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Abstract. Ultraviolet circularly polarised light has been suggested as the initial cause of the homo-
chirality of organic molecules in terrestrial organisms, via enantiomeric selection of prebiotic mo-
lecules by asymmetric photolysis. We present a theoretical investigation of mechanisms by which
ultraviolet circular polarisation may be produced in star formation regions. In the scenarios con-
sidered here, light scattering produces only a small percentage of net circular polarisation at any
point in space, due to the forward throwing nature of the phase function in the ultraviolet. By contrast,
dichroic extinction can produce a fairly high percentage of net circular polarisation (∼10%) and may
therefore play a key role in producing an enantiomeric excess.
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1. Introduction

The homochirality of amino acids and sugars in terrestrial organisms is one of
the more enduring mysteries concerning the origin of life. The sugars in DNA are
exclusively D-sugars and structural proteins and enzymes contain only L-amino
acids. Far from being a mere curiosity, homochirality appears to be a necessity for
biochemical reactions to occur efficiently and may well be a prerequisite for life
(Joyce et al., 1984). While some believe that homochirality may have arisen from
an initially racemic mixture on the primordial Earth, the discovery of enantiomeric
excesses of L-amino acids in the Murchison (Cronin and Pizzarello, 1997; Engel
and Macko, 1997) and Murray (Pizzarello and Cronin, 2000) meteorites argues
for an extraterrestrial mechanism (see Bonner, 1991). These excesses range from
several per cent up to 15%. They are not now thought to have been produced dir-
ectly by asymmetric photolysis (Pizzarello, 2002, private comm.), since the circular
dichroism of the amino acids is probably too small to produce such a large excess
without dissociating >99% of the molecules. Nevertheless it remains very possible
that asymmetric photolysis introduces a smaller enantiomeric excess, which is then
amplified by another physical or chemical mechanism.
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In our view the most promising extraterrestrial mechanism is the asymmetric
photolysis of prebiotic molecules by circularly polarised UV light in dusty neb-
ulae around Young Stellar Objects (YSOs). This mechanism was suggested by
Bailey et al. (1998) following the observation of nebulosity with 17% infrared
circular polarisation (CP) in a dense cluster of YSOs in the well studied BN-KL
region of the Orion Nebula BN-KL object and close to the highly obscured source
IRc2. The crowded nature of the young star cluster in the vicinity of the circu-
larly polarised nebulosity (designated BNKL SEBN) in Orion provides a ready
supply of young solar systems which could be undergoing asymmetric photo-
lysis at the present time. Almost 20% CP has since been observed in another
YSO, NGC6334V (Menard et al., 2000) but most other YSOs for which spa-
tially resolved measurements exist exhibit somewhat lower CP (≤5%). At present
it appears that infrared CP ranges from 0% to about 20% in YSOs, though we
caution that the observational database is still very small and the frequency of the
higher value is unknown. We note that other possible sources of CP have been con-
sidered, e.g. synchrotron or gyro-synchrotron radiation from a supernova remnant
surrounding a pulsar (Rubenstein et al., 1983). However, observed optical CP from
the Crab Nebula is <1%, which is unsurprising given the difficulties of producing
significant net CP in supernova remnants (Roberts, 1984).

Unfortunately, the observations have to be made at infrared wavelengths be-
cause of the high extinction by the dusty medium in star formation regions. In
this paper we calculate the net percentage of CP at ultraviolet wavelengths which
can occur at points in the vicinity of YSOs and interstellar nebulae, considering a
variety of scenarios.

The analysis of the Orion data by Bailey et al. (1998) and Chrysostomou et al.
(2000) considered only light scattering as the mechanism to produce CP, focussing
on the high CP which can be produced by scattering from aligned non-spherical
dust gains. This was a natural assumption based on the observational data (see
Section 4).

However, CP can also be produced by dichroic extinction of linearly polarised
light. This has been observed toward astrophysical nebulae (Martin et al., 1972)
and stars (e.g. Kemp and Wolstencroft, 1972) and was attributed to dichroic ex-
tinction by a twisting magnetic field. CP attributed to this mechanism has also
been observed towards YSOs, including the BN object in Orion. This source has
CP of 1.6%, measured by Lonsdale et al. (1980) in a 10 arcsec beam. More recent
spatially resolved observations (see Bailey et al., 1998; Chrysostomou et al., 2000)
support this interpretation since the highly polarised nebulosity in the region is not
close enough to the BN point source to contaminate the Lonsdale measurement
with scattered light.

However, it remains unclear whether the CP in the nebulae is caused by di-
chroic scattering or by dichroic extinction of light which has been linearly polarised
by scattering, a mechanism which can produce CP even if the magnetic field is
uniform.
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Dichroic extinction plays an important role in the calculations shown here,
incorporating both multiple scattering and dichroic extinction. It has previously
been modelled by Martin (1974) (not including scattered light) and at infrared
wavelengths by Whitney and Wolff (2002) and Lucas (2003).

When the light from all parts of a system is summed, there can only be a net
polarisation if there is some structural asymmetry. In many physical systems such
asymmetries are small or average out over time. Brack (1998) noted that on Earth,
net asymmetric photolysis and other electromagnetic interactions ‘probably cancel
their effects on a time and space average’. It is therefore easy to produce models
which lead to negligible net CP. In this paper we search for scenarios which can
produce significant net CP, subject to the proviso that these appear to be realistic
and consistent with the present knowledge of star formation regions.

2. Dichroic Scattering and Dichroic Extinction

In this work we consider two basic physical mechanisms which can generate a high
degree of CP in star forming regions: scattering by aligned non-spherical grains
(hereafter dichroic scattering) and dichroic extinction of linearly polarised light.
Both mechanisms require the presence of non spherical grains which are at least
partially aligned with respect to a common direction. The mechanism for initial
alignment of the grains is a subject of debate (e.g. Purcell, 1979; Lazarian, 1995,
2000; Roberge, 1995) but it is generally accepted that non-spherical grains become
aligned such that their axis of greatest rotational angular momemtum precesses
about the direction of the ambient magnetic field. There is abundant observational
evidence for aligned grains in star forming regions, which produce linear polarisa-
tion through dichroic extinction or by emission at wavelengths from the ultraviolet
through to the sub-millimeter (e.g. Hough and Aitken, 2003).

We note that scattering or absorption by optically active materials in the dust
grains might also generate significant CP (if they are sufficiently abundant) but this
is not considered here.

Before embarking on more complicated multiple scattering and extinction cal-
culations (see Section 3) it is useful to provide an overview of CP production by
individual spheroidal grains, which are the simplest non-spherical shape (see also
Gledhill and McCall, 2000). To calculate the (2 × 2 amplitude matrix, 4 × 4 Stokes
matrix and 4 × 4 extinction matrix) the ampld.f and amplq.f codes of Mishchenko
(see http://www.giss.nasa.gov/∼crmim; Mishchenko et al., 2000) were employed
and to a lesser extent the codes of Barber and Hill (1990). Both works employ
the T-matrix approach, expanding the electromagnetic wave as a series of spherical
harmonics. Calculations were performed for grain axis ratios up to 3:1, considering
a wide range of size parameters and arbitrary imaginary component of refractive
index.
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2.1. DICHROIC SCATTERING

The polarisation state of the photon is described by the (I , Q, U , V ) Stokes vector,
defined relative to the scattering plane. It is modified by scattering as follows:
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where the Stokes matrix Z =
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The elements of Z are all functions of the scattering angles and grain orientation
angles There are 3 independent angles for the oblate spheroids used in our cal-
culation: photon polar deflection angle, D; grain polar orientation, β; and grain
azimuthal orientation (α), which is defined relative to the azimuthal photon deflec-
tion angle. β = 90◦ presents the most elliptical cross section to the incident photon
in the case of oblate spheroids, while β = 0◦ corresponds to a circular cross section.
Full details of the definitions are given by Lucas (2003).

The ratio V/I gives the degree of circular polarisation, with positive V repres-
enting left-handed polarisation (LCP), and negative V representing right-handed
polarisation (RCP), for a thumb pointing in the photon’s direction of flight (i.e.
along the Poynting vector)�. Contributions to a Stokes vector from different sources
of radiation are linearly additive, so equal quantities of LCP and RCP simply cancel
out.

A photon which is scattered by a non-spherical dust grain can gain high CP
(defined as >10%) owing to the phase difference between contributions to the
electromagnetic field originating from different parts of the grain. By contrast,
spherical grains can produce CP only from multiple scattering and even then usu-
ally at a low level (e.g. Shafter and Jura, 1980; Fischer et al., 1994; Lucas and
Roche, 1998). The degree of CP depends upon the direction of scattering and
the orientation of the grain. In general, however, the greater the departure from
spherical shape, the higher the CP (see Gledhill and McCall, 2000). For simple
grain shapes like spheroids and ellipsoids, small deflection angles always produce
low CP, as well as low LP. The size parameter, x, is defined by x = 2πa/λ, where
λ is the wavelength and a is the grain dimension (defined here as the radius of the
equivalent surface area sphere).

Dust grains which are significantly larger than the photon wavelength (x > 1)
have a high probability of causing small angle deflection, producing low CP (see

� The sense of positive V was erroneously stated as right-handed in Lucas (2003), but plots of
positive and negative V in that work remain correct.
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Figure 1. Phase function for dust in the envelope of a YSO, showing the relative probability of
scattering through different deflection angles. The calculation uses the SACS2 mix (see Section 3.1)
and an unpolarised beam at λ = 0.22 µm for oblate spheroids with a 3:1 axis ratio. The plotted
functions are averaged over all azimuthal scattering angles and weighted by the available solid angle
at each deflection angle, which is proportional to sin(D). (Top): Plot for face on orientation to the
incident ray (β = 0◦), illustrating the highly forward throwing phase function. (Bottom): Edge on
orientation (β = 90◦), showing slightly weaker forward scattering due to the smaller cross section.
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Figure 1). For scattering at the typical wavelengths of chiral bands in prebiotic
molecules (150 to 220 nm) this is likely to be the situation for dust grains in star
formation regions, where the maximum grain size is larger than in the diffuse inter-
stellar medium, perhaps reaching 0.8 µm in equivalent radius in the circumstellar
envelopes of YSOs (Minchin et al., 1991a, b). We note that if a photon is deflected
through a large angle, CP close to 100% can in principle be produced by large
grains (x ≥ 1.5 and axis ratio 2:1, see Gledhill and McCall, 2000). However, this
is unlikely to occur in astrophysical media where there is usually a range of grain
sizes. The reason is that grains of different size produce maximum CP at different
grain orientations and scattering angles, so that the CP at any particular scattering
angle is usually well below 50% (see Section 3.1).

At very small size parameters (x � 1), appropriate to very small dust grains,
the distribution of scattered light (phase function) is more isotropic but the CP is
low (<10%) for all scattering angles (see Figure 8 of Gledhill and McCall, 2000)
unless the grains are very absorptive. For small and highly absorptive grains there is
little scattered light due to the very low albedo. If dichroic scattering is to produce
efficient asymmetric photolysis in a star forming region both high CP and a non-
negligible albedo are desirable, so that the scattered light dominates the radiation
field. This is most likely to occur if the optically dominant grain size is comparable
to or slightly smaller than the wavelength, i.e. x ∼ 1.

2.2. DICHROIC EXTINCTION

The polarisation state of a photon (this time defined in the reference frame of the
grains, with positive Stokes Q parallel to the axis of grain alignment) is modified
by dichroic extinction when travelling a distance s through a uniform cloud with
grain number density n as follows (see Whitney and Wolff, 2002; Martin, 1974):

Iext = 0.5{(Iinc + Qinc) exp[−n(K11 + K12)s]+

(Iinc − Qinc) exp[−n(K11 − K12)s]}
(2)

Qext = 0.5{(Iinc + Qinc) exp[−n(K11 + K12)s]−

(Iinc − Qinc) exp[−n(K11 − K12)s]}
(3)

Uext = exp[−nK11s].{Uinc cos(nK34s) − Vinc sin(nK34s)} (4)

Vext = exp[−nK11s].{Vinc cos(nK34s) + Uinc sin(nK34s)} (5)

where K11, K12 and K34 are the 3 independent elements of the 4 × 4 extinction
matrix which acts on the Stokes vector. For spheroids the Kij elements are func-
tion of the grain azimuthal and polar orientation angles (α and β, respectively, see
Mishchenko et al., 2000).
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For unpolarised light Equations (2)–(5) merely lead to light which is linearly
polarised in Stokes Q, parallel to the axis of grain alignment. Equations (4)–(5)
show that CP is produced only by conversion of Stokes U to Stokes V due to the
birefringence term K34. This term acts by introducing a phase difference between
the components of the electromagnetic wave oscillating parallel to and perpendic-
ular to the axis of grain alignment. Hence, dichroic extinction only leads to CP if
there is prior linear polarisation in Stokes U . Two obvious ways of producing this
are by scattering or by prior dichroic extinction with a different grain alignment
axis. The latter case would occur if light is passed through a nebula with a twisting
magnetic field (Martin, 1974) or by passing light through two spatially separated
nebulae with different magnetic field directions.

CP production by dichroic extinction is most efficient at wavelengths signific-
antly larger than the grain size (x < 1), where the ratio K34/K11 is high (see
Figure 2). This initially appeared discouraging for the production of high CP at
λ ≤ 0.22 µm in star formation regions. We note, however, that high CP can be
produced even at UV wavelengths where K34/K11 is low, provided that the ratio
of birefringence to linear dichroism (K34/K12 terms) is not far below unity and the
optical depth of the medium is greater than unity.

This point is illustrated in Figure 3 for a 220 nm light ray, which is initially
100% linearly polarised in Stokes U . It shows the change in the Stokes vector as it
passes deep into an optically thick cloud of oblate spheroid grains with axis ratio
3:1, which are perfectly aligned with the Stokes Q direction and oriented edge on
to the incident photon. The chosen grain mixture is composed of silicate and small
amorphous carbon grains (the SACS1 mix, see Section 3) whose size distribution
is plausible for the interstellar environment of star forming dark clouds. For this
mix K34/K11 = 0.181, while K12/K11 = 0.294 (evaluated at α = 0◦, β = 90◦).

As optical depth, τ , increases from zero, the K34 term gradually converts Stokes
U to Stokes V , while the K12 term converts U to Q at a similar rate. Since K12/K11

is small, a high CP can be generated at 1 < τ < 7, for it is not until τ > 7 that
essentially all the polarisation is forced into the Stokes Q plane, where oscillating
electric waves suffer least extinction. In this example a CP of 37.5% occurs at
τ = 3, at which point 5% of the original flux remains in the beam. For grain
mixtures with very low absorptivity and similar size distribution the maximum CP
approaches 50%. However, this calculation, which is similar to those of Martin
(1974), does not include the diluting effect of scattered light (see Section 3.3).

3. Monte Carlo Modelling

We employ the Monte Carlo method to simulate multiple scattering and extinc-
tion in YSOs and in interstellar nebulae. The 2-D scattering code used here for
axisymmetric nebulae is described in Lucas (2003). Efficient 3-D models for less
symmetric nebulae have been implemented for YSO modelling using forced scat-
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Figure 2. (Top) Plot of K34/K11 (birefringence/neutral extinction) as a function of wavelength. The
calculations are for the larger grain mixtures found in the circumstellar envelopes of YSOs (see
Section 3.1 for definitions of grain mixtures), for oblate spheroids with a 3:1 axis ratio. Birefringence
is weak in the ultraviolet. However, it is stronger for the ‘shiny’ SACS2 mix than the ‘dirty’ D2 mix.
(Bottem) Plot of K12/K11 (dichroic extinction/neutral extinction). Both K34/K11, K12/K11 are
calculated in the reference frame defined by the grain alignment (see text).
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Figure 3. Circular Polarisation from Dichroic Extinction. The example calculation is at 0.22 µm,
showing the effect of small, shiny grains (SACS1 mix) as a function of optical depth on a ray which
is initially 100% linearly polarised (see text). The incident ray is polarised in the U plane and the
grains are aligned with the Q plane. (solid curve) Stokes U/I ; (dotted curve) Q/I ; (dashed curve)
V/I .

tering (Wood and Reynolds, 1999; Lucas et al., 2003) but here we treat asymmetric
nebulae in a very simple way, which is described later. In summary, the code
randomly generates millions of photons at the stellar surface (assuming uniform
surface brightness) and each follows a random path through the nebula, perhaps
scattering several times before it escapes the system or is absorbed. At present
the code handles only perfectly aligned oblate spheroids. Perfectly aligned oblate
spheroids appear to yield the highest degrees of CP (Gledhill and McCall, 2000;
Whitney and Wolff, 2002), since the shape presented to the wavefront does not
change with rotation. Rotation (in the case of prolate spheroids) and precession
both change the shape presented to the wavefront, leading to a reduction in the CP
produced after averaging over a full period.

Arbitrary magnetic field structures can be included, these being specified alge-
braically. The Z and K matrix elements and the amplitude matrix elements needed
in the phase function are stored as large look up tables, sampling all the relevant



38 P. W. LUCAS ET AL.

angles every 2◦. This interval is the maximum for simulations in the ultraviolet,
where the phase function is strongly peaked in the forward scattering direction
(see Figure 1).

The millions of photons output from the system are used to construct polari-
metric images of the nebula as seen in the far field, for comparison with telescopic
observation from Earth. We also calculate the net CP received at points close to the
nebula in the near field, summing the contributions to the radiation field of LCP and
RCP that are incident from all directions. Note that we have not extended the calcu-
lations to wavelengths shorter than 0.22 µm (appropriate for the longer wavelength
chiral bands) because: (a) computation for the shorter wavelength chiral bands near
0.15 µm is very demanding in several respects and; (b) the luminous flux from all
but very hot stars declines steeply at shorter wavelengths (see Bailey et al., 1998).

3.1. DUST MIXTURES

The size, shape and composition of dust in star formation regions is not known
with precision and may well vary in different environments. In this section we
define four dust grain mixtures which span most of the plausible range of size and
of absorptivity that could be enountered. The two smaller mixtures are better suited
to production of CP by dichroic extinction than their larger counterparts. The two
larger grain mixtures have a size distribution specifically designed to maximise CP
production by dichroic scattering.

There is a large literature on the subject which assists in constructing plausible
dust models. Pollack (1994) gives a cogent analysis of the possible grain composi-
tions in cold molecular clouds and grain sizes have been analysed by Kim, Martin
and Hendry (1994), among others. The size distribution in the diffuse interstellar
medium appears to be well modelled grains with sizes 0.005 < a < 0.25 µm and
a power law index k=3.5 in that range, so that n(a) ∝ a−k (Mathis et al., 1977).
Interstellar grains in dark clouds are known to be slightly larger than in the diffuse
interstellar medium (e.g. Whittet, 1992): the ratio of total to selective extinction at
visible wavelengths (RV ) rises from 3.1 in the diffuse medium to between 4 and
5.5 in different dark clouds; also the degree of LP due to extinction, described by
the Serkowski law, peaks at a slightly longer wavelength in dark clouds. However,
Cardelli et al., (1989) showed that the wavelength dependence of infrared extinc-
tion in dark clouds is similar to that of the diffuse medium, strongly implying that
there are few grains with a > 1 µm. For interstellar dust in dark clouds we adopt
the following basic size distribution: 0.005 < a < 0.3 µm, retaining the k=3.5
power law index of Mathis et al. An axis ratio of 3:1 is adopted for these oblate
spheroids (see below).

We define two different mixtures of these relatively small grains for use in the
medium of dark clouds.
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• The D1 mix: a highly absorptive mixture of unspecified composition with
refractive index n=1.5–0.2i.

• The SACS1 mix: a more reflective mixture consisting mostly of ‘astronomical
silicate’ with 0.005 < a < 0.3 µm (refractive index at each wavelength
from Draine, 1985) and an additional component of small amorphous car-
bon grains (refractive indices from Preibisch et al., 1993), only in the size
range 0.005 < a < 0.03 µm. This grain composition is not intended to be
realistic but merely representative of mixtures with relatively low absorption.
The small carbon grains (whose size is limited by hydrogenation and chemical
sputtering in dense clouds, see Sorrell (1990)) have very little influence on the
polarisation of scattered light, since they are almost purely absorbing. They
serve to reduce the albedo of the silicate mixture to 0.61 at λ = 0.22 µm,
where it would otherwise exceed 0.9 for a mixture consisting only of reflective
substances such as silicates or water ice.

In the denser environment of the circumstellar envelopes of YSOs, the grains may
well be larger than in the dark cloud medium. The parameter space of size, axis ra-
tio, composition, deflection angle and grain orientation was explored with ampld.f
code to find grain mixtures which were capable of reproducing the high CP ob-
served by Bailey et al. (1998) and Menard et al. (2000) at 2.2 µm via single
dichroic scattering, while also producing the observed high LP (> 60% at 3 µm)
(Minchin et al., 1991a) and a non-negligible albedo (� 0.2) at 2.2 µm. It was
found that for power law index k=3.5, the grain axis ratio must approach 3:1 and
the grain size must extend up to 0.75 µm to produce CP of 17% or more over at
least a modest range of grain orientations and scattering angles. This upper size
limit is in close agreement with the value of 0.8 µm independently suggested by
Minchin et al. (1991b) by analysing the linear polarisation in the BN-KL region
of Orion. Including even larger grains reduces the CP produced by the mixture,
since in such grains the phase difference between the parallel and perpendicular
components of the scattered radiation field exceeds 180◦, causing a CP reversal.
The 3:1 axis ratio is larger than is usually assumed in astrophysical nebulae, but
this may be part of the reason for the very high observed CP. Alternatively, the axis
ratio may be smaller than 3:1 if dichroic extinction rather than dichroic scattering
is responsible for the observed CP (see Section 4). However, the aim of this paper
is to test the physical feasibility of producing high UV CP rather than to calculate
the typical values of CP in the radiation field of dark clouds. A large axis ratio
aids the production of high CP by both mechanisms. Chrysostomou et al. (2000)
found that for perfectly aligned grains a 2:1 axis ratio was sufficient to produce
the average value of CP (∼ 10%) in the BNKL-SEBN nebula in Orion, which we
confirm (and up to 17% if the combination of grain orientation and scattering angle
is precisely optimal). A preliminary calculation by Bailey et al. (1998) showed that
in the case of extremely absorptive grains (n=1.5–0.4i) an axis ratio of 2:1 would
be also sufficient to reproduce the observed 17% CP over a wide range of grain
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orientations and scattering angles. However, our calculated albedo for that grain
mixture is only 0.02 at 2.2 µm, which is inconsistent with the brightness of the
observed nebula.

We define two different mixtures of these relatively large grains for use in the
envelopes of YSOs.

• The D2 mix: 0.005 < a < 0.75 µm, k=3.5, n=1.5-0.2i.
• The SACS2 mix: identical to the SACS1 mix except that the silicate component

has a size distribution 0.005 < a < 0.75 µm. This mix has an albedo of 0.60
at 0.22 µm.

For completeness we note that different values of k do not appear to increase CP.

3.2. SCENARIO 1 – A SINGLE HIGH MASS YSO

The first scenario that we model is the case of a single intermediate to high mass
YSO, in order to examine the CP produced in the external radiation field, which
would be experienced by a passing low mass YSO. High mass stars are not thought
to be suitable sites for life (stellar lifetimes ≤ 100 Myr are too short for terrestrial
style evolution and have comparable duration to the likely period of intense asteroid
bombardment) but they dominate the UV radiation field in star formation regions
(see Bailey et al., 1998). This is demonstrated by the observation of photoevaporat-
ing ‘proplyd’ envelopes around low mass stars, with cometary tails pointing away
from the massive O-type stars at the centre of the Trapezium cluster (e.g. O’Dell
and Wen, 1994). In the case of the BN-KL region there are dozens of low mass
stars within a small fraction of a parsec which could be undergoing asymmetric
photolysis if the radiation field has significant net CP.

The main features of a YSO are illustrated in Figure 4: Embedded YSOs with
ages of order 105 yr consist of a central protostar surrounded by a relatively thin
accretion disk of gas and dust a few hundred AU in extent, which is itself surroun-
ded on scales of up to several thousand AU by a large envelope which is slowly
gravitating toward the disk and is optically thick even at near infrared wavelengths.
The central protostar contains at least 90% of the mass of the system (Andre and
Montmerle, 1994) and the accretion disk has a central hole about the star extending
out to several stellar radii in which the dust has sublimated (Hamann and Persson,
1992; Hillenbrand et al., 1992), with the consequence that only a small fraction of
the flux from the star is intercepted by the disk. The envelope contains a bipolar
cavity centred on the star, which is cleared by the stellar wind and allows light
from the star to escape the system along angles close to the rotation axis of the
system with little or no extinction by dust. Hence the intensity and polarisation
state of light escaping the system is a strong function of polar angle. Note that the
embedded phase is much briefer in the most luminous YSOs, for which the above
description may not apply.
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Figure 4. Schematic diagram of a Young Stellar Object. In this example the magnetic field is axial
and parallel to the rotation axis of the system. The density of the envelope declines monotonically
with distance from the protostar and distance from the disk plane. The density spans several orders
of magnitude, as indicated by the wrapped greyscale shading. The cavity is taken to be evacuated.

A passing YSO which is directly illuminated by the central star along a line
close to the rotation axis will receive a large unpolarised UV flux, which will
efficiently destroy prebiotic molecules and leave no enantiomeric excess. However,
a YSO passing close to the equatorial plane receives a much lower flux which is
both linearly and circularly polarised.

3.2.1. Axial Field
The results of a simulation at λ = 0.22 µm with the SACS2 mix are illustrated in
Figure 5(a-f), for the case of an axial magnetic field. A B-field which is axial on
scales of thousands of AU is the expected result because the gravitational collapse
of molecular cloud cores with even quite low levels of ionisation goes preferen-
tially along the field lines. An axial field has previously been observed on scales of
thousands of AU (e.g. Tamura et al., 1995) but the observational database suggests
that on smaller scales the field may be axial in some YSOs and toroidal in others
(Wright, 1994; Smith et al., 2000).

In this example the cavity is conical and has an opening angle of 45◦ to the
vertical. The accretion disk is a flared structure in vertical hydrostatic equilibrium
(see Shakura and Sunyaev, 1973) with radius 400 AU, and density given by:

ρdisk = ρ0(R/R∗)−15/8 exp[−0.5(z/h)2]; 400 AU > r > 20 R∗

= 0; r < 20 R∗

= 0; r > 400 AU

(6)
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where R = √
r2 + z2 (cylindrical polar coordinates defined by the disk plane), R∗

is the stellar radius, set at 2 solar radii (or ∼ 0.01 AU), and h is the disk scale
height, given by:

h = h0(R/R∗)9/8; h0 = R∗/75. (7)

The size of the inner hole is taken from results in Chiang et al., 2001). Equa-
tions (6)–(7) describes the disk in all YSO simulations in this paper. In fact it has
little influence on the output. The structural features which do affect model outputs
most are the surrounding envelope, the system inclination and the evacuated cavity.

In this example the envelope density is given by:

ρenv = C/R1.5[1/((|z|/R)v + 0.05)]; 50 < r < 5000 AU

= 0; r < 50 AU.

(8)

C is a free parameter governing the optical depth from the star to the edge of the
system, on lines of sight which do not intersect the accretion disk. In the results
shown in Figure 5, C is set to a value which leads to optical depth τ60◦ = 3.4,
defined at inclination i = 60◦. v is a parameter decribing the vertical gradient of
the envelope, and was set to 2.0 in the results shown here, so that the envelope
is a flattened structure as shown in Figure 4. Equation (8) is a simple, empirically
derived formalism, adopted following the discovery that the R−1.5 power law seems
to extend throughout the envelope in at least some YSOs (Lucas and Roche, 1998).

The top panels of Figure 5 show the total flux from the system as seen in the
far field, at inclination angles i = 90◦ and 72.5◦. At 90◦ (viewing in the equat-
orial plane) the system appears as a bipolar nebula, with the central star entirely
obscured. At i = 72.5◦ (cos(i) = 0.3) the star is still obscured but the image is
dominated by light scattered through small angles in the inner parts of the envelope.
The middle panels of Figure 5 show the CP produced by scattering alone, and the
lower panels show the CP after including the effect of dichroic extinction. The left-
middle panel shows a quadrupolar symmetry: the sign of CP alternates between
adjacent quadrants of the image. This has been observed in several YSO nebulae
(e.g. Chrysostomou et al., 1997) and is simply due to alternations in the sign of
the Stokes U component (part of which is converted to Stokes V ) as perceived in
the scattering plane. The bottom panels show that dichroic extinction significantly
modifies the CP, even reversing the sense of it in places where the optical depth is
high (close to the equatorial plane).

High CP occurs in parts of the images at both i = 90◦ and 72.5◦ but not in
the regions where the image is brightest. In this example a conical cavity with an
opening angle of 45◦ was used, in order to ensure adequate illumination of the
regions at fairly low latitude where CP is highest in the axial field case (due to the
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Figure 5. Simulation of a YSO with an axial magnetic field as viewed in the far field. (λ = 0.22 µm,
SACS2 dust mix, system radius = 5000 AU). Plots on the left are at i = 90◦ and plots on the right are
at i = 72.5◦. The top two panels show the flux distributions (Stokes I ) and the rest show CP, scaled
from 10% RCP (dark), to 10% LCP (light). The middle panels show the CP produced by dichroic
scattering alone. The bottom panels show the CP after including the effect of dichroic extinction as
well. Regions where the flux is low appear noisy in the CP maps.
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Figure 6. Wavelength dependence of net circular polarisation in the vicinity of an YSO with an
axial magnetic field. A bilaterally symmetric nebula has zero CP at all wavelengths, so here the
CP is summed for two diametrically opposite quadrants of the structure depicted in Figures 4 and
5, providing a simple representation of the CP from a highly asymmetric nebula (see text). The
calculation is for points located 10000 AU from the centre of a system with radius 5000 AU, using
the SACS2 mix. The optical depth of the YSO envelope is independent of wavelength. Solid line:
latitude 0◦ (i.e. in the equatorial plane). Dashed line: latitude 17.5◦. At latitudes >17.5◦ the CP is
greatly diluted at all wavelengths by direct flux from the star in this model.

large inclination of the grain short axis to the direction of incident photons from
the central source).

It is clear the net CP anywhere in the radiation field is zero due to the reflection
symmetry of the system about the rotation axis (z-axis). We will call this bilateral
symmetry, since this term is often used to describe the symmetry of the human
body. Many YSOs have asymmetric nebula, in some cases with one side of the
nebula being much brighter than the other (e.g. Ageorges et al., 1996; Gledhill et
al., 1996; Stapelfeldt et al., 1999). This may be due to inclination of the inner
accretion disk (Gledhill, 1991), rotating bright spots on the surface of the star
(Wood et al., 2000) or non uniform obscuration by dust in the cavity or in the
foreground. To maximise the net CP, we consider the extreme case in a simple
manner by summing the model circularly polarised flux from two diametrically
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opposite quadrants of the nebula. (The quadrants are divided by the equatorial
plane of the system and the perpendicular plane containing the axis of the system).
In Figure 6 we plot the net CP of this idealised asymmetric nebula as a function of
wavelength received at points in the near field located 10000 AU from the centre
of a system of radius 5000 AU. The wavelengths plotted are those corresponding
to the standard astronomical passbands (UBVRIJHK) and 0.22 µm.

It is important to note that we have chosen to model a bipolar structure with
constant optical depth (opacity × density) at all wavelengths, since the strong
wavelength dependence of grain opacity would otherwise lead to results which
are uninteresting across most of the 0.22 to 2.2 µm wavelength baseline. Very
low optical depths lead to an unpolarised radiation field dominated by the cent-
ral protostar, while very high optical depths lead to negligible flux escaping the
system. Since grain opacity increases from the infrared to the UV, this means
the envelope density is lower for the shorter wavelength calculations, in order to
preserve the product of opacity and density. We note that only the youngest YSOs,
or protostars, display prominent nebulae in the infrared but many of the less dense
envelopes of older YSOs (e.g. classical T Tauri stars) are expected to appear as
circumstellar nebulae in the ultraviolet. Effectively, we are modelling older YSOs
in the ultraviolet, and younger YSOs in the infrared.

Exploration of the near field shows that everywhere the net CP <5% at 0.22 µm.
This remains true if the flux from just one quadrant or from 3 quadrants is included,
or if the more absorptive D2 dust grain mix is used instead of SACS2. Exploration
of the envelope parameter space in C, v and cavity opening angle indicates that
YSO envelopes with axial fields cannot produce high CP.

3.2.2. Helical Field
In an attempt to increase the CP in the brighter parts of the nebula and avoid the
problem of zero net CP in bilaterally symmetric systems, we model a YSO with a
helical magnetic field pitched at 45◦ to the equatorial plane. This is merely a test
model, since such a structure is probably unrealistic, but it is easier to understand
than the more complicated field structures modelled in the next section. The hel-
ical field breaks the bilateral symmetry of the structure because there is a choice
between a clockwise or anti-clockwise twist. The system remains axisymmetric
(i.e. has rotational symmetry about the z-axis) and is modelled with a 2-D code.
An anti-clockwise twist is adopted, as viewed from above the disk plane.

The helical field may be expected to produce high CP in parts of the envelope
located at high latitudes via dichroic extinction of the scattered light. Scattering at
high latitudes causes linear polarisation mainly in Stokes Q (negative Q by our
definition) but in the frame of reference of a grain inclined by 45◦ to the rotation
axis of the system this is Stokes U . Dichroic extinction of the scattered light will
therefore produce CP. A narrow cavity opening angle of 25◦ to the vertical was
used, in order to confine the large amount of flux scattered at the cavity walls
to high latitudes. For this simulation with the SACS2 mix, dichroic scattering



46 P. W. LUCAS ET AL.

produces relatively low CP in the high latitude regions, since the relevant grain
orientations and deflection angles are not optimal.

In Figure 7 we show the results of a simulation of a YSO with a dense envelope
(τ60◦ = 22, v = 1.0) viewed at i = 72.5◦. These parameters were necessary to
create sufficient optical depth in high latitude regions to produce CP by dichroic
extinction. The other envelope parameters remain unchanged. The left panel shows
the flux distribution seen in the far field, which shows a bipolar nebula in which the
dense equatorial regions are entirely hidden from view. A bipolar structure is fairly
common among the youngest, most deeply embedded YSOs, such as NGC6334V
(Menard et al., 2000). The brightest part of the nebula lies along a diagonal line
delineating the cavity wall on the right hand side of the image, due to the larger
scattering cross section for photons travelling in that direction from the central
star.

In the right hand panel is the CP map, which displays the high CP expected at
high latitudes. The CP is highest in the lower (receding) lobe. The net CP produced
by this model at 0.22 µm in the near field reaches 12.8% in the equatorial plane
(latitude zero), at 10 000 AU from the centre of the system. However, the net CP
declines at higher latitudes, to 6.1% at latitude 17.5◦ and only 2.2% at latitude
45◦. For models with a lower envelope density, as in Figure 5, a helical field leads
to CP < 5% at all points in the near field. Although the high density model has
some success in producing high CP, this occurs only in a small portion of the
radiation field and the emerging flux level is low. Hence this scenario is not overly
encouraging for asymmetric photolysis of prebiotic molecules passing through the
radiation field.

3.2.3. Pinched and Twisted Field
The axial field and helical field models relied upon scattering to produce high CP
either (a) directly, via the Z41 Stokes matrix element or (b) indirectly, by producing
high LP which is subsequently converted to CP by dichroic extinction (K34 ex-
tinction matrix element). These models produced little net CP largely because the
grain mixtures are highly forward throwing at 0.22 µm: most of the flux is deflected
through small angles, leading to little CP or LP by scattering (see Section 2.1).

In principle, CP can be produced by dichroic extinction alone, if the magnetic
field is twisted (see Section 2.2). There are good reasons for presupposing that the
magnetic field in the inner part of a YSO system is both pinched and twisted: field
lines anchored to the rotating inner accretion disk will naturally become twisted
and inside-out gravitational collapse of the parental molecular cloud core will pinch
the field, so that it becomes stronger near the central star. In this scenario, the
optical density of the envelope can be reduced since direct flux from the central
source will become circularly polarised. This scenario is also interesting since
the total amount of circularly polarised flux may be higher than in the previous
scenarios and the absence of a diluting unpolarised central source removes the
restriction to points at low latitude.
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Figure 7. Simulation of a YSO with a dense envelope and a helical field, viewed at i = 72.5◦. (Left)
Image, with some illustrative field lines superimposed; (Right) Circular polarisation map. Dichroic
extinction produces high CP at high latitudes.

The spatial scale and manner in which the putative pinch and twist occurs is
unknown, so we have chosen to parameterise the magnetic field in the natural
cylindrical polar coordinate system, in order to explore a variety of pinched and
twisted structures.

The adopted formalism is:

Br = b1z/|z|rm exp(−(rn + a|z|)) (9)

Bz = b0 + b1/arm−1 exp(−(rn + a|z|))(m + 1 − nrn) (10)

Bφ = b2z/|z|(1/(rq + azq + c)) (11)

where b0, b1, b2, a, c, n, m and q are positive constants which parameterise the
field structure. One additional parameter is the unit of length LB , which was set to
values ranging from tens to hundred of AU so that the twist occurs on the scale of
the inner parts of the envelope.

At large radii the field becomes axial (Bz → b0, Br → 0, Bφ → 0). The signs
of Br and Bφ reverse in the plane of the accretion disk (z = 0) where the pinch
and twist is strongest. A discontinuity in the field direction is permitted at z = 0,
implying the existence of a current sheet in the plane of a thin accretion disk. The
form of Bz relates to Br in a manner constrained by the divergence equation (Div B
= 0). By contrast Bφ , the twist component, is independent of the other components
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Figure 8. Field structure for (n = 1, m = 1, q = 1, a = 0.4, b0 = 0.5, b1 = 0.5,b2 = 2.0,c = 0.1),
see Equtions (9)–(11). The field lines are highly twisted but only weakly pinched. (left) View of the
field lines looking down on the disk plane. (right) View from the equatorial plane, showing the pinch
more clearly.

since the twist is axisymmetric and therefore does not contribute to the divergence
equation.

An example of the field structure produced by Equations (9)–(11) is shown in
Figure 8. The parameter space was explored with the Monte Carlo code for cases
where the field lines in the circumstellar envelope cross the disk plane only once.
Parameters which might potentially produce high net CP were identified by calcu-
lating the CP of unscattered (i.e. direct) light from the central star for all system
inclinations, i. It was found that structures in which the twist in the field extends
throughout the circumstellar envelope produce the highest CP in the direct beam.
These correspond to a small value of q (see Equation (11)). The optical depth of the
envelope and the twist of the field are both greatest at i = 90◦, so the birefringence
of the envelope is greatest in this direction. The maximum of CP in the direct beam
usually occurs at a lower angle, where the integrated phase difference between
orthogonal electric field components (which gain an initial linear polarisation near
the cavity walls) reaches 90◦.

In Table I we list the net CP produced by an axisymmetric system of 5000 AU
radius with the field structure in Figure 8, as a function of inclination. For this
model the density structure of Ulrich (1976) is adopted for the YSO envelope
(better known as the Terebey, Shu and Cassen (1984) inner solution for the collapse
of a rotating isothermal sphere). This structure is similar to Equation (8) except that
the radial density dependence becomes shallower than R−1.5 at radii R � 3Rc (Rc

is called the centrifugal radius) approaching R−0.5 in the innermost parts of the
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TABLE I

Circular Polarisation from a YSO with a pinched and twisted field

cos(i) τ a CP Total CPb Total CPb

(direct beam) (10 000 AU) (far field)

0.0 21200 –10.1% –0.1% 0.0%

0.1 31.9 23.2 % 1.0% 0.9%

0.2 4.6 18.1% 3.2% 3.1%

0.3 3.9 12.5% 4.2% 4.0%

0.4 3.4 8.2% 4.3% 4.0%

0.5 3.0 5.0% 3.7% 3.5%

0.6 2.7 2.7% 2.9% 2.7%

0.7 2.3 1.1% 2.0% 1.9%

0.8 1.7 0.2% 1.2% 1.2%

0.9 0.0 0.0% 0.7% 0.6%

0.9675 0.0 0.0% 1.0% 1.0%

0.9925 0.0 0.0% 1.0% 1.0%

a τ is the optical depth to the central star for the given inclination.
b Total CP includes the contributions from direct and scattered light.

envelope. This alternative envelope density function was used since the shallower
radial density profile spreads the region of highest optical density over a larger
volume. Hence, the field is significantly twisted in the dense region where most
of the dichroic extinction occurs, which aids the production of CP. In this model
Rc = 100 AU and LB = 40 AU were adopted. A conical cavity was used, opening
at 25◦ from the vertical, with a radius of 80 AU in the disk plane. The calculation
is at 0.22 µm for the SACS2 mix.

Net CP is listed both in the near field at 10 000 AU from the central star, and
in the far field. Since the optical depth is relatively low (τ60◦ = 3.0), the CP of
the direct beam is also tabulated, since this makes a large contribution to the circu-
larly polarised flux at most inclinations. It is apparent that this field configuration
produces high CP in the direct beam at some inclinations but this is diluted by the
contribution from scattered light with low CP so that total net CP< 5% at all points
in the external radiation field. If the optical depth is small enough to make dilution
by scattered light unimportant (τ � 3), then the CP of the direct beam is always
<10% for the SACS2 mix. Optical depth τ > 2 is required to give the beam strong
LP (K12/K11 = 0.266 for the SACS2 mix) and a further optical depth of at least
unity is needed to convert a significant fraction of this to CP, even for an ideal field
structure, since K34/K11 = 0.156 for the SACS2 mix.

Extensive exploration of the parameter space (field structure; envelope mass,
size, and density structure; cavity size) has not produced a model in which the
scattered light has a high net CP. This appears to be due to the large number of
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TABLE II

Circular Polarisation from Scenario 2a

τ a ζ CP Total CP Total CP Total CP

(direct beam) (d = 1) (d = 10) (d = 20)

1 0◦ 0% 0.0% 0.0% 0.0%

2 0◦ 0% 0.0% 0.0% 0.0%

3 0◦ 0% 0.0% 0.0% 0.0%

4 0◦ 0% 0.0% 0.0% 0.0%

1 15◦ 2.52% 0.68% 1.33% 1.73%

2 15◦ 6.77% 2.10% 3.70% 4.32%

3 15◦ 9.24% 2.59% 5.01% 5.55%

4 15◦ 9.64% 3.52% 3.93% 4.68%

1 30◦ 4.50% 1.06% 2.51% 3.06%

2 30◦ 12.9% 3.86% 6.56% 8.23%

3 30◦ 18.5% 5.13% 7.67% 9.52%

4 30◦ 19.9% 3.69% 7.36% 8.39%

1 45◦ 5.43% 1.64% 3.23% 3.59%

2 45◦ 17.1% 5.72% 8.65% 9.41%

3 45◦ 27.0% 6.75% 10.5% 11.8%

4 45◦ 31.2% 5.39% 9.27% 9.33%

a τ is the optical depth through each slab for unpolarised light.

paths by which scattered photons can reach a given point in the radiation field, a
problem which is in part due to the high albedo (0.6) of the SACS2 mix. As noted
earlier, more absorptive grain mixtures such as D1 and D2 have very low values for
the K34/K11 ratio. Hence, it appears unlikely that YSOs with pinched and twisted
magnetic fields can produce high net CP at 0.22 µm via dichroic extinction by
sub-micron sized grains.

3.3. SCENARIO 2A – TWO UNIFORM SHEETS OF NEBULOSITY WITH

INCLINED FIELDS

In Section 2.2 we showed how a uniform slab of cloud can produce CP via dichroic
extinction of a linearly polarised beam. The linear polarisation of the incident beam
could arise from scattering or prior dichroic extinction. Here we show the results
of a Monte Carlo simulation of the latter scenario: light passing through 2 parallel
uniform sheets containing dust grains which are perfectly aligned with uniform
magnetic fields (see Figure 9). The fields in each slab are parallel to the plane
of the slab but inclined to each other by some angle ζ . The CP of the emerging
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Figure 9. Cartoon illustrating Scenario 2a. The direct beam from the star perpendicular to the slabs
is shown as a solid line; the dashed lines illustrate rays of scattered light. Both slabs of nebulosity
contain perfectly aligned oblate spheroids with magnetic fields orthogonal to the direct beam. The
field directions are inclined to each other by an angle ζ in the plane of the slabs. CP is calculated
along the line of the direct beam at various distances, d, beyond slab 2. Distance units are arbitrary.

radiation, including the contribution from scattered light, is listed in Table II as
a function of cloud optical depth (τ ), distance beyond the second cloud (d) and
ζ , using the SACS1 grain mixture. This scenario is similar to earlier calculations
by Martin (1974) but modern computing power allows us to include the important
effects of scattered light.

It is clear that this scenario produces fairly high CP (≈10%) with the SACS1
mix. The total CP is lower than for the idealised case shown in Figure 3, since the
the first slab produces <100% LP and scattered light dilutes the CP produced by
the direct beam. Scattering tends to remove the memory of the incident polarisation
state, so multiply scattered photons (sometimes scattered several times within a
slab) usually have lower CP than singly scattered photons or the direct beam in
these simulations. For the SACS1 mix the typical albedo is 0.61 (albedo varies
slightly with grain orientation), so the average number of scatterings in an optically
thick nebula is 1/(1−0.61) ≈ 2.5. As noted in Section 3.2.3, the D1 mix produces
much lower CP despite its low albedo, since the birefringence of more absorptive
grains is much lower (K34/K11 = 0.043, see also Figure 2). The requirements for
this scenario to produce high CP are therefore:

• A well ordered field structure in both of the cloud sheets, the two clouds hav-
ing field directions which are significantly different. In the case of random
field orientations, half of all pairs of cloud sheets would have field inclinations
within 22.5◦ of ζ = 45◦ or ζ = 135◦, leading to high Cpol.
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• A grain mixture with a small imaginary component of refractive index (i.e. a
shiny mixture), which is quite likely for a mixture dominated by e.g. silicates
and water ice in star forming regions.

3.4. SCENARIO 2B – A YSO AND A CLOUD SHEET

The alternative scenario whereby the LP is produced by scattering is also possible.
The D2 mix produces a maximum LP up to 90% at 0.22 µm by single scattering
for deflection angles near 90◦ (with the oblate grains oriented face on to the in-
cident ray). Similarly, the SACS1, SACS2, and D1 mixes can produce LP up to
76, 74 and 88% respectively. However, the difficulty for scattering models remains
the tendency for forward scattering in the ultraviolet, which causes most of the
scattered flux to have much lower LP. To produce a radiation field with high LP it
is therefore necessary to construct a scenario in which light from an unpolarised
source (e.g. a star) is scattered through ∼90◦ but direct flux from the source is
somehow obscured, in order to prevent dilution.

Scattering in the lobes of a bipolar nebula is one example of such a scenario.
YSO envelopes viewed at i ≈ 90◦ appear as bipolar nebulae with the central
star obscured, as shown in Figure 7 for the case of a helical field. The scattered
light from a bipolar nebula has significant LP which is mostly parallel to the disk
plane, provided dichroic effects are unimportant. (Competition between dichroic
extinction and dichroic scattering tends to reduce the degree of polarisation).

To quantify the LP at 0.22 µm, Monte Carlo simulations of an axisymmetric
system were run for YSOs with spherical grains (so that there are no dichroic
effects), for both low density and high density envelopes described by Equation (8).
Results are given in Table III. Grains with the size distribution and optical proper-
ties of the D2 mix were used to help produce high LP. The relatively low albedo
of the D2 mix, 0.43, means that the emergent radiation is dominated by singly
scattered light, which tends to have higher LP than multiply scattered light. A
narrow cavity opening angle of 20◦ to the vertical was used in order to ensure
that most of the emerging flux is polarised parallel to the disk plane (negative Q),
sampling only a small sector of the centrosymmetric pattern. The resulting flux
distributions for the low density and high density simulations were similar to those
shown in the top panels of Figure 5 and the left panel of Figure 7, respectively.

The results in Table III show that LP of up to 30% is produced in systems with
high optical depth, viewed at i = 90◦. In systems with relatively low optical depth
more flux is able to emerge after scattering at low latitudes, so the the forward
throwing phase function significantly reduces the LP. If the YSO has an active
molecular outflow, there may be a modest optical depth of dust in the cavity, which
would increase the scattering at high latitudes with polarisation parallel to the disk
plane. After adding a uniform dust component in the cavity, with optical depth of
0.75 along the axis from the protostar to the edge of the system, the maximum LP
was raised from 30.8 to 39.4% in the τ60◦ = 36; v = 1.0 case.
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TABLE III

Far field LP from a bipolar YSO with spherical
grains

Model cos(i) LP

τ60◦ = 36;v = 1.0 0.0 30.8%

τ60◦ = 36;v = 1.0 0.5 18.2%

τ60◦ = 5.9;v = 1.0 0.0 17.8%

τ60◦ = 5.9;v = 1.0 0.5 5.1%a

a LP is strongly diluted by flux from the central
source at i � 60◦.

It is clear that a bipolar nebula producing almost 40% LP at λ = 0.22 µm
could lead to fairly high CP after dichroic extinction by an interstellar cloud sheet,
as in Scenario 2a. However, there are some reasons why Scenario 2(a) might be
preferred over 2(b): first, in 2(b) the highest LP is produced in the weakest part of
the radiation field around a very optically thick nebula; second, the LP produced
by scattering in an optically thick nebula is lower than that produced by dichroic
extinction (see Figure 3).

4. CP in Orion and Implications for Grain Axis Ratio

In this section we model the high CP measured at infrared wavelengths in Orion,
to see what insights can be gained for application to UV modelling. The BNKL-
SEBN region of Orion displays the centrosymmetric pattern of LP vectors normally
associated with scattering, rather than the aligned vectors associated with dichroic
extinction. The situation in NGC6334V (the other known case of high infrared
CP) is unclear, since the nebulous region is too small for a clear LP pattern to be
determined. There is no doubt that BNKL-SEBN is a reflection nebula but it is quite
possible that the CP of the radiation from this nebula is due to dichroic extinction
of the scattered light: at infrared wavelengths linear dichroism has less effect on
the polarisation state than birefringence (see Figure 2 and Martin, 1974). Hence,
high CP can be produced without much disturbance of the centrosymmetric vector
pattern.

We illustrate this with an infrared model of the BNKL-SEBN region in Fig-
ure 10, which shows the CP and LP produced by a variation on the SACS1 grain
mix, using grains with axis ratio of only 1.5:1. For this model a forced scattering
code ‘shadow.f’ was used, which is described in Lucas et al. (2003). The magnetic
field direction in the plane of the sky has been measured by Chrysostomou et al.
(1994) via high spatial resolution observation of the 2.12 µm H2 emission in the re-
gion. The data indicates that the grain alignment axis is tilted by approximately 60◦
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to the Poynting vector of rays from the illuminating source IRc2. This orientation
is suitable for production of CP by either dichroic extinction or dichroic scattering.
In this simple model we assume that the magnetic field lies exactly in the plane of
the sky and that IRc2 and BNKL-SEBN lie at the same distance from the Earth,
so that the scattering angle is 90◦. The light from SEBN is then passed through
a uniform slab of cloud in the foreground with the same field orientation, which
amplifies the dichroic extinction occurring within SEBN itself. The existence of
this foreground extinction is inferred from the 1.25 µm data of Chrysostomou et
al. (2000), in which the entire region is obscured from view (see also Brand et al.,
1988). The left panel of Figure 10 shows that the observed CP of 15–20% at 2.2 µm
(see Chrysostomou et al., 2000) is reproduced by this model, while the centrosym-
metric LP pattern observed by Minchin et al. (1991) is also reproduced (right hand
panel). The centrosymmetric pattern also acts as a constraint on dichroic scattering
models, since scattering by highly flattened grains also produces some alignment
of the vectors, perpendicular to the alignment caused by dichroic extinction (e.g.
Whitney and Wolff, 2002; Lucas, 2003).

In fact this is an imperfect model since the predicted degree of LP at 2.2 µm
(90%) is far higher than the observed value (38% at 2.2 µm and 57% at 3.6 µm),
owing to the 90◦ scattering angle. To improve the model we varied 5 paramet-
ers: scattering angle, maximum grain size, grain axis ratio, optical depth and the
magnetic field orientation. Three classes of successful solution were found, all of
which reproduce to a close approximation the 4 observables described above (CP
percentage; LP centrosymmetry; percentage and wavelength dependence of LP).
The three classes of solution are:

• CP produced mainly by dichroic extinction.
• CP produced mainly by dichroic scattering.
• CP having significant contributions from both mechanisms.

With such a diversity of solutions it is not possible to determine which mechanism
has produced the observed CP. We note, however, that grain axis ratios of only
1.5:1 (and perhaps less) are sufficient to produce successful solutions by dichroic
extinction, whereas axis ratios approaching 3:1 are needed for solutions in which
dichroic scattering dominates (see Section 3.1). Previous estimates have allowed
axis ratios in the range from 1.1 to 3 in the BN-KL region (e.g. Hildebrand and
Dragovan, 1995), so a 3:1 ratio cannot be ruled out. Nevertheless, the smaller grain
ratios associated with dichroic extinction solutions are more consistent with the
typical values derived from linear polarimetry of star formation regions.

With regard to production of UV CP, a grain axis ratio less than the value of 3
used earlier in this work would not necessarily reduce the degree of polarisation.
The successful Scenario 2(a), and others dependent on dichroic extinction, can
compensate for a smaller axis ratio by using an increased optical depth. Inspection
of the extinction matrix elements indicates that if the SACS1 mix were used with
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Figure 10. A simple infrared model of BNKL-SEBN. In this simple model the nebulous cloud
BNKL-SEBN is illuminated by the YSO IRc2. Scattering by oblate spheroids with axis ratio 1.5:1
reproduces the centrosymmetric pattern (right panel) observed by Minchin et al., (1991). Dichroic
extinction by a foreground sheet of cloud and BNKL-SEBN itself reproduces the maximum observed
CP of 15–20% (left panel) without perturbing the LP vectors by more than 2◦. The magnetic field
field direction in SEBN and the foreground sheet (tilted at 60◦ to the incident rays from IRc2) is
indicated by the arrow in the right hand panel.

an axis ratio of 2, the optical depth would have to be increased by a factor of only
1.56, (e.g. from τ = 3 per slab of cloud to τ = 4.7) in order to produce the same
CP. However, for an axis ratio of 1.5, the optical depth would have to be increased
by a factor of 2.70 (corresponding to τ = 8.1 per slab), which would reduce the
emergent flux even from very luminous O-type stars to the point where other light
sources would probably dominate the local radiation field, at least in crowded star
forming regions like Orion. Thus, an axis ratio of 2 is no obstacle to production of
∼10% net UV CP, but with an axis ratio of 1.5 or less the UV CP is unlikely to
exceed 5 or 6%.

5. Discussion

We have explored a number of scenarios which attempt to produce high CP in
star formation regions via dichroic scattering and/or dichroic extinction. Scenarios
which rely principally upon dichroic extinction have produced UV net CP≈ 10%.
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This is lower than the CP produced in infrared models owing to the much lower
birefringence in the UV for plausible grain size distributions (see Figure 2). The
unscattered component of the radiation field can have net CP ≥ 20% in the UV
(see Tables I and II) but the scattered component reduces the overall CP in the
scenarios considered here. Scenarios which rely principally on dichroic scattering
rather than dichroic extinction are much less successful, due to the forward throw-
ing ultraviolet phase function. A scenario not considered here is that a low mass
YSO or T Tauri star might produce high ultraviolet CP in parts of its own envelope.
Computation of this mode by Wolff et al. (2000) with spherical grains yielded
very low CP due to the symmetry of the system but computation with aligned non
spherical grains has yet to be explored. It should be noted that this work does not
exhaust all the possibilities for production of high UV CP, so we do not attempt to
put an upper limit on the CP which may occur in star formation regions.

The production of 10% UV CP is still sufficient to be encouraging for the
hypothesis that CP in star forming regions may produce an initial enantiomeric
excess in prebiotic molecules by asymmetric photolysis. A CP of 10% can be pro-
duced by dichroic extinction even if the grain axis ratio is only 2:1 (see Section 4).
Furthermore, in Scenarios 2(a) and 2(b) (which involve dichroic extinction by one
or more interstellar cloud sheets) the CP of the radiation field in locations well
beyond the final cloud sheet does not vary strongly with spatial position. This is an
attractive feature for crowded star forming regions such as Orion, where YSOs are
in constant motion. (Close encounters between YSOs on 104 AU scales are fairly
common in Orion (Scally and Clarke, 2001) and last ∼ 104 yr for typical relative
velocities of 3 km−1). By contrast, in the scenarios considered in Section 3.2, in
which the CP is produced in the envelope of a high mass YSO, a passing proto-sun
would often experience CP which varies significantly in space, and in many cases
the incident LCP and RCP integrated over the path would average to near zero.

The efficiency of asymmetric photolysis as a function of CP percentage is not
well quantified at present. Experiments by Bonner and Dean (2000) show that
elliptically polarised light produces a smaller enantiomeric excess than 100% cir-
cularly polarised light. Their optical system with the principal axis of a quarter
waveplate inclined at 22◦.5 to the polarisation plane of a 100% linearly polarised
beam should theoretically have produced 70.7% CP and 70.7% LP (the Stokes
vector elements add in quadrature to 100%). The measured enantiomeric excess
produced in Leucine with this set-up was 73–83% of that produced by 100% circu-
larly polarised light, which tends to support a roughly linear relationship with CP,
defined as CP = |V/I |. Further experiments of this type would be very useful.

We note that circular dichroism has not yet been measured for the amino acids
found in meteorites (see Bailey, 2001) but experiments with other amino acids
(Flores et al., 1977), albeit dissolved in solution, suggest that CP well in excess of
10% is necessary to produce the large enantiomeric excesses measured in meteor-
ites. Even 99% asymmetric photolysis by radiation with 10% CP would produce
an excess which is below 1%, unless the enantiomeric excess vs. CP relationship
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is highly non linear. It is possible that asymmetric photolysis in star forming re-
gions acts first on molecules with higher circular dichroism, and the resulting
enantimeric excess is then transferred chemically to other chiral molecules. For
example, some of the ‘amino acids’ in the Murchison meteorite are present only as
precursor molecules with unknown circular dichroism. They become amino acids
only upon extraction by acid hydrolysis. However, the enantiomeric excess of up
to 15% in isovaline measured in the Murchson meteorite remains problematic.
Terrestrial homochirality is easier to explain at least, since experiments by Shibata
et al. (1998) have shown that a small initial enantiomeric excess can be greatly
amplified by asymmetric autocatalysis.

CP attributed to the dichroic extinction mechanism has been observed towards
many astrophysical sources, as discussed in Section 1. However, it is important to
increase the size of the observational database, in order to search for clear examples
of CP production by dichroic extinction in star formation regions. Observation at
shorter wavelengths (≤1.25 µm) would be helpful since significant alignment of
the LP vectors would then be expected in regions of high CP, owing to the increase
in the K12/K34 ratio (see Figure 2). Any alignment caused by dichroic scattering
would be in the perpendicular direction.

The CP produced by twisting magnetic fields in the diffuse interstellar medium
along lines of sight toward main sequence stars is �1%, e.g. Kemp and Wolsten-
croft (1972). However, the much higher densities found in star formation regions
are likely to produce higher CP. We note that a large scale survey of star formation
regions in the southern sky is currently planned with the Japanese Infrared Survey
Facility in South Africa.
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