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PREFACE

The work described in this text was carried out by the
author between 19881 and 1984 whilst a research student at
the University of Durham, under the supervision of Dr
S.M.Scarrott.

The instrumentation and computer data-reduction
techniques were developed by the polarimetry group under
Dr Scarrott. The original scattering routines and
optimization procedures are the work of R.F.Warren-Smith
with some changes having been made by the author in order
to accommodate the present data.

The author has undertaken to observe, process and
interpret new data of the nebulosity illuminated by the

star LKHa208.



ABSTRACT

An investigation of the nebulosity illuminated by
the star LKHa208 has been carried out. Observations of the
nebulosity were made in four colours. These were used in

conjunction with {inear polarization measurements for the

object to investigate the detailed structure of the
nebutla.

Numer ical modelling of the nebutosity has been
carried out, It has been shown that the observations
result from the scattering of radiation by dust which is

concentrated at the edges of a cavity, the structure of
which may be approximated by a paraboloid. The grains
comprising the nebula are of high albedo ( > 0.8) and low
refractive index (1.25 * 0.12). It is proposed that icy
grain mantles are present in the dust, so yielding these
results. The dust grain size distribution takes the form

of a power—law distribution such that

n(a)=a"*-3

where n(a)da is the number density of particles with radii

in the range (a, a+da).
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CHAPTER 1

POLARIZED L IGHT

1.1 THE NATURE OF POLARIZED L IGHT

Light is an electromagnetic wave, each elementary
wave being described by an electric (E) vector and a
magnetic (H) vector which are mutually perpendicular and
both perpendicular to the direction of propagation of the
wave. Natural incoherent lLight is unpolarized and consists

of a superposition of many such elementary waves, their

electric vectors being randomly oriented with no
preferential direction (figure 1.1a). |f for some reason a
beam of light becomes ‘polarized’ then this means that

there is a preferred direction for the electiric and




a) Unpolarized light b) Partially, vertically plane
polarized light

Figure 1.1
Polarization of a beam of incoherent light

Figure 1.2

Superposition of two elementary waves which
have a phase difference between them.
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magnetic vectors (figure 1.1b). Since the magnetic vector
is always perpendicular to the electric vector, only the
electric vector henceforth need be considered.

There are three principal states of polarization
unpolarized, Linearly polarized and eltiptically
polarized. The nature of the latter two can be simply seen
by considering the addition of just two elementary waves
with E vectors perpendicular to each other and with a
phase difference between them (figure 1.2). In the

simplest case the two E vectors may be represented by

Ex (z,t) = iEoy .cos(kz - wt)

dEovy .cos(kz -~ wt + ¢€)

_E_V(zrt)

where Eox and Eov are the amplitudes of the waves
oscillating in the x and y planes respectively. € is the
relative phase difference between them. k is the constant
of propagation and w is the angular frequency. The

resultant wave is given by

Er = Ex +E .. (1.2)
and lies in the same plane, perpendicular to the
propagation direction. If ¢ is an even multiple of n then

Er = (iEox + jEov).cos(kz - wt) ..., (1.3)

or if € is an odd multiple of n then
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Er = (iEox = JjEovy).cos(kz - wt)  ..... (1.4)

These two cases above, where the waves are either in phase
or in anti-phase result in the resultant E vector lying in
a fixed plane and the wave is said to be linearly
polarized.

If € is arbitrary then it can be shown that

(Ey /Eov )2 - 2(Ey .Ex /Eov .Eox )cose + (Ex/Eox)?2 = sin?¢

which is the equation of an ellipse. The resultant vector
lies still in the plane perpendicular to the propagation
direction and rotates, tracing out an ellipse with time. A
special case of elliptical poltarization occurs when the
amptitudes of the two waves are equal and the phase
difference takes values of € = -a/2 % 2mn where m =

0,1,2,3, etc. Then

Box = Eov
Ex(z,t) = iEoxcos(kz - wt)
..... (1.8)
Evy (z,t) = jEovsin{kz - wt)
and Er(2z,t) = Eox ( Jcos(kz - wt) + jsin(kz - wt) )
which is the parametric equation of a <circle. The above

combination of the two beams has resulted in right handed
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circular polarization since by convention polarization is
right handed if the electric vector rotates clockwise with
time, when viewed along the direction of propagation. A
phase difference of € = n/2 % 2mr will result in left

handed polarization.

1.2 STOKES VECTORS OF A SIMPLE WAVE

A more general expression describing the welectric

vector based on equation 1.1 is

E,= Rel Exi + Evil — L.... (1.7)
where
Ex = ay.e ?& e tku+iot
and (1.8)
Ey = ay.e 1& e ttzriot

ay and ay are the amplitudes and €4 and €, are the phases
of the two components of the wave. The Stokes parameters

of this wave are described as
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| = ExEx?® + EvEy®

Q@ = ExEx? - EvEy®

..... (1.9)
U = ExEvo + EvEx°
V = i[ExEv® - EvyEx"]
Simple manipulation leads to
| = auz + 8v2
Q = ax2 - av2
.(1.10)

U = 2ay ay cos(d)

V = 2ayaysin(d)

where 8 = €7 - €2
Van de Huist relates the Stokes parameters to the geometric

parameters of an ellipse such that

| = a?

Q = a%?cos2B8.cos2y
L(O1o11)
U = a2cos2f.3in2y
and

V = a?2sin28
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where a2 is the intensity of the wave, tanf gives the

ratio of the length of the major to the minor axis of the

eliipse and is called the ellipticity, and the angle Y
gives the orientation of the ellipse with respect to the x
axis. These parameters are shown in figure 1.3. A more

complete working of the above is found in van de Hulst,
1981.

I, as already stated, measures the intensity of
the wave. Q and U describe the gstate of linear

polarization, Q@ representing the preference of the E

vector for ¥ = 0 or the * n/2 directions, and U
representing its preference for the ¥y = * n/4 directions
(figure 1.4). A" measures the amount of <circular

polarization as is clear from a consideration of the

parameter B. When cosf equals sinf the ellipticity becomes

unity and V = |. Both Q and U become identically zero and
the light is completely circularly polarized. Conversely,
tfor completely linearly polarized light, V must be zero
such that the ellipticity becomes also zero.

If{f a plane of reference is chosen other than that
used here, then onty Yy changes, so that |, (Q* + U5 and V

are invariant as should be expected.



Figure 1.3
Geometric parameters defining the state of

polarization of an elliptically polarized
wave.P and @ are the principle axes of the
ellipse.

Figure 1.4

The signs of the Stokes parameters
Q@ and U for varying %
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1.3 STOKES PARAMETERS OF INCOHERENT L |{GHT

The usefulness of Stokes vectors is seen when the
need to analyse incoherent beams of light arises. Here,
the phases of the simple waves making up the beam are
randomly distributed and interference effects between the
beams tend to cancel out so that the resulting Stokes
vector of the beam is just simple addition of the Stokes
vectors of each individual wave, (van de Hulst, 1881) i.e.

for a beam,

|=E|g
i
Q= I
i
L (1012)
U=EU1
i
vV = 2V,
1
Since the light being received by a telescope is
incoherent the Stokes vectors provide a way of
parameterizing the light which is measured.

For an incoherent beam of {ight it can be shown

that

2 > @ + U2 + v2 . (1.13)

the equality only holding if atl of the component waves
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have the same polarization. The polarized intensity

defined as

e = (@ + U2 + V2 )1/2

while the overall degree of polarization is defined
P = (@ 4+ UV + V2)172/) = |p/]
The degree of linear polarization is defined as

P = (& + U)1/2/)

with an orientation, 8 of the plane of polarization

x axis of

6 = 0.5 tan"* ( U/Q )

(1.

as

(1.

L1

(1

14)

15)

.16)

the

L17)



CHAPTER 2

INTERSTELLAR DUST

2.1 INTRODUCT ION

Ever since Trumpler presented convincing evidence
in 1930 for the widespread existance of dust throughout
the piane of the galaxy, astronomers have attempted, with
varying degrees of success, to answer several fundamental
guestions. What is the dust made of 7 How is it formed,
and how does it interact with the galactic environment ?

A large number of different materials with
varying size distributions have been proposed as

candidates for the dust and many, tit the observational
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data. Overall, all that has been demonstrated is the
intractability of the problem we are facing. Even so,
steady progress has been made towards developing a
comprehensive picture of the physical processes at work in
the life cycle of dust grains.

It is clear now, that although the dust has a well
defined distribution in the galaxy, the intersteltlar
medium in fact presents a chaotic picture, with dust and
gas distributed in c¢louds of widely varying density,
location and physical conditions. Remarkably, there is a
large degree of uniformity in the physical properties of

the dust.

2.2 EARLY OBSERVATIONS OF INTERSTELLAR DUST

The first hint that the galaxy consisted of more
than just stars came two hundred years ago when William

"

Hershel noticed a hole in the sky ". He was observing
part of the Rho Ophiuchi complex and saw regions of the
sky apparently devoid of stars. He attributed this to the
breaking wup of the Milky Way. It was not until 100 years
later, with the advent of celestial photography, that a
proper interpretation was made. Barnard (1888) attributed

the 'holes’ to the presence of obscuring dust clouds,which

were blocking out the Light of background stars,

10
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Confirmation of the presence of galactic dust came in 19812
when Slipher discovered that the spectrum of the
nebulosity in the Pleiades was the same as that of
itluminating stars. Until 1830 the question as to whether
or not the intervening space between the clouds was empty,
remained open.

Trumpler compared luminosity distances to open
clusters as derived from their Hertzsprung - Russell

diagrams, with distances calcutated on the basis of their

angular diameters. He was then able to show that the
average colour excess of the <clusters increased with
distance, that is, that starlight becomes progressively
more reddened with increasing distance. These results

provided convincing evidence for the presence of an
absorbing layer of material in the galactic plane.

The colour excess of a star, E(B-V), is the excess

of the measured <colour index (usually expressed as the
(blue-visual) magnitude in the UBV system) over the
expected intrinsic wvaltue for the star, which is based on

its spectral type. Alternatively it is defined as the
difference in the extinctions at two wavelengths, A; and

A2 such that

ECAs —A2) = ACAy ) - A(AzDY Lo (2.1)

where the extinction A(A) is defined as the difference in

the apparent magnitude of the reddened star and an

11
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unreddened star of the same spectral type at the
wavelength A.

Photoelectric photometry brought new discoveries.
1934 saw the discovery of the diffuse interstellar bands
by Merritl, which still remain unexplained in detail.
Only recently, Herbig (18785) published a list of 39
diffuse absorption features between 4430 A and 6850 A&,
with the strongest of these features being centred on 4430
R and 6850 A. They are observed in the spectra of highly
reddened stars and Herbig believes that they are
interstelilar in origin.

New data aquired in the visual (Hall, 1937
Whittford, 1948) demonstrated that the interstellar
extinction is inversely proportional to the wavelength,
which implies that the grains responsible tor this
extinction should have sizes ~ the wavelength of the
visible light. Henyey and Greenstein (1941) after studying
the Light scattered by reflection nebulae, and also the
diffuse galactic tight, propesed that the grains were
strongly forward scattering and of high aibedo, the albedo
of a particle being defined as the ratio of the scattering
cross section to the extinction <c¢ross section. Mie
scattering calculations are now commonly used to calculate
the properties of visual light after interaction with dust
grains.

Lindbland (1935) led the field on ideas concerning

12
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the formation of the grains. He suggested that small
particles could torm by accretion of atoms in space. Van
de Hulst (1943, 1949) took the idea of Lindbland and
proposed that the three most condensable species, oxygen,
carbon and nitrogen, could combine with hydrogen and
condense onto a suitable nucleus. ( The &exact nature of
this nucleation process is still a problem ). His final
mixture was composed of water, ammonia and methane in the
form of frozen grains. The mixture became known as ‘dirty
ice’ and the model implied that 1% of the material between
the stars should be water. Such a high value for the water
content motivated Danielson et al., (1965) and Knacke et
al., (1969) to search for the strongest of the ice
absorption features which is that at 3 um. To their
surprise, their results in the diffuse interstellar medium
were negative and generous estimates could only place the
water content at 10% of that expected. Several years later
however, the 3 Hm feature was observed in the

Becklin-Neugebauer object (Gililett et al., 1973) which is

a protostellar cbject in the Orion molecular cloud. The
implications of this and many other subsequent
observations will be discussed in some detail later.

Exploration of the ultra-violet regime for any uv

extinction law was initially severely hampered due to the
high absorption of uv radiation by our atmosphere. Ground
based observations were misleading, suggesting a

13
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saturation in the extinction at 4 um-1'., This would be
expected, irrespective of refractive index, from the large

0.1 um particles which were assumed to produce the

observed visual extinction (van de Hulst, 1957 , Greenberg
and Shah, 1869). However, observations above the
atmosphere using rockets (Boggess et al., 1964 , Stecher
1965) demonstrated a rise in extinction into the uv.

Stecher found the first structure in the curve which is
now known as the 2175 A (4.6 um ') bump. Observations from
the Orbiting Astronomical Observatory, (OAO-2) satellite
(Bless and Savage 1970, 1972) confirmed and clarified
Stechers results and showed that beyond the bump between
5.8 and 6.2 um- !, the extinction began to rise again, A
weal th of satellite data has shown that this rise
continues into the far uv and much attention has Dbeen
given to the possible origing of these two main features,
namely the 2175 A bump and the far uv rise.

Several averaged and normalized extinction curves
showing the features described above, are given in figure
2.1. The references for the wvarious curves are given
together with an indication of how many stars were used to

derive each curve.

14
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(Figure taken from Savage and Mathis, 1979)
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2.3 INTERSTELLAR LINEAR POLARIZATION

Interstellar linear polarization was discovered
accidentally during searches tftor intrinsic polarization in
early type stellar atmospheres (Hall and Hiltner, 1949) .
1t became clear that whilst extinction may be observed in
certain regions without polarization (Hiltner 1956), the
converse was not true, thus linking the observed
potarization with the dust. That there was a wavelength
dependence of the polarization over optical wavelengths,
(0.3 - 1.0 um) was ftirst noted by Gehrels (1960). Optical

observations of thousands of early type stars showed that

the degree of linear polarization is proportional to the
extinction, with a canonical value of 3% per visual
magnitude of extinction (Mathewson and Ford, 1870). These

observations also revealed a large degree of uniformity in
the position angle of the polarization over extensive
regions of the sky which implied that not only must the
grains be non-spherical, but that they must also Dbe
aligned in some way. Grain alignment via their
paramagnetic relaxation in an interstellar magnetic fietd
was postulated (Davies and Greenstein 1851) to explain the
observed polarizations,

A program to measure the wavelength dependence of

15
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the polarization and its retationship with the
interstellar extinction was carried out by Coyne, Gehrels
and Serkowski (1974). The resulting curves of polarization
against wavelength showed a broad maximum which generally
lay somewhere in the visual, with a steep fall off towards
the longer wavelengths. The levels of polarization however
were found to differ widely from star to star. In spite of
this it was shown that for stars which had apparently very
different polarizations, curves drawn of P/Pyax against
Auax /A, were remarkably wuniform as shown in figure 2.2,

and followed closely an empirical formula

P(X)/PNAx = exp(—k.lnz(l/)\nax)) ..... (22)

where k is found to be 1.5 and Awax varies typically from
0.45 um to 0.8 um (Serkowski et al., 1975). Theoretical
work has shown that Puwax is related to the amount of
extinction caused by the dust and the degree of alignment
of the grains, while Awax probably is related to the
average size of the polarizing grains (Huffman, 1977).
Serkowski also demonstrated that Pyax was well correlated
to the ratios of the colour excesses in the UBVR spectral
regions, and that in fact the ratio of total selective

extinction, R, which is defined as

R=A(V)/E(B-VY L (2.3)

is related to Awax Such that

16
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Figure 2.2

The wavelength dependence of interstellar
linear polarization. Each open circle is
based on 20 stars,while each dot represents
observations of individual stars with a
particular filter.

(Figure taken from Serkowski et al., 1975)
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R=5.5AHAX ..... (24)
Recently, the wavelength dependence of the
intersteltlar polarization has been observed at near
infra-red wavelengths (Wilking et al., 1980). When this

data was combined with existing optical polarimetry, it
was found necessary to modify Serkowski's formula.The data
showed a progressive narrowing of the normalized
polarization curve as the maximum wavelength increases to
near infra-red wavelengths. Wilking allowed the constant k
to become a free parameter and so extended Serkowski's
formula to the infra—-red. He found that k was directly
related to Ayax and that increasing k had the effect of
narrowing the curve and visa versa. The wavelength

dependence of the interstellar linear polarization from

0.3 - 2.2 um is now best described by

P(A)/Pna)( = exp(—1.17 AnAx.lnz(AnAx/)\)) (25)

Attempts to explain the narrowing of the curve with
increasing Awax . to actual physical properties ot the
polarizing grains have met with numerous difficulties. The
simplest explanation that could be found, ascribed the
variation to either the grains becoming more spherical, as
the proportion of large grains present in the dust
distribution increases, or that the range of sizes present

decreases with an increasing number of large grains.

17
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The physical properties of the grains then have a
strong bearing on the interstellar polarization and any
interpretation of the extinction curve needs to take note
of the <constraints placed on them by the interstellar

polarization and visa versa.

2.4 ELEMENTAL DEPLETION

Among the initial results from the far
ultra-violet spectra obtained by the Copernicus satellite
were abundances relative to bydrogen for a number of
elements in the interstellar clouds (Rogerson et al.,
1973). Analysis of the data which consisted of the
interstellar absorption lines of 5 reddened stars (£ Per,
a Cam,A Ori A,t Oph and 7 Ara)(Morton et al.,1873), showed
that several elements were depleted compared to solar
abundances.

Table 2.1 gives the cosmic abundances of the main
volatile and refractory elements (Cameron, 1973) and also
the fractional amounts of atoms (retative to their cosmic
abundance) of the same elements detected in the
interstellar gas towards Zeta Ophiuchi (Morton et al .,
1974) . Note, the extinction spectrum of the Zeta Ophiuchi
complex is taken as typical of the interstelliar medium.

Clearly this scale of depletion must infer

18
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Table 2.1

Element Number density Fraction of the cosmic
relative to H abundance detected in
the 1SM towards L Oph

C 3.71 x 10°* 0.2

N 1.18 x 10°°% 0.2

O 6.76 x 10°°* 0.25

Mg 3.34 x 10°°* 0.03

Si 3.14 x 107 % 0.03

Fe 2.61 x 107 * 0.01
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something about grain formation. I f there had been no
previous knowledge of dust then these results would have
strongly pointed towards their existence. Since hydrogen
was the only molecule detected in high abundance towards
Zeta Ophiuchi, and even carbon monoxide, which is the most
abundant molecule after hydrogen, could only account for
0.1% of the expected carbon abundance (Mor ton et al.,
1974), it seems unlikely in this case to find the missing
mass tied up in molecutes. So it was proposed that the
heavy elements had been attached to the grains (van de
Hulst, 1949 . Spitzer, 1954).

Even today, with the many theories concerning the
nature and formation of the grains, there is still
difficulty in fully accounting for the missing material.
It may be hidden in the large particle end of a power—law

distribution of grain sizes, since here the extinction per

unit mass is very lLow, or a large number of as yet
unspecified molecules may exist. Another theory is that
the material i s in the form of comets and the observed

depletions may be more closety related to their formation,

than that of grains (Greenberg, 1974,1982).

19



INTERSTELLAR DUST

2.5 THE DIFFUSE GALACTIC L {GHT

The attenuation of the tight from the stars s
achieved through the scattering and absorption of the
incident light by intervening material. Investigation of
these two processes is yet another way of gaining valuable
information concerning the grain material. The scattering
of Light from dust grains comprising the general
interstellar "haze’, gives rise to the diffuse galactic
light and its study has been valuable in determining the
albedo, a, and the torward scattering (or asymmetry)

factor, g, of the interstellar particles. g is given by

g=<c¢cos8 > L. (2.86)

where 8 i's the scattering angle (measured from the
incident direction of the beam). g=0 represents completely
isotropic scattering and g=1, completely forward
scattering.

Observations of the diffuse galactic light
obtained with OAO-2 have enabled Lillie and Witt (1973,
1976) to separate the extinction curve into absorption and
scattering components as shown in figure 2.3, which has
then allowed the grain albedo and asymmetry factors to be

deduced. The values obtained for the albedo and asymmetry
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The mean observational extinction curve (Savage
and Mathis, 1979) showing the contributions
from absorption and scattering (Lillie and
Witt, 1976)

(Figure taken from Whittet, 1981)
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factors at different wavelengths are displayed in figure
2.4, The data clearly shows the extinction bump at 2175 A&
to be caused by absorption processes since it coincides
with the albede minimum at a = 0.35 * 0.05. The albedo
increases to 0.7 * 0.1 at wavelengths beyond 3000 A and to
0.6 * 0.05 at wavelengths shorter than 15650 A. The
asymmetry factor lies between 0.6 and 0.9 for the whole
wavelength range investigated, indicating that
interstellar grains are strongly forward scattering.

The interstellar extinction curve has been of

vital impor tance in furthering our understanding of
interstellar dust. The curve will now be discussed in some
detail starting with the visible part of the extinction

curve and continuing to the uv and ir regions.
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The albedo,a, and asymmetry factor,g, plotted
as a function of wavelength. The values of g
are indicated above the corresponding error
bars for a. The uncertainties in g are of the
order of * 0.15.

(Figure taken from Lillie and Witt, 1976)
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2.6 STRUCTURE OF THE VISUAL PART OF THE EXTINCTION CURVE

The general form of the visual part of the
extinction curve has provided astronomers with information
concerning the sizes of interstellar grains. The origin of
the ditfuse and broad band structures within the curve
still remains a point of debate. |t seems likely however
that they provide information concerning the composition
of the grains and the interstellar gas.

The visual extinction is roughtiy inversely
proportional to the wavelength, with the extinction rising
slightly towards the blue. It is generally believed that
the size of the particles causing the extinction are of
the same order as the wavelength of light. Smaller
particles would come into the Rayleigh scattering regime
where the extinction would follow a AmS taw and much
targer particles would lead to a wavelength independent
extinction ('grey’ extinction). Greenberg (1968) showed
that highly absorbing very small grains would have a A~1!
law, but Purcell (1869) placed constraints on the mass
density of such extinguishing matter that would be needed
to produce the observed extinctions. The number of atoms,
free molecules and free electrons that would be required

was found to be far too high for the interstellar medium,
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so this idea was ruled out.

The most notable 'feature’ of the curve is an
apparent change in the siope of the blue part of the
spectrum at 2.3 um*. This has been shown quite adequately
(Hayes et al., 1973) to be a natural consequence of having
a size distribution of grains in the interstellar medium.
Realiy, the general extinction curve in this waveband only
tells us information concerning the general size of the
grains, since a suitable size distribution usually enables

a fit for many different grain materials.

2.6.1 BROAD BAND STRUCTURE IN THE VISUAL EXTINCTION CURVE

Hayes has demonstrated the existence of very broad
band stuctures up to 1000 A wide in the curve. They are
shown in figure 2.5. Hayes proposes that grains are
responsible tor the structures and in particular, that
impurities in the grains cause the broad bands. Predicting
then that the same structure should be observed in the
wavelength dependence of the interstellar polarization,
Hayes awaited further observational data. This came in
1974 and is shown in figure 2.6 (Mavko, 1974).

In 1877, Huf fman compared the broad band
structures with structures in the extinction curves of

magnetite, a C1 meteorite (Orgueil) and a C2 meteorite
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(Murchison). Both magnetite and orgueil (which <contains
quite a large amount of magnetite), had broad band
structures similar to those in the extinction curve and
ted Hufifman to propose magnetite as responsible for the

broad band structure.

2.86.2 THE_ DIFFUSE_ ABSORPTION BANDS IN THE V1SUAL

EXTINCTION CURVE

The origin of the diffuse bands in the visual
region remain largely a mystery. Prominent theories are
that the bands originate in very small grains (Andr iesse,
1877), in impurities in the host particles (Purcell and
Shapiro, 1977), in metallic oxide sur face transitions
(Dutey et al., 1878) or in gaseous molecules (Smith et
al., 1977).

In order to separate the theories, correlations
between diffuse band strengths and various interstellar
grain extinction parameters have been eagerly sought. The
latter have consisted in the main of the strength of the
2175 A bump in the uv and the measured colour excesses.

Diffuse band strengths are defined

E(A-V)/E(B-V) (2.7)

where A is the wavelength of a given diffuse band. The
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2175 A bump strength is defined as

E(Aeeax J/E(B-VY L. (2.8)

and is the height in magnitudes of the 2175 A bump peak
above a straight baseline drawn between 3000 A and 1700 &
on a normatized 1/X plot.

Many correlations have been found, although some
discrepancies exist. Wu, York and Snow (1881) find the
strength of the 4430 A band correlates equally well with
the 2175 A& bump strength and the colour excess E(B-V),
while Dorschner, Friedman and Gurtler (1877) find the 4430
R band much better correlated with E(B-V) than with the
bump.

A problem with this work is that almost any two
parameters will correlate to some degree due to the
relatively constant gas to dust ratio throughout the
galaxy (Bohlin et at., 1978). Seab and Snow (1884) have
tackled this problem and look for correlations after
taking account of the above inherent dependence. They find
that there are no correlations other than a weak one
between the 4430 A diffuse band and the 2175 A bump. This
would seem to support proponents of a molecular gaseous
origin for the 5780 A and the 6284 R bands.

Seab and Snow find a complicated correlation
pattern between the 4430 A band and the 2175 A feature. In

regions where the grains possess mantlies (Snow and Seab,
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1880 ; Goebel, 1983) the observed bump structures and the

diftfuse band are weaker than normal. The band is strong
when observed along lines of sight where the gas and dust
temperatures are high. However, in such regions the

strength of the 2175 A feature is shown to vary greatly.
Douglas (1977) showed that semi—-detached or
impurity isolated carbon <chains on a disordered surface
would absorb radiation at 4430 A. This led Seab and Snow
to propose that graphite grains are the carriers of the

4430 A band with the band originating at disordered

sur faces in the same way as described by Douglas. They
argue that the above mechanism can explain the
correlations. Iin regions where the grains possess mantles

it would be expected that the strength of both teatures
would be reduced since the above mechanism would be
suppressed by the mantles. In higher temperature regions
however, where there are shock waves and other energetic
processes increasing the disorder at the grain surfaces,
it would be expected that the band strength would be
enhanced, without necessarily affecting the bump strength

at all,
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2.7 STRUCTURE AND _INTERPRETATION OF THE ULTRA-VIOLET

EXTINCTION CURVE.

The extinction curve in this part of the spectrum
has two main features, the extinction bump at 2175 A and

the far uv rise.

2.7.1 THE _ULTRA-VIOLET EXTINCTION FEATURE AT 2000 A

This bump is the most ocutstanding feature of the
entire extinction curve. Its profile is fairly symmetrical
with FWHM 480 A (Savage, 1975), this value being somewhat
dependent on the chosen baseline. The strength of the 2175H
R extinction has been shown to be very well correlated
with the visual extinction throughout the galaxy, the
correlation being demonstrated in figure 2.7. The clear
implication then, is that the feature must be interstellar
in origin, and that either the same grains are responsible
for both extinctions or, if the grains are different, then
they must be very well mixed and maintain their relative
proportions throughout a targe variety of different dusty
environments (Savage, 1975 . Nandy et al., 1875

Dorschner et al., 1977).
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No theory concerning the origin of the feature s
totally secure. Gilra (1872) was the first to propose that
very smalt particles of graphite with sizes ~ 0.01 um
could explain the bump and this theory has with various
additions and refinements to the basic model, so far
withstood the test ot time. Many other candidates such as
silicates (orthopyroxene) (Huffman et al., 1971, colour
centres in irradiated Quartz and absorption by
hydrocarbons have been proposed at various times and
subsequently shown to be inadequate. The silicates were a
good example of how a material can be made to fit the
extinction, using Mie calculations and a suitable size
digtribution, but they were shown to be unlikely by Bless
and Savage, 1972). Graphite is still the main contender in
attempts to explain this feature.

The major problem with the graphite theories is
that the position of the extinction maximum and the shape
of the whole feature does not change. This is exempliitied
in the recent results of Massa et al., (1983). Using the
International Ultra-Violet Explorer (IUE), Massa observed
stars which were known from ANS (Astronomical Netherlands
Satellite ) data to have peculiar extinctions,. Even tfor
such a set of stars neither the position nor the shape of
the 2175 & feature was found to vary. However, the
variation of the complex refractive index of graphite near

the resonance, which lies in the region of 2200 A&, is so
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pronounced that its wavelength dependence is very
sensitive to particle parameters such as size, shape and
presence or absence of coatings and this clearly causes
problems when trying to explain the invariant features of

the interstellar extinction bump. Detailed discussion of

this problem is found in a review article by Savage
(1875).

The above problem led Mathis et al. (1977) to
propose theoretical grain mixtures of combinations of
graphite, enstatite, olivine, silicon carbide, iron and

magnetite, using up to three at a time, to explain the

extinction curve from the ir through to the wuv. Cosmic
abundances of the various elements were used as
constraints on the possible distributions of the
materials. Their grains were found to require a power—law
distribution of sizes to obtain the best fits. All of the

possible mixtures needed graphite to reproduce the bump.
The good fits obtained by many combinations in the visual,
served to demonstrate that in this band, the extinction is
relatively insensitive to the refractive index. They
finally proposed a mixture of graphite and silicates, with

a size distribution as

nCa) a a~ ¢ (2.9)

where n(a)da is the number density of particles with radii

in the range (a, a+t+da), and 0.005 um < a > 1 um. The power
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index, g, varied between 3.3 and 3.6 for spheres. The

graphite made a large contribution to the 2175 A bump

whi le the silicates did the same for the far uv
extinction. Excellent fits were obtained using uncoated
grains.

2.7.2 THE FAR ULTRA-VIOLET RISE AND I TS

RELATIONSHIP WITH OTHER EXTINCTION FEATURES

Following the slight depression in the curve after
the bump, from 6.6 um"? to 6.2 um !, there is rise in
extinction into the far uv. Data now being reduced from
| UE and ANS satellites are providing much needed
information on this part of the spectrum. Recent results
have confirmed the long held suspicion that,to quote Massa
(1983), "peculiar ultra-violet extinction is common’.

Meyer and Savage (1981) find that the dust towards
many stars exhibits peculiar uv extinctions. They find
E(ig/E(B—V) in samples of normalized extinction curves
differing by * 2 at the extinctien bump or at 1500 4.
They also note that the far uv extinctions appear to be
totally independent of the 2175 A bump. Krelowski and
Strobei (1983) present extinction curves from Sc0 0B2 and
Per OB1 associations using ANS data. They find the far uv

extinctions to Dbe independent of E(B-V) in each
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association.

Massa et al., (1883) tind that for their sample of
stars, the observed variations of the far uv extinction
with wavelength, separate out into two classes, which are
those where the extinctions arise from clear fields (i.e.
extinction is produced by the diffuse c¢cloud medium),
and those where the extinction is almost entirely due to
localized regions of hot gas and dust.

The present data points towards one thing. There
is a need to investigate samples where the extinction is
produced by similar environments. This would show whether
or not the lack of corretation of the far uv rise with
either the 2175 A bump or the cotour excess, E(B-V), is
simply an artifact produced by observing the extinction
through widely differing environments, where the grains
responsible for the extinction may be severely modified by
processes such as growth and radiation pressure, and
destruction processes such as sputtering etc. The need
to avoid complications in such a wealth of data is clearly
imperative.

Greenberg and Chlewicki (1883) used early type
stars on the verge of emerging totally from their
placental ctoud (Lada et al., 18978). Having carefully
selected their sample so as to minimize local interstellar
contributions they used the | UE satellite to aquire

extinction data from the diffuse cloud medium to a depth
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of 3 kpec. A very high degree of uniformity in the shape of
the extinction curve from 1700 A to 1300 A was found, the
standard deviation from the curvature tor 17 stars being
only 0.07 magnitudes (which is less than the errors on the
data). The data also showed that the far wuv rise is
totally uncorrelated with the 2175 A bump, which in turn
is correlated with the colour excess in the wvisual,
E(B-V).

On the basis of their results, Greenberg and

Chlewicki proposed that the far uv extinction curves all
have the same functional form, even though there is a
substantial variation by as much as a factor of 3 in the

relative strength of the 2175 A feature and the far uv
extinction, Consideration of their findings led them to
conclude that totally separate populations of grains must
be responsible for these extinction features.

Further to this, Greenberg and Chiewicki proposed
that both populations must have extinction cross sections
which are size independent and that this is achieved when
the particles are such that the extinction is by
absorption only i.e. there is no scattering. | f graphite
based particles are to be held responsible for the bump
and silicate based particles for the far uv rise, then on
the basis of this theory, they must be limited to sizes
which are less than 0.01 um. The conclusion of this work

was that small particles (< 0.01 um) of some silicate
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based and graphite-like substances are required to explain

the uv features.

2.8 STRUCTURE AND INTERPRETATION OF THE INFRA-RED REGIME

The study of the interstellar extinction curve was
first 