on the mantle composition. In particulamtblecules
can produce a net polarizatiarithoutgrain alignment, because€vaporate rapidly on pure CO mantles, faster than the timescale
the grains oriented with a large surface area towards the souffle2 cosmic ray to arrive, so these grains will not spin up,
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the SM1/VLA1623 core irp Oph A (Holland et al. 1996). It
~Pp=1% 7 is noteworthy that the perpendiculars to the six observed polar-
ization vectors point near the star VSSG27. The perpendiculars
are within & of the star’s direction, on average (with a mean
error in thed values of 12), so the convergence on VSSG27 is
significant.

i This convergence is unlikely to be a chance effect, since
there are only a few stars associated with the cloud that could
produce aligning radiation. From the K-band survey of Strom
1 et al. (1995), we find only three stars that are (a) bright at
2.2pum (K-magnitude< 12), (b) located to the east of the
ridge where the lines converge, and (c) within a projected
distance similar to VSSG27. This star is”7#om the (0,0)

< ViA1623 1 position of the dust ridge, and there are only two other stars
4 within 150" which fit our criteria, neither of which is near
the convergence point. VSSG27 is a Class Il classical T Tauri
(André & Montmerle 1994); it is not the most luminous

60
T

40

20
T

Dec. offset from —24 17'14" (arcsec)
—-20
T

Sj N . - object in the region (Strom et al. 1995), but is an embedded
R S R R source and therefore likely to be closely associated with the
80 40 20 0 —20 —40 —60 molecular cloud core. These results foDph suggest that stel-
RA offset from 16"23™26 (arcsec) lar radiation could affect grain alignment in star-forming clouds.

Fig. 2. 800um polarization data and dust emission mapdph A,

from Holland et al. (1996). Perpendiculars to the polarization vectors

are shown (dotted lines), and they converge near the T Tauri sourcg. Wavelength dependence of p &nd

VSSG27 (star symbol).
Itis expected thatthe degree of polarization in the submillimetre
will be independent of wavelength (e.g. Hildebrand 1988), since
the dust emission is usually optically thin, and thus p depends

whereas grains with $0 or CO, mantles will. Thus p should be only on alignment efficiency and field morphology. Previous
much less where CO mantles dominate ove®HCO, mantles. polarimetry observations have suggested p may sometimes be
We have tested this model using the observations towatavelength-dependent, but often such individual cases can be
the two sources in Mon R2. The line of sight to IRS2 has &Plained by differences in resolution, where a region of com-
deep 4.67:m CO absorption feature which is not seen toward¥icated magnetic field is observed.
IRS3 (Geballe 1986). Thus, if the grains around IRS2 cannot Todetermineifp canintrinsically depend onwavelength, we
align, we expect a much lower p than towards IRS3. In fact, W@ve observed a region where the field is very close to linear, the
find that at 80Qum, p is very similar in the two sources, and aPR21 cloud core (Minchin & Murray 1994). Observations were
1100um the values are consistent within the errors. Further, fgfade at two wavelengths towards three points, using matched
IRS2 p(800) is detected at the 95% confidence level (method$@m sizes of I9at both wavelengths. Any variation in x)(
Clarke & Stewart 1986), inconsistent with the hypothesis th&@n thus not be attributed to field structure within the beam. The
this source is unpolarized. Thus, at the moderate confideiggults (Table 1) show that p does differ with wavelength. For the
levels of our data, it appears that CO-mantled grains are aligd8¢P) Position, p(800) exceeds p(1100) by 0:95.34%, where
in Mon R2, and the model predictions are not supported. tRe error is the sum in quadrature of the errors in each of the two
related result is polarization of the 4.6% CO ice feature Mmeasurements. However, for the offset points p(1100) exceeds

towards W33A (Chrysostomou et al. 1996), which also showé800), by 1.97+ 0.72% (south) and 0.68 0.58% (north). A
alignment of CO-mantled grains. wider study of 115-200Qm polarization in DR21 (Glenn et

al. 1997) has shown some additional evidence for wavelength
dependence, but the range of beamsizes is large (13w4ich
makes the interpretation more complex.
In DR21, the polarization position angles also vary with
Irradiation can affect grain alignment, as molecules may desdygvelength by a small amount. The mean value at;800s ¢
from the grain surface, affecting the spin rate (Lazarian 1995)25= 3° for the three points (our data and Minchin & Murray
Also, irradiation of asymmetric grains can cause supratherrd@94), while at 110@m itis 11+ 5°, significantly lower. These
spin-up, and anisotropic radiation fields can provide torques t§8@nges in both p ani suggest that the two wavelengths are
directly align grains (Draine & Weingartner 1996, 1997).  hotequally tracing the same grains, and hence the field structure
In Fig. 2, we present a possible example of radiative aligdeduced is somewhat dependent on the choice of wavelength.
ment. The data shown are 80 polarization observations of These results are discussed further below.

4.3. Radiative alignment
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5. Discussion

Tol™

5.1. Grain alignment in molecular clouds

o <
Some general conclusions can be drawn from the above 1239-

sults. Firstly, the PTEAR mechanism has been shown to be I@? i
important than grain alignment in producing submillimetre péz «
larization. The W3-IRS4 data indicate p(PTEAR)/p(magnetic) _ |

§

< 0.7, even for a very bright illuminating source. Another pos- —‘

sible non-magnetic mechanism is scattering, which produces® — ————"—————

polarization in the optical/near-IR (e.g. Bastien 1996), but this p(1100)—p(800) (%)

is unlikely to be effective in the submillimetre, exceptin unusual o _ _
sources where many of the grains are millimetre-sized. Fig. 3. Distribution of p(1100)—p(800). The dashed portions of the his-

: . . : how sources where the polarization difference is less than its
Alignment mechanisms are made more effective if the graiffd™a™m .
9 9 rror. Data are from this work; Greaves & Holland (1998); Greaves et

. e
are spun up to suprathermal speeds, but the mechanism Ui 957 *1 995 1994): Holland et al. (1996): Minchin et al. (1995):

cosmic ray absorption is inconsistent with the Mon R2 data, .\ ,a et al. (1995); Ve & Bastien (1995); Minchin & Murray
Spin-up via radiative torque on asymmetrical grains is Mofggg4): Flett & Murray (1991).

promising, and the Oph data suggest that radiation may even
directly align grains. This would imply that it isot the mag- o
netic field alone that determines the net grain orientation, afi@ned by the same magnetic field, sopheectors can be added

thus magnetic field maps deduced from the perpendiculard/fgarly:) Then if §/S, is constant in Eq. (1), is constant,
polarization vectors (such as Fig. 1) could be misleading. and measured values should be the same at all wavelengths.

Other proposed grain alignment mechanisms include super- HOWever, inmany sources the grains behave instead as grey-
paramagnetic and mechanical processes. Superparamagndififs: i-€. the opacity is frgquencyﬁ%pendent. In this case, the
occurs if small clusters of ferromagnetic or ferrimagnetic matfux density will be proportional to“""Tr, where/3 is the
rial exist in the grains (Draine 1996; Mathis 1986), but Roberg&ain opacity index. Then if there are two grain populations
(1996) has found that unrealistically large temperature diffdith different 3 indices, /S, is not constant, and g, can
ences are required (€.g.T ~ 5 x Tqust). In contrast, me- be wavelength dependent. For the two population case, the dif-

‘Yga ust /- 1

chanical alignment is probable in our sources. Grains can f§E€NCe in observed,p,, for two wavelengths a and b, can be

aligned by collisions with gas molecules, if the gas-grain driftxPressed as

speeds are supersonic (Gold 1951; Roberge etal. 1995; Lazapian _ _

1996b). Mon R2, DR21 and W3 all contain extended outflovﬁv%n (P1Ra + pﬁ/(Ri: D) = (P1Ro +p2)/(Re +1)
systems (Tafalla et al. 1997; Garden et al. 1991; Mitchell etal. = (1~ P2)(Ra — Ry) )
1991), where supersonic flow occurs within the clouds. In a re- (Ra +1)(Rp +1)

lated paper we discuss evidence for polarization correlated withere R is the flux density ratia 55,. Thus the observed change
gas-grain drift speeds (Greaves & Holland 1999). in polarization with wavelength\p, depends on the two intrin-

We conclude that mechanical and radiative alignment medie p values and the two flux density ratios. Alternatively, this
anisms are the most consistent with the data, while superpayan be expressed as a dependence on the difference in beta in-
magnetism, scattering and PTEAR effects are not significantlices, since R= Ry, x (b/a)’ —72.

The expression above shows that p could be wavelength de-
pendent in any source with mixed grains. To determine whether
such effects are common, we have searched for published JCMT
We have also used multi-wavelength observations to seagdlarimetry data on dust sources at wavelengths of 1100 and
for variations in polarization levels. These are unexpected 800.m. Fig.3 shows the distribution of the resulting fifteen
the submillimetre, because for optically thin sources in th&lues of p(1100)—p(800).

Rayleigh-Jeans part of the blackbody spectrum, the flux den- Of these fifteen data points, eight are statistically significant
sity is proportional ta,* T, (wherev is the frequency, and T (sources within the solid histogram bars). Of these, seven have
andr are the grain temperature and opacity), and thus the flgg 100)> p(800), and one source has p(860p(1100). There-
densityratios are independent of wavelength. Then considefiore in the majority of casesipcreasesvith wavelength, while
ing a mixture of two grain types, the net polarization can i most of the remaining sources the p-differences are small or
expressed as not significant above the error. It could be argued that p(800) and
Pret = (P1S1 + p2S2)/(S1 + S2) p(1100) differ because of resolution eff_ects, as the beam sizes
ranged from 14 to 19’. However, there is no general trend of

= (P181/52 +p2)/(S1/82 +1) () 5(1100)—p(800) with source distance, as would be expected if
(Hildebrand 1988), where S and p are the flux densities aodimplex field structure were better resolved in closer sources.
intrinsic polarization levels of the grain populations, numbered We now compare the observellp values for 1100 and
1and 2. (Note that this expression assumes that all the grainsg0@..m with the values that can be derived using Eq. (2). The

5.2. Wavelength dependence and grain populations
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_____ maximum p(800) ] the grains could be mixed but one population might be aligned

i radiatively (see Sect. 4.3), and thuéand p,.;) changes would
i occur at the wavelength where these grains dominate the flux.
This hypothesis would suggest larger changes with more illumi-
nation, but a counter-example occurs in DR21, where the south
point has more markedyariations with wavelength than the
centre position. Further modelling is needed to determine the
importance of this effect.
© 151 05 0 05 1 1: Finally, to determine if the grain mixture hypothesis is really
B,-8, applicable to molecular clouds, we have searched the literature
_ _ _ for 5 indices of the sources in Fig. 3. Values were found for
Fig. 4. Plot of the p—p;, 1, plane showing the region COrres'oond'jwelve of the sources (not the three positions in DR21), and

ing to the observed mean p(1100)-p(800) value. For two grain popuja- . - . i
tions with equal flux densities at 8Q@n, this region lies between the ﬁe averaggs is 1.3 with a b range of+ 0.4. This is reason

solid curved lines, and both bounds are moved upwards for other f@lQly consistent with our requm?ment for.mlxéd/alues, asthe
ratios. An upper boundary is indicated by the dashed line at 6.5% pof@¥€rall 3 value should then be intermediate between 0 and 2.
ization, which is the maximum p(800) seen in observations (Minchin

& Murray 1994).

p1_pz(%)
2 3 4 5 6 7

1

6. Conclusions

Polarization data at 800 and 1106: have been obtained for

range of§ values used was 0 to 2, corresponding roughly to tféon R2, DR21 and W3-IRS4. The results imply that submil-
observed range in interstellar clouds. Fig. 4 shows the modigletre polarization is dominated by grain alignment, rather than
results for two grain populations, in a plane ofp, versus heating effects; however, source radiation may be important for
B1—02. The observed mean p(1100)—p(800) is 0:4®.33% the spin-up and alignment of grains. The most likely mecha-
(standard error of the fifteen observations), and this valuenisms of grain alignment are mechanical and possibly radiative
reproduced in the area within the curved lines. The requirBEPcesses, while superparamagnetism is unlikely, as the gas-
grain characteristics arg-pp, > 1% and/or8;—8> < 0.3. An grain temperature differences required are not present in these
additional effect could arise if one of the grain populations [olecular clouds.
very cold, so that the emission is not in the Rayleigh-Jeans tail Examination of published data has shown that the polariza-
and the fluxes are proportional to, @), not T. However, even tion percentage and position angle can be wavelength dependent
for 10 K grains the required;pp; differences are large(7% inthe submillimetre. The percentage difference is almost always
for p(1100)—p(800) = 0.48%), so this effect is likely to be led8 the sense that p(1100) exceeds p(800), an effect which can
significant. be explained by mixtures of grains in the clouds (if less spher-
Fig. 4 shows that the grain population with the larger irical grains are better aligned). The polarization is then biased
trinsic polarization, p, must have a smaller opacity indexowards the grain population with the most polarized flux. This
(31 < f3,). This is in good agreement with previous studcan also produce a wavelength bias in the position angle, so
ies: elongated grains can have a low valugidBeckwith & the choice of observing wavelength in the submillimetre is not
Sargeant 1991), and also be more efficiently aligned (Robe@feimmaterial as is frequently supposed. In the future, multi-
1996). However, it should be noted thatndices may also re- Wavelength polarimetry is desirable to give an overall picture
flect grain size and composition (Beckwith & Sargeant 1992f the magnetic field directions, and the effects of radiation on
Mannings & Emerson 1994). grain alignment should also be further investigated. The new
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