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SUMMARY

The alignment of the particles responsible for the polarization and visual extinction
is shown to provide a basis for changing the saturation level of the ultraviolet extinction
without changing the particle sizes. If the particles are well aligned, it is predicted that
there should be significantly lower extinction in the ultraviolet relative to the visible for
stars viewed perpendicular to magnetic-field lines (maximum polarization) as compared
with those viewed across the field lines. Preliminary evidence for such an effect is noted
in Carina.

1 INTRODUCTION

The subject of this paper is one of those in which Dr Nandy has made some
of his most significant contributions. In fact, one of the topics to be discussed
provided the basis for the first scientific and ultimately personal interactions
between one of us (J.M.G.) and Dr Nandy in the earliest phases of our
respective work in astronomy.

In the early studies of interstellar extinction by the ubiquitous small solid
particles in space, the term ‘ultraviolet’ was limited by the atmospheric
absorption to observations in the wavelength range 3100-3700 A. Many of
the theoretical grain models for representing this extinction were based on
the Mie theory of scattering by spheres, although it was known as early as
1949 (Hiltner 1949; Hall 1949) that the correlation of polarization with
extinction (Hiltner 1956) must imply not only non-spherical but also aligned
particles. Attention was only later directed to the idea that extinction by
variously aligned but identical non-spherical particles could exhibit different
shapes of extinction in the near ultraviolet (Greenberg 1960; Greenberg &
Meltzer 1960). It was noted that elongated dielectric particles spinning about
their short axes directed perpendicular to the line of sight would produce a
wavelength dependence of extinction as if they were larger particles (larger
interior wave phase shift in the sense of greater size to wavelength) spinning
about axes along the line of sight. Because of the kind of magnetic alignment
predicted by Davis & Greenstein (1951), the two situations corresponded
(respectively) to the magnetic field being perpendicular to and along the line
of sight. Accepting this line of reasoning and assuming that the galactic
magnetic field followed the spiral arms, Greenberg & Meltzer suggested that
the extinction of the stars in Perseus should show an earlier (smaller A ™)
levelling off than those in Cygnus. Interestingly enough, Nandy (1964, 1965)
observed that the slope of the ultraviolet part of the extinction curve in
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Cygnus is higher than in Perseus. Did this confirm the prediction or was it
due, as Nandy (1967) suggested, to different compositions of grains in
Perseus and Cygnus?

Little further work on the correlation of polarization with variation in the
ultraviolet extinction has been carried out. This was probably because of the
excitingly new and unpredicted or unpredictable consequences of observa-
tions made above the Earth’s atmosphere. It became evident that the ap-
parent saturation at A™' = 4 pm~* which had been suggested by ground-based
measurements was misleading. A new structure —now identified as the
2200 A hump (2175 A 46 ym™) — was indicated (Stecher 1965). Satellite
observations with 0402 (Bless & Savage 1970, 1972) not only confirmed and
clarified the structure at about 4-6 um™ but showed that, following the
subsequent dip in extinction at about 5-8-6-2 um™, there was again a rise in
the extinction as far as the instrument could detect. It is not the purpose of
this paper to review all the ultraviolet extinction observations but, rather, to
consider what possible effects varying alignment of those particles which
produce the visual polarization may have on the absolute level of the ex-
tinction beyond A™* ~ 4 pm™; i.e. are there variations in the base level of the
2200 A hump and of the far ultraVIOICt extinction ?

2 THE TRIMODAL GRAIN DISTRIBUTION

In a series of papers (Greenberg & Chlewicki 1983 ; Chlewicki et al. 1984;
Aiello et al. 1987), a thorough examination of the ultraviolet extinction
curves for about 110 stars representing diffuse clouds has revealed several
basic results: (1) At least 9o per cent exhibit a uniform shape in the FUV
(A < 1800 A); (2) the correlation with visual extinction is far stronger for the
hump (see Nandy et al. 1975) than for the FUV; (3) strong variations in the
amount of FUV and, in some cases, in the hump occur systematically in some
young OB associations. We emphasize here the high degree of uniformity of
the shape in the region 55 ~ A" < 8 um™. Greenberg & Chlewicki (1983)
concluded, as has been later confirmed by further observations and theo-
retical studies, that the grain populations producing the hump and the rise
in extinction beyond the minimum must be distinct from each other as well
as from the population producing the visible extinction. This is schematically
illustrated in Fig. 1 where the saturation by the ‘classical’ particles (radii ~
01 um) occurs at about A™! = 4 pum™ and where the hump and FUV con-
tribution are separately added beyond this. We see then that varying the
degree and direction of alignment would raise or lower both the entire regions
of the hump and the FUYV by raising or lowering the saturation as originally
suggested if the particles responsible for the visible extinction were dielectric.
There are a number of instances where such a variation in the saturation level
is observed, but it remains to look for a correlation with the degree of
polarization. One possibility is in the Carina complex where, as seen in Fig.
2, the level of both the hump and FUV extinction appears lower than the
average, although their shapes are normal.
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FIG. 1. Schematic representation of the mean extinction curve (1). The ‘visual’ portion
(2) is the contribution made by classical size particles (radii ~ o-1 pm). The hump (3)
and the far-ultraviolet portion (4) are produced by much smaller particles.
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F1G. 2. Extinction curves for HD 147889 (in the Ophiuchus complex), an average of 7
stars near n Carinae and an average of 4 stars in Sgr OBI compared with the average
diffuse cloud extinction curve.

3 ALIGNMENT

It is generally agreed that magnetic torques are the primary cause of
alignment. We shall restrict ourselves here to consideration of elongated
particles and the calculations of extinction and polarization will be performed
on the infinite cylinder representation. Ideal alignment is that in which the
particles spin precisely about their short axes, which are lined up along the
magnetic field. This we define as perfect spinning alignment (PSA). Davis—
Greenstein alignment is more realistic in that it takes into account the
misalignment produced by gas collisions (thermal spin-up) on the spinning
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particle (Jones & Spitzer 1967 ; Greenberg 1968). Superthermal spin-up (hot-
spots on the grains) was introduced by Purcell (1975) to enhance the
Davis—Greenstein mechanism which has some difficulties with weak magnetic
fields. These questions are discussed adequately elsewhere (Purcell 1979;
Spitzer & McGlynn 1979; Aannestad & Greenberg 1983). For our purposes
it is only necessary to recognize some of the consequences.

For Davis—Greenstein (D-G) alignment the spin axes are distributed over
an angle B with respect to the magnetic field according to

£ sin B

B = (&2 cos® B +sin? B)F’

(1)

normalized according to [§*f(B)dp = 1, where the alignment parameter & is
given by

s a+0,T,/T,

&= a+d, 2)
and

(= YrE

8"—(2mHk) o ng’ 3

where all terms are as defined in Hong & Greenberg (1980). The distribution
function f{B) for suprathermal alignment is a bit more complex (e.g. Purcell
1979; Aannestad & Greenberg 1983).

It may be shown that the reduction in the ratio of polarization to extinction
(relative to PSA) is exactly given by equation (1) for small (Rayleigh size)
particles and approximately, for particles with 2ma/A ~ 1, by the Rayleigh
reduction factor (Greenberg 1968)

x_ (P/A)pe ‘
R = P
_ 3 1 3Esin'y/(1-8)
= 2(I—§2) 5 2 (I_gg)% 4 (4)
= Y3 <cos? By —1]. ;

A similar expression may be derived for the suprathermal spin-up alignment.
The SSA alignment is overall more efficient than D-G and particularly so for
smaller particles in the size distribution.

The extinction and polarization cross sections averaged over the distri-
bution of spin angles are calculated from (Hong & Greenberg 1980)

0= [10d2 [ w2 [ Kor@ror 04 ©

Qpr = f " fB) ap2 f “do? f “HOE, (0)- 0%, O cos 204 (6)

See Fig. 3 for the definitions of angles.
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F1G. 3. Geometrical configuration of a wobbling grain: the coordinate origin is put at
the grain centre O, the Z-axis is parallel to the direction of light propagation, k; and
the Y-axis is in the plane made by k and the particle alignment axis OB. The sky is
represented by the XY-plane. The angle made by the alignment axis OB and Y-axis is
the inclination angle, y. The cylinder symmetry axis, OA4, makes an angle 8 with k, and
its projection on the sky plane makes an angle ¢ with the X-axis..The spin angle,
precession angle and precession cone-angle are denoted, respectively, by a, @ and B.
The spin angle is measured in the spinning plane, which is the extension of sector
ONA.

Q... 18 calculated from a formula similar to (5). The imaginary part of (6)
yields the amplitude of circular polarization, Q...

The requirement of any alignment mechanism is that it should be able to
produce at least a certain minimal polarization relative to extinction. This
condition is not easily attained for the D-G mechanism using normal para-
meters for the interstellar medium. We shall choose 8, = 0-215 (Hong &
Greenberg 1980) in order to give P(V)/A(V) = 003.

4 NATURE OF THE POLARIZING PARTICLES

Mathis and colleagues (see Mathis 1986a ; Mathis & Wallenhorst 1981 and
references therein) attribute the polarization to silicate particles which pro-
vide only about one-third of the visible extinction. Greenberg and colleagues
(see Greenberg 1985, 1986 and references therein) attribute the polarization
to silicate core—organic refractory mantle particles which provide essentially
the full visible extinction. It will probably turn out that, given the same ratio
of polarization to extinction, the net effect on the ultraviolet of varying the
direction of alignment in either model will be similar. However, we will limit
ourselves here to the core—mantle grains because we feel that they are closer
to the actual situation in space.
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F1G. 4. Real (') and imaginary (m”) parts of the index of refraction of the organic
refractory mantle. The ultraviolet part is synthesized from 40 Lorentzians using the

Clausius—Mosotti equation. The absorption in the visual is arbitrarily fixed and m’
calculated from Kramers—Kronig relations.

The optical properties of the organic refractory mantle which dominates
the core—mantle grain properties are represented here by assuming that it
absorbs rather strongly in the ultraviolet and has a moderate absorption in
the visual. The curve shown in Fig. 4 is taken as a rather extreme case of
visual absorptivity. Details of the Kramers—Kronig programme and the
choice of absorptivities will be published elsewhere.

The size distribution of core-mantle particles which reasonably fits the
polarization maximum and the extinction is given by

= a")g] , 7
aq;

where a, = silicate core radius = 005 pm and g, = 0.2 pm leading to a mean
particle size (@) ~ o0.11 pm. This is rather smaller than one normally uses
because our organic refractory is found to have a large value of m” > 1-6 in
the visual. A larger value of g, (and of {(a)) would result from smaller values
of m”, which by Kramers—Kronig give smaller m’, as well as allowing m” to
decrease for longer wavelengths relative to that at V.

Mathis (1986a, b) has raised an objection to using the core-mantle par-
ticles for both polarization and extinction because he says that Martin’s
criterion (Martin 1972, 1974; Martin & Angel 1976) for the circular polari-
zation reversal at the maximum of the linear polarization requires that the
polarizing particles be dielectric (small absorptivity) and that such dielectric
particles will have a much higher albedo than the observed one of a = 0.6—
0.7 (Savage & Mathis 1979). The answer to this objection is shown in Fig. §.
The albedos shown in the V-band for D-G and PSA are o ~ 0-7 and o ~ 0-65,
respectively. Assuming that the particles responsible for the 2200 A hump are
absorbing in the visual and contributing about 10 per cent of the visual

v ] -
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Fi1G. 5. Albedos (scattering/extinction) for PSA and D-G aligned cylindrical particles
for y = 5° (see Fig. 3). The D-G albedo so defined is almost equal to the albedo for
random alignment which is the ‘normal’ albedo. The model albedo includes a small
component of small absorbing particles representing those responsible for the 220-nm
hump.

extinction, the net albedo is brought down to a < 0-6, which is well within the
limits prescribed by observations. Our calculations lead us to believe that
values of m” as low as 0-05 in the visual would also be satisfactory for the
albedo criterion.

With regard to the circular polarization criterion, we had examined par-
ticles with values of m” as high as 0-45 in the visual and found that even for
these, the linear-circular polarization criterion is satisfied. This led us to look
at the paper by Shapiro (1975) in which it was shown that the highly absorbing
material, magnetite, was satisfactory. In fact, in that paper it was shown
rather elegantly and simply that so long as the optical properties of the
particles satisfy the physically fundamental Kramers—Kronig relations bet-
ween m’(A) and m”(A) (as ours do) the polarization criterion is automatically
satisfied even for m” large. The linear polarization is, for aligned particles,
proportional to a differential extinction in space and the circular polarization
is proportional to a differential phase shift. They thus bear the same rela-
tionship with each other as the imaginary and real parts of the index of
refraction of space, respectively (see, for example, Greenberg 1979). Just as
the real part of an index of refraction shows anomalous dispersion in the
region of an absorption, so the circular polarization is dispersive where the
polarization is a maximum. Thus, it is not required that the polarizing
particles be dielectric, only that they have physically realistic optical
constants according to the Kramers—Kronig relations although with the
proviso that the wavelength dependence of the linear polarization be
acceptable.

For completeness we show in Fig. 6 how the circular polarization sign
reversal occurs at the maximum in the linear polarization for both D-G and
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F1G. 6. Normalized linear and circular polarization for PSA and D-G aligned cylin-
drical particles for v = 5° (see Fig. 3).

PSA alignment. The angle between the line of sight and the magnetic field is
85° (A = §°), i.e. it displays almost perfect perpendicularity.

5 EFFECT OF ALIGNMENT ON ULTRAVIOLET EXTINCTION

The most extreme effect on the saturation extinction in the ultraviolet by
the core—mantle particles occurs for PSA as shown in Fig. 7(a). The UV level
decreases by as much as ~} depending on whether the line of sight is parallel
or perpendicular to the magnetic field direction. With D—G alignment des-
cribed by P,,./A, = 003 the effect is reduced to about 10 per cent [see Fig.
7b] which is significant but not as large as seen in Carina (Fig. 2). Actually,
there is reason to expect that, locally, P,,,/ A, must be substantially larger
than 003 (Greenberg 1986) so that perhaps, qualitatively, the ultraviolet
depression for high polarization may be better represented by the higher
degree of alignment obtained for Purcell’s mechanism [see Fig. 7(c)] where
the maximum change is ~ 20 per cent.

In Carina the FUV base level together with the hump base level are about
20 per cent lower than the average (see Fig. 2), although the shape of the
FUYV portion is quite normal. Such curves as those for HD 147889 and
Sgr OB1 are quite different in that the curvature of the FUV is larger than
average indicating a physical modification in the parameters of these particles

F1G. 7. Theoretical extinction curves for variously aligned cylindrical particles for
magnetic fields at 85° (y = 5°), 45°, 5° (y = 85°) with respect to the line of sight. The
optimum for polarization is B perpendicular to the line of sight (y = 0°). (a) Perfect
spinning alignment; (b) Davis—Greenstein alignment (P,,. /4, = 0-03); (c) Supra-
thermal spin-up alignment (P, /A4, = 0°075).
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(Chlewicki et al. 1984). Polarimetry in B and V of about 60 stars belonging
to the clusters Tr 14, Tr 16, and Coll 228 in the field of the Carina nebula
shows a high degree of alignment of the polarization vectors indicating a
highly ordered magnetic field ; this may also imply a high degree of particle
alignment (Marraco & Forte 1980). The ultraviolet extinction and the
polarization in Carina thus appears to satisfy the correlation prediction.

We leave the question open at this time as to how strongly alignment affects
ultraviolet extinction, but we believe that it is probably significant and should
be included in comparison of grain model calculations.

6 CONCLUDING REMARKS

Evidence exists for variations in the base level for the extinction beyond
A = 4 um™ which may be produced by variations in the degree of optical
polarization. More observations of visual polarization are needed for those
stars with well-established ultraviolet extinction curves in order to justify and
quantify this correlation.
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