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ABSTRACT

This thesis contains a description of the technique used to
measure the optical linear polarisation of the Orion Nebula and the
nebula, M43, and the results obtained from these measurements. This
work was undertaken while the author was a member of the Durham
University Astronomy Group.

The first chapter is an outline of the differing states of
polarisation and the method used to describe these states via the Stokes
Parameters. A short review of the mechanisms producing linear polarisa-
tion of the optical radiation from astronomical objects is included.

Chapter 2 describes briefly the mechanisms producing plane
polarisation and dust scattering and also contains a description of
Rayleigh and Mie Scattering.

Chapter 3 contains a brief account of the design and operation
of the Durham University nebular polarimeter used to detect anq measure
optical linear polarisation, along with a short description of the
electronographic camera used as a recording device. Also, the tech-
nique for the reduction of the data, from its initial electronograph
to the final extraction of the Stokes parameters for over 8550 points
in the Orion Nebula is described.

The next chapter contains an account of gaseous nebulae,
particularly the Orion Nebula, where a review of the present properties
of this object and some general remarks on M43 are made.

In Chapter 5 of this thesis, the technigue employed to measure
the optical linear polarisation of these nebulae, together with a final
map of tl.e polerisation for each of them, and a comparison of the
rusults obtained by the present method for the Orion Nebula with those

measurements of Hall (1974) and Pallister et al (1977) are described



which confirm the success of the present technique.
In the following chapter, some interpretation of the results

and the geometry of the Orion Nebula and M43 are described. Also a
simple model of the Orion Nebula as a spherically symmetric dust

cloud with elori at the centre is presented. A comparison between

Yis model considering the constant dust density case, and the polar-
isation measurements, is made in this chapter and some possible causes
of the disagreement between this model and observational results are
presented. In conclusion, the success of the technique is confirmed
for the production of high resolution, accurate polarimetric

measurements.



PREFACE

The work presented in this thesis was carried out
during the period 1975 - 1978 while the author was a
research student under the supervision of Dr. S.M. Scarrott
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INTRODUCTION

In my country, Iran, during the course of the history of

science, astronomy has been ascribed the role of mother of science.

stronomy has reached this important status because it has always
been an area from which new knowledge and insight has been forth-
coming. This is still true today, much of the 'new' physics of the
past few decades has arisen from astronomical observations.

The techniques of twentieth century astronomy are very dif-
ferent from those of the past eras. As technology has progressed
then astronomers have capitalised on these advances and have utilised
them in their own particular domain. The topics of radio, microwave,
infra-red, ultra violet, x-ray and Y-ray astronomy have become pos-
sible because of these advances and even the older form of astronomy,
optical astronomy has benefited accordingly with the advent of sen-
sitive detectors, on-line computer etc. Furthermore, the application
of technological improvements in telescope manufacture and operation
have considerably assisted in making the observations.

The role of the astronomer has also changed. At the present
time the acquisition of data is rapid and usually the astronomer
spends much less time in integrating the data.

In optical astronomy obviously the medium by which information
is gleaned about astronomical objects is visible light, the usual
techniques being polarimetry and spectroscopy. However light carries

- r.idorable information about its history in the form of polarisa-

tion. Linear polarisation is a commonly observed form of polarisation
. "“.—l\ Ul
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and this thesis is develved tc the description of the measurement
and interpretation of the linear polarisation in the Orion Nebula,
M42 and M43.

Before embarking on the description of this work, it is worth
recording the major events in the discovery and understanding of the
polarisation of light, in particular where astronomical implications
are involved. In chronological order I feel the important advances

have been as follows:

1809 D.F.J. Arago found that the light from the sunlit sky is

partially polarised.

1845 Michael Faraday discovered the rotation of the plane in a
beam of linearly polarised light traversing certain media

parallel to magnetic lines.

1852 Sir George G. Stokes described the four stokes parameters

{this will be discussed in Chapter 1).

1869 D. Tyndall established the fact that the character of the
polarisation of light scattered by particles changes strongly

with the dimensions of the particles.

1896 Pieter Zeeman found that spectral lines can be broadened wﬁen
the radiating atoms are in the presence of an intense magnetic
fielid. Observation of the splitting of spectral lines by mag-
netic fields and their associated polarisation (Zeeman effect)

was observed a few years later.

190 Custav Mie, and Peter Debye independently developed the theoxy
of light scattering by spherical particles or arbitary size

(this will be discussed in Chaper 2).



1929 Bernard Lyat published his thesis containing major discoveries

on the linear polarisation of light from planets and teres-

trial substances.

1949 J.S. Hall and W.A. Hiltner discovered linear interstellar

polarisation. Subsequent work produced a wealth of information

on the polarisation of starlight which lead to a better under-

standing of the role of magnetic fields in the structure of the

galaxy.

1954 V.A. Dombronskij disovered large polarisation in the Crab
Nebula predicted with synchrotron radiation a year before by

I.S. Shklovskij.

1959 Strong wavelength dependence was found for the linear polarisa-

tion of planets, stars and nebulae (see Coffeen, D.L. and

Hanson, J.E.).

The reader who is interested in the above chronology is referred to
T. Gehrels (1974, and references therein).

It is clear that observation of polarisation in astronomical
objects might play an important role in understanding the physical
mechanisms occurring in such objects. With this aim in mind, the
Durham group have constructed a nebular polarimeter. Used in con-
junction with the electronographic camera it is possible to map out
the linear polarisation in extended astronomical objects. This
thesis describes the polarimeter and its use to observe the Orion
Nebula in an attempt to elucidate the illumination and dust distri-

bution within the nebula.



CHAPTER ONE

POLARISED LIGHT

1.1 Discovery of Polarisation

The polarisation of light was discovered by Huygens in 1690,
while experimenting with Iceland spar. He found that a ray of light
was, by passage through the crystal, divided into two separate rays
of equal intensity, except when the light traversed in a direction
parallel to the crystallographic axis.

Then he stated that polarised light is such that its properties
are not symmetrical with respect to the direction of propagation.

This lack of symmetry is proved by the fact that a rotation of the
ray about the direction of propagation as axis produces a change in

the observed optical phenomena.

1.2 States of Polarisation

From the standpoint of classical physics, light consists of
electromagnetic waves whose vibration are transverse to the propaga-
tion direction and characterised by the electric vector E. If the
electric vector vibrates randomly in a plane perpendicular to the
direction of propagation the light is called natural or unpolarised
light.

Polarised light is light whose vibration exhibits a preference
Ar “o transverse direction, or a preference as to the associated
handedness. When the orientation of the electric vector is constant
although its magnitude and-sign varies in time, the light is des-

cribed as being linearly polarized or plane-polarised.



The result of the superposition of specific amounts of natural
and polarised light is described as being partially polarised, then
the degree of polarisation is defined as the ratio of the intensity
of the polarised light and the total intensity.

The amplitude of the electric vector can be divided into two
orthogonal components which are sinusoidal and exactly in phase, so
that the resultant of these components is at a fixed angle in the
plane of vibration.

When the two component beams have a phase difference & intro-
duced between them, the electric vector traces odt an ellipse in both
time and position along the curve (Fig. 1.1). The ratio of the semi-
minor axis and semimajor axis, i.e. b/a is called the ellipticity,
and the eccentricity, less commonly referred to is given by
(a2 - bz)%/a. In the case where the two components have equal ampli-
tudes, and in addition, their relative phase difference ¢ = 2mm tﬂ/é
where m = 0, *1, 2, ..... the radiation is described as being
circularly polarised.

By defining the sectional pattern, as seen by an observer who
is situated in the path of the radiation and looking toward the light
source, which is at the origin of coordinates, 6 the angle of between
the major semiaxis of ellipse and the x-direction is called the Azimuth
of the sectional pattern or orientation of the ellipse (Fig. 1.1).

The plane of polarisation means the plane containing both E and
K, the electric vector and the propagation vector in the direction of

Lr:stLon.



1.3 Mathematical Specification of a Polarised Wave Train

As far as the mathematical description is concerned, both
linear and circularly polarised light may be considered to be special
cases of elliptically polarised. As previously described (Section
1.2), this means that, in general, the resultant electric fector E
will both rotate and change its magnitude. In such cases the endpoint
of E will trace out an ellipse, in a fixed plane perpendicular to K
(propagation vector), as the wave sweeps by. In order to see this
and then find the expressions of elliptical, circular and linear pol-
arisation, we may write an expression for the curve traversed by the

tip of E. That is:

E = E cos (kz - wt) (1.1)
ox
and

E = E cos {kz - wt + o) (1.2)
oy

where a is the relative phase difference between the two bean compon-
ents, k the wave number = 2"/;, z the position along the axis of
propagation and w the angular frequency. The equation of the curve we
are looking for should neither be a function of position nor time,

i.e, should be independent of (kz - wt). Expand the expression for

E into
Y
E
;1' = cos (kz - wt) cosa - sin (kz - ut) sing
E
urd combine 1t with Ei— to yield
ox
E E
ETX - E—x—-cosa = =-sin (kz - wt) sina (1.3)



~3

It follows from eguation (1.1) that

) b
sin (kz - wt) = [ —CL)]
ox

and so equation (l.1) leads to

E Ex 2 E.‘x2 2
(—Y—E i cosa) = [1 _(E—)] sin a
oy ox o)

Finally then, on rearranging terms we have
E )2 Ex j Ex E 5
X _x - .S | S = i
<E + (E 2(E )(E ) cosa sin a (1.4)
oy oX ox oy

This is the equation of an ellipse for elliptical polarisation making
an angle 0 (orientation of ellipse), with the (Ex, Ey) coordinate

system (Fig. 1.1) such that

2 E E COSO0,

Tan 26 (1.5)

E_ 4 Y
S

\ i
\ 4 —
>
\

Figure 1.1: Elliptical polarisation. The direction of

propagation is into the paper.



Equation (1.4) might be a bit more recognizable if the principal axes
of the ellipse were aligned with the coordinate axes, i.e. 6 = 0 or
equivalent a« =*¥w/2, +3n/2, *5%/2, ....., in which case we have the

familiar form

E2 Ei

‘-% + — = 1 (1.6)
E E__.
oy Ox

Furthermore, if E = E = E this reduces to
oY oxX o

E2 + E2 = E2 (1.7)

Y b4 o]

which is equation of a circle for circular polarisation.

If a = nm where n =0, *1i, *2, ....., equation (1.4) then becomes

E
E =+t 4 g (1.8)

Y E X
7 oX

which are equations of lines for linear polarisation having slopes of

+

/E

E
oy’ Tox

1.4 Methods of Describing Polarised Light

The modern description of polarised light actually had its
origins in 1852 in the work of G.G. Stokes. He introduced four quan-
tities which are functions only of observables of the electromagnetic
wave and are now known as the Stokes parameters. The state of polarisa-
tion of a beam of light can be described in terms of these quantities.
-: » four parameters have the dimensions of intensity; each corresponds

ot to an instantaneous intensity, but to a time-averaged intensity,



the average being taken over a period long enough toc permit practical
measurement.
For quasimonechromatic light with elliptical polarisation,

in general we have:

f
(4

-> -> -» -
E (t) E (t) cos {(kz-—mt) + a (t)] (1.9)
X ox X

and

e

Y
E (t)
7

-> ->
E (t) cos [}kz-—mt) + o (t)] (1.10)
oy Y

-+ ->
where i and j being the unit vectors along the x and y axes, and

Eﬁt) = Ex(t) + E?(t). Using these and the fact that a = ay - dk ’

the Stokes parameters are:

I = < E2 > + <E2 > (1.11a)
ox oy

0 = < E° > - <k > (1.11b)
ox oy

-U = <2E E cosa > (1.11¢)
ox oy

V = <2E E sina > (1.114)
oX oy

For the hypothetical case of perfectly monochromatic light on(t),
Eoy(t), and o(t) are time independent and by dropping the <> brackets
in equation (1.11), the applicable Stokes parameters can be obtained.
The measured intensities of an actual beam of light are a super-
position of many simple waves with independent phases. Thus the Stokes

parameters of entire peam are:

I = II, . LU, \ v, .
3 i i i

w0
n
[y¢]
Lo}
c
1l

In general the four parameters satisfy the inequality
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2 2 2
I 2 (Q +U + V) (i.la,

If the beam is entirely unpolarised, Q = U =V = 0., If it is c-m-

2 2
pletely polarised, 12 =0 + U + V2. The degree of polarisation

may be defined as:

P = ".13)

The parametex V is positive for right handed circular polarisation,
negative for left circular polarisation, and zero for all linear forms.
In the case of linear polarisation where V = 0, the degree cf

polarisation is

2 2 %
+
p = 12 I__U_.l_ (1.14)
U
and in the case of time independence for the ratio of 5 we have:
E B cosa
U _ OX oy
Q E2 _ E2
ox oy
It follows from equation (1.5)
tan 20 = g
-1
6 = % tan (%0 , (1.15)
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CHAPTER TWO

POLARISATION BY SCATTERING FROM DUST

2.1 Mechanisms producing plane polarisation

For the past three decades astronomers have made measuremw 1ts
of the plane polarisation of light from many astronomical objects.

From these measurements it is possible to deduce, in many cases,
the mechanism responsible for the production of polarisation. Magnetic
fields have an important role in the polarising mechanisms, either
directly in the emission process or indirectly by the alignment cf
scattering particles. In astrophysical phenomena partially plane
polarised light can arise in processes such as synchrotron emission,
Zeeman effect, reflection from solid surfaces and most important of

all, by scattering as listed below.

(1) Scatiering by molecules (Raleigh Scattering), for example, by
the mﬁlecules in the atmosphere of Venus (Coffeen and Hansen 1974).
(2) Scattering by small particles, or grains of finite size (Mie
scattering), e.g. in the central region of Oricn Nebula
(Pallister et al 1977).
(3) Scattering by free electrons (Thompson Scattering) as seen in

the solar corona (Aller 1952).

Obviously Rayleigh and Mie scattering are relevant to the Orion

0]

nebula and will be discussed in detail later in this chapter.

2.2 Theory of Scatteringy

When a plane electromagnetic wave of frequency vo falls upon



a charged particle, the particle is set into motion and radinte.
secondary waves with the same frequency vo. The pheno:.c:on is called
Scattering.

Generally the term scattering is used when small particles are
involved, particularly when they are irregularly arranged in space.
Scattering is not a practical means of polarising light, because in
practice the polarisation usually is not complete in any direction and
the intensity is quite low. The study of polarisation effects in the
light scattered by small particles, however, gives information on the
nature of the particles and is a means of investigating the scattering

particles in remote astronomical objects.

2.3 Rayleigh Scattering

The first quantative study of the laws of scattering by small
particles was made in 1871 by Rayleigh, and such scattering is fre-
quently called Rayleigh scattering.

The scattering of light by particles which are small in com-
parison to the wavelength of the incident light is known as Rayleigh
scattering; an example is the scattering of sunlight by air molecules.

Details of the mathematical investigation of the problem which
gives a general law for the intensity of scattered light, applicable
to any particles or grains with index of refraction different from
that of the surrounding medium are given in VanDe Hulst 1957.

The scattering properties of grains depend on the dimensionless

quantity
x = 2nd 9.1
- A (2.1)
where d = radius of the grain
A = wavelength of the light.



- 14 -

In the case of Rayleigh scattering, the restriction is that the
linear dimensions of the particles be considerably smalleér than the

wavelength

or
¥ << 1

The scattered intensity is found to be proportional to the incident
intensity and to the square of the volume of the scattering particle.
The most interesting reéult, however, is the dependence of scattering
on wavelength. For scattering at an angle 0 (Figurel2), the scattered
intensity is proportional to I/}\4 (1 + cosze). For more detail see
Chandresakhar 1960, Jenkins and White (1957).

For a given size of the particles, the longer wavelengths would
be expected to be less effectively scattered than short ones, because
the particles present obstructions to the waves which are smaller com-
pared with those for longer wavelengths, so the radiation of shorter

(blue) wavelength is most strongly scattered, see Figure 2.1.

1200 ' ' ' ™3
> 1000 ~
| .
n
Z 800 \UV .
-
Z 600} -
S
= 400F 4 -
3
& 200} B 6 , -
O R IR
0 1 | 1 1
3000 4000 5000 6000 7000
A ——>

Figure 2.1: Intensity of scattering vs. wavelength according

to Rayleigh's law (Jenkins and White 1957).



Now if we consider a small particle to be at the origir -
cartesian coordinate system, and a quasi-monochromatic plane wave whose
wavelength is much larger than the dimensions of the particl ' travel-

' ling in the positive z direction, the scattered wave is to be observad
at a point P whose polar coordinates are r, 6 and ¢, as is shown in

Figure 2.2.

Figure 2.2: The scattering particle is at the origin, and
an incident plane wave travels in the positive

z direction.

To find the nature of the scattered wave at the point P when
the incident wave is quasi-monochromatic and whether there is any
polarisation represented by a set of Stokes parameters, we consider

the case of an unpolarised incident wave which will be represented by:
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(r, Q, U, V) = (r, o, 0, 0) (2.2)

The parameters of the scattered wave are found to be (se: .,icrn 1963):

4 2
I = ZL—lEJ—— (c0526 + 1)1 (2.2

p 2r2

4, 2
o = K [of 5 (cos® - 1) 1 (2.4)
P 2r

Where a is the polarisability and is defined by p = ae; ( p is the
dipole moment of the particle and e is the electric field at point P)
. 2n
and K is the wave number (K = Y ).
The polarisation is identical to that produced by Thompson
scattering from free electrons. From equations (2.5) and (1.!4) the

degree of polarisation is found to be
Q
ol = .L.R.L (2.6)

By substituting equations (2.3) and (2.4) into (2.6), we have:

2
P - l - cos' 0 (2.7)

2

1 + cos €
The scattered wave is therefore unpolarised in the forward and back-
ward directions, and completely polarised in the directions at right

L. o]
angles to the incident beam ( 6§ = 907). It can also be seen that the
o

scattered intensity is symmetric about 0 = 90 , as is chown in

Figure 2.3.



Figure 2.3: The scattering diagram for Rayleigh scattering

from an unpolarised beam.

2.4 Mie Scattering

An important case in the scattering cf light by particles is
that by spheres, such as drops of water in fog or rain, or metal
spheres in colloidal suspension.

Gustave Mie in 1908 published a rigorous solution of the scat-
tering problem for homogeneous spherical particles of any size.

Single scattering by spheres of a finite size is called Mie Scattering.

The Mie theory shows that when the wavelength is comparable to
the diameter of a sphere, the scattering pattern shows details quite
sensitive to size. 1In general, the scattering in any direction is
S

described by four amplitude functions, S S, and S4, all functions

1" T2 73

of 06 and ¢ (see Figure 2.2) which form a matrix S$.0,¢) of four elements

called the Scattering Matrix.
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The electric vector is represented by:

E = Re (Ezm + En ) (2.8

Where E£ and Lq are complex, oscillating functions, m and n are the
unit vectors.
By considering Eo and E to be electric fiecld vectors of incident

and scattered radiation, we can write:

iXr E

1 oq (2.9)

- - e 3
Ep ) S, S3) "iKr + iKz Eo'c)
Where @ and £ refer to the electric fields perpendicular to and parallel
with the plane of scattering.
Spherical particles have 53 = S4 = 0. So two complex amplitude
functions occur for any direction. These functions are sl(e) and

S2(9); they depend only on the scattering angle & . The matrix equation

for an arbitrary direction 6 # 0 now gives the two relations:

-iKr + iKz

Bg = 5,(8) T Eg (2.10)
-iKr + iKz
Eﬂ = Sz(e) 1Kz g EOE (2.11)

by taking the squares of the moduli we cktain for perpendicular

polarisation:

I = 1 1 (2.12)



For Pavallel poldrisaTion:

2
I = ; I /
2
K 12 o
For incident natural light:
1
+
2 (I + 1)) ‘
I = S IO (2.14)
Kr
2 2
where I, = |51(9)l and I, = |52(6)|

In which the terms I1 and 12 refer respectively to the intensity of

light vibrating perpendicularly and parallel to the plane through the

direction of propagation of the incident and scattered beams, and the
(1, - 1,)
. . . 1 2
degree of polarisation is ——————
(I1 + 12)
Quite generally the computational problem involved in the Mie

problem is to compute the values of I1 and 12. In this situation,

various definitions and complicated mathematical calculations are

required in order to obtain the coefficients (see Van de Hulst 1957).
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CHAPTER THREE

TECHNIQUE

3.1 The Electronographic Camera

The conventional techniques for photometric measurements of
astronomical objects are the photographic plate and photoelectric
devices. Photographic plates allow extended images to be recorded
but have low photometric accuracy due to the logarithmic response of
the emulsion and consequent calibration. Another difficulty with the
photographic process is the limited dynamic range of the recording
medium.

Photoelectric photometers have the required range and accuracy
but measure a small area at a time so that photometric mapping of an
extended object is laborious and the combination in a way both the
above processes incorporating the individual desired features. The
electronographic camera is linear, has a wide dynamic range and
records all areas of an extended field simultaneously.

Electronographic cameras are devices, which produce pictures
and have sensitivity close to that of photoelectric devices. Of these
the 4-cm. McMullan Camera, built at the Royal Greenwich Observatory
was used for the present observation.

lhe basic idea of the electronographic camera is that the
photon imaye is converted into electrons, and these are accelerated
and recorded to give an amplified image. A diagram of the camera is
shown in Figure 3.1.

The light image is focussed on the photocathode, which is a
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thin layer of compound of Na-K-Cs-Sb, and is formed on the insid:
surface of a glass window at the end of the camer:. The photo-
cathode is affected by small amounts of oxygen or waire: ‘7.-. 21, and
as a result a mica window is introduced betwecen the photocathode &' o
the inserted electronographic film. Window and film are placed in
the vacuum surroundings, by means of an ion appendage pump.

Each incident photon of light from the object produces an
electron which has relatively zero energy (electron energy - enerqgy
of photon - work function v eV), the electrons are electrostatistically
accelerated down the camera by a large potential difference along the
tube ( v 40 Kv). The electric field is produced by electrodes made
of titanium annuli spaced by soda lime glass cylinders 10 mm long.
The whole structure is fused together with solder glass. Metal oxide-
glaze resistors forming the potential divider are mounted on the
electrode structure.

An external coil produces a magnetic field, which constrains
the accelerated-electrons to tight spiral paths. Then the electron
image is formed at the thin transparent mica window (with a diameter
of 40 mm and a thickness of 4 H), which has the property of trans-
mitting at least 70 per cent of the accelerated-electrons.

The difficulty in practice is that the mica window, which must
be very thin to be transparent to the electrons, will not resist
atmospheric pressure on one side, and a high vacuum on the chamber
side. This difficulty has been overcome in the McMullan electrono-
graphic camera. On tne film side of the window (nuclear emulsion
10 p thick, on melinex 50 p thick), the air pressure is maintained

at 1 torr by a mechanical pump, and the film is mounted in a film
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holder and byxought intc contact by a pneumatic activator, througr ard
gate valve which acts as a vacuum lock.

The mechanism for loading and unloading the 1L.'n i -~utomatic.
Each of the high energy electrons have a track in the nuclear .:wu’. 1,
which can later be developed to reveal an apparent optical necative of
the object.

The detector quantum efficiency of the electronographic is
wavelength dependent. Fach electron incident on the emulsion causes the
same amount of development along its track because all of them are at
the same high energy ( ~ 40 KV). In comparison to photographic plates,
the grain size is much smaller, so saturation occurs at a much greater
density. The main advantage is the fact that the density on the plate
is linearly proportional to the intensity of incident radiation, and this
linearity law is exhibited over a range of at least 5 in density.

For the present series of observations Ilford L4, a fine grain

emulsion was used.

3.2 Polarimeter and Operation

Many kinds of polarimeter have been designed ancd used for
measurement of optical polarisation from astronomical objects. Some
examples of these can be seen in the thesis of Lyot (192Y) and Dollfus
(1958), also in the work of Ohman (1939) and Hiltner (1949, 1951).

Ohman used a doubly refracting prism to produce two adjacent
images in orthogonally polarised ligyht. For these studies, the Durham
polarimeter was used, which is based on the ideas of Ohman (1839) and

Pickering (1873).
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The Durham polarimeter has been designed so as to be as
flexible as possible in its optical configquration, mechanical construc-
tion and detection system (of which full details are given i Pallister
1976, Axon 1977). The figures of 3.2 and 3.3 respectively are sclicuz -
diagrams of the polarimeter (showing the passage of a light ray) and a
photograph of the Durham polarimeter.

When a particular object is imaged on the grids (where these
grids (opague bars) by necessity block out half the field view), the
polarimeter 'sees' the part of image contained in the series of vertical
gaps formed by the grids. The light from thase parts of the image which
are formed behind the opaque bars, is absorbed.

The light from the image contained in the vertical gaps passes
through the polarising components of the polarimeter, and is finally
reimaged by the relay lens. This image can then be recorded by means
of a photographic plate or, as used in the present case, an electrono-
graphic camera. Grids are attached to a brass rod, which, when operated
externally moves the grid system, transverse to the axis of the polari-
meter by exactly one grid spacing. The width of the grid (3.2 mm) is
chosen such that the Wollaston prism (4 cm width) will produce two
adjacent images with a mutual displacement of one grid spacing.

By using a field lens (2.0 cm focal length and £5), all the
light is constrained to pass through the optical system and then, an
achromatic 'half wave (A/3) plate', in a rotatable mounting is required.
When in its initial position Oo, its optic axis is aligned North-South.

The step of the half-wave plate is 22%0, so when it is rotated

through 22‘5o the plane of polarisation of the light rotates through a5”,
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In separatc cbservations, different A/ plates which are achrom: !’
over the ranges of (4500 & * 500 X} ana (5400 X + 600 £) are usead.
Alsoc both B and V filters of UBV system are placed bLotw
the grids and the corresponding X/2 plate, to limit the waveb.nd oE
the incident light.

By then, two adjacent images in orthogonally polarised light
will be produced by the Wollaston prism. If we rotate the A/ plate in
steps of 22%0, we can obtain the four electronographs of an object in

planes of polarisation of 0° and 90° on cne film and 450, 1350; 900,

Oo; 1350, 45o on the other three films. Now all the information required
to calculate the degree and angle of polarisation, can be obtained from
these four electronographs.

An externally operating electronic shutter is used to regulate
the exposure time of each electronograph. Because of some long exposure
time, a relay lens is used in the system to demagnify the image, and
focus it on the photocathode of the McMullan Camera.

The relay lens is a Nikon f/1.4 camera lens of focal length
50 mm, and is bloomed to reduce unwanted reflection. The focal length,
and positioning of the relay lens, demagnifies 4 x linearly, which
means sixteen times in area. Therefore, the exposure tiime is reduced
by a factor of 16. In addition to the main components of the polari-
meter mentioned here, two mirrors which are made of aluminised perspex

have been used in operation.

D

. . \ o e . o . ] o
The first mirror, the off axis guiding mirror, mounted at 45

-

to the principle axis of the polarimeter, is suvch that its distance
from the viewing telescope is the same as the distance from its centr -

front fact to the grids. The mirror has an elliptical hole of mirror
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axis ~ 5 Cm in the centre to allow the axial light to reach the
polarimeter.

The second mirror, the grid-image viewing mir: -, 6 - n te
rotated into the light path at 45° between the grids and half wave
plate to deliver the light to a telescope mounted on the control panel
so that the astronomical image formed on the grids carn be viewed,
Figure 3.2. This is necessary before an exposure is taken, to ensure
that the object is centrally placed in the field of view. It is also
used to focus the telescope image on tc the grid system. Eyepieces of
2 cm focal length are used in the polarimeter.

The whole system is enclosed in a box with a one inch steel
framework and aluminium sides of 570 x 380 x 410 mm in dimensions. All
the controls and knobs for the A/z plate and the rotatable mirror, the
grids, relay lens and shutter, are situated on the side of the casing.

In operation, without moving the position of the telescope,
the grids can be moved into two positions, viz: IN and OUT, and in
each case an electronograph of one half of the object under view can be
taken. For the grids to be focussed, 20 micron gold wires are attached
to them. By viewing these through the relay lens, it is possible to tell,
if the prism is not in square since the two images of the wire are
mutually vertically displaced. Wwhen the images of the wire form a
straight line, we have the correct position (see Figure 3.4).

The polarimeter is mounted on the telescope by an aluminium
adaptor plate and the electronographic camera is connected to the polari-
meter in this position.

The grids are finely focussed on the photocathode, when the

thin wire is sharply in focus. This is achieved by adjusting the relay
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lens position and taking some electronographs.

The telescope is focussed so that the grids lie in the focal
plane of the secondary mirror. To check that north is ai the top of
the grids, and that the grids lie North-South, a star may be imaged
on the edge of a grid spacing, using the grid viewing mirror and eye-
piece. 1If the telescope is now driven in declinations, the star will
be seen to move up and down the grid, while remaining exactly on the
edge of the grid, if the alignment is correct.

After focussing the telescope, the system is ready for opera-

tion. Figure 3.5 shows a diagram of a typical electronograph.

3.3 Digitisation of the plates

The information on the developed-electronographic plates has
first to be converted to a digital form. The electronographs were
digitised on the P.D.S. machine at the Royal Greenwich Observatory,
with an aperture size of 24 u x 24 p, and steps of 26 U, over an area
of 512 pixels x 512 pixels, where each pixel corresponds to an area of
1.4 arc sec x 1.4 arc sec (more details are given in Pallister 1976).

As mentioned in Section 3, the density on the plate is linearly
proportional to the intensity of the incident light. After a small
correction has been made for the microdensitometer-response, the digital
results are directly proportional to the actual intensity of the light

from the object.

3.4 Reduction of the Data

There are a series of eight plates for the object, four from

each position ('in', 'out') of the yrids. We assume that the intensity
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of the left hand strip is il’ which corresponds to the intensit_  of
the unpolarised component plus the polarized component, component at

angle 8 , and the intensity of the clear plate. Its adjacen strip

i Tor

has intensity i g iy

- and similarly we define i3, i i i i

2 4" 5! gt
the other three plates.

Consider a beam of light with intensity consisting of a linearly
polarised component of intensity Ip' whose E vector makes an angle 8
with North (see Figure 3.6), and an unpolarised component of intensity
(I -1).

p

In this case the component of the E vector parallel to the
reference direction, ( 6 = Oo) from the polarised light will be IP cosze.
The unpolarised light will be divided equally between 0 = OO and

0 = 900, therefore

i = I cos2 (-8) + 3

or

H-
]

I
I/5 + P/ cos 28 (3.1)

Similarly for the plane of polarisation at 90° to the first i.e. for

orthogonal image of i1 we have:

I-1I
i = I cos (9C - 9) + S -2
2 p 2
or
I Ip ~-
i, = /a2 - /o cos 20 (3.2)

3.4.1 Photocathode Response

As the sensitivity of the photocathode is not constant in

position, there is a variation in the photocathode response between
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left hand strip and its adjacent strip (right hand strip). Thes.
deviations which are quoted by manufacturers, arz2 saall ¥ 5%. But
as we need to compare the intensity of a point with the same position
in both left hand and right hand strips, we need to make a correction
the correction. coefficient called the f-factor.

If we called the photocathode response of the right hand strip
at some point 1 and that of the left hand strip at the corresponding
point £, by rotating the half wave plate in steps of 22%0, the situations

in Table 3.1 are obtained, showing directions of the E vectors of the

light.
A/
. 2 Plate
Plate Left Right rotation angle
i o

1 0

i 1)
2 / 224,°

3 *4
3 45°

s ‘6
4 67%°

£ 1
Table 3.1: The direction of the E vector recorded at

each A/2 plate setting (black line).

With regard to this table, the intensity of i, on plate 1

1

must correspond to the intensity of i  on plate 3, i, to i_ and so on.

6 2 5
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For plates 1 and 3 we have:

i, = ié and i, = ia
1 f1 5 f1
so
L.k
ii
f1 = ( iGiZ ) (3.3)
571°
Plates 2 and 4 give:
i i
. 8 . 4
i = — and i = —
3 f2 7 f2
S0 L
1418
f2 = T 1 (3.4)
377

hence the variation of the photocathode response at each point may
be calculated.
When the photocathode response is constant, f1 = f2 = 1. But

in practice this is not the case and for the present series of observa-

tions, the restriction on points used is that |f1 - f2| € 0.05. There-

fore the factor used is the average of f1 and f2.
f, + £
I S
£ = ) (3.5)

i
2
and all the right strips normalised by a factor f, as T in plate 1.

3.4.2 Exposure Factor

As the observed intensity on the plates depends on the time
of exposure and sky-brightness, which could change over the time taken
for all plates to be obtained, total intensity is not constant from

plate to plate.
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To allow for this, we use the exposure factors e,, e,, e

1 2 3

which are defined later, to normalise from plate 1 to the other three
plates.

The exposure factor e, is the ratio of the total intensity

1

on plate 2 to plate 1 and similarly for e2 and e3, where we define:

e, = (iy+ 14/f) / (1, + i2,¢) (3.6)
e, = (ig +ig )/ (i +ip,0) (3.7)
ey = (i, + ig/f)/ i, + iz/f) (3.8)

As mentioned in Section 3.2, when the half wave plate is
rotated through 2250, the plane of polarisation of the light is rotated
through twice this angle, so with regard to the last column of Table 3.1,

our original equations are:

i, = /0 + P75 cos 20 (3.9)
I
1, = £[%; - "P/3 cos 20] (3.10)
Iy, . Ip
i, = e, [/2+ P/2 cos 245 - 6] (3.11)
3 1
I I
i, = fe, [*/2 - "P/3 cos 2145 - 6] (3.12)
L = e, [T2+ 'p/2 cos 2(90 - 8)] (3.13)
i = fe.[Y/2 - IP/2 cos 2(90 - 0)] (3.14)
6 2
: I
i, = e3[_I/2 + P/ cos 2(135- 8)] (3.13)
1
ig = fe,L1/2 - "P/3 cos (135 -0)] (3.16)
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Now, defining the Stokes parameters in terms of intens!

(il' 12, ..... 18), we have:
i
. 2 (3.17)
I = 11 + =
i2
Q1 = 11 - F = IP cos 26 (3.18)
3 iy
U = — -~ —— = I cos 2(45 - 0) = I_ sin26 (3.19)
1 e fe1 P P
and then the degree of polarisation is:
L
(o +?)
P1 = 7 (3.20)
with angle of
-1 Y
6, = — .
1 5 tan 5 (3.21)

By using the equations 3.13 - 3.16 we can find another defini-

tion of the Stokes parameters - call these Q2 and U,. Hence:

Q, *+ 9,

1
Q = > (3.22)
and
U, + U
U = ____12 2 (3.23)

Therefore our equations for degree and angle of polarisation become:

2 2 .
p = _(9 +_._.U_)!i (3.24)

I

(3.25)
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3.5 Computer Procedure

After digitisation of the electronographic plates and storage
of output on 7 track unlabelled tapes, the data must be tranzlated from
7 to 9 track magnetic tapes in the Cambridge Computing Laboratory. <“hen
the 9 track tapes are forwarded to the Northumbrian Universities Multiple
Access Computer at Newcastle.

When the tapes are finally read by the Durham Computer the data

is transferred from tape to disk storage for convenience.

3.5.1 Computer Analysis

We will describe the computer analysis in the following sec-
tions. Figure 3.7 shows a flow chart of the reduction techniques (of

which a full description is given by Pallister 1976).

3.5.2 Primary Contour Map and Star Positions

With regard to the number of scans (512) during digitisation,
and the data sets of 512 elements in each scan, each of our plates con-
tains 512 pixels x 512 pixels data points. Firstly to be able to see
what the digital information actually looks like, the plates are
shortened to contain 128 pixels x 128 pixels data points. Then we pro-
duce a visual contour map of the data.

Secondly we obtain visual contour maps of 512 x 512. The
plates are shortened to contain 384 pixels x 384 pixels to reduce
storaée in the computer.

As we need to obtain corresponding points on each of the plates,
we need to align the plates exactly. Using the 384 x 384 computer out-

put, which is in the form of a visual contour map, (for each plate)
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the positions of the stars are found roughly by eye and then mcr«

accurately by computer.

3.5.3 Transformation Coefficients

By use of these star co-orcdinates and a minimising routine,
the transformation coefficients A, B, C, D, E, F from one set of co-
ordinates X1, Y1 on plate 2 to the co-ordinates of the same stars, X, Y

on plate 1 is found, so that

>
]

A + BX1 + CY! (3.26)

L
I

D + EX1 + FY1 (3.27)

and in this way the coefficients are found for X2, Y2 on plate 3,

X3, Y3 on plate 4.

3.5.4 Plates - Transformation

In this stage, by using Transformation Coefficients, all
positions on plates 2, 3, 4 are transformed to plate 1, and the star
positions are again found on the transformed plates. The star co-
ordinates on plate 1 and on the transformed plates, should be the same,

the acceptable level of difference being within % pixel.

3.5.5 Strips Comparison Coefficients

These coefficients are used to establish the relationships of
the position of points on one strip to the corresponding points on the
adjacent strip. For this we need to find the strips comparison co-
efficients, which will be found by using the same minimising routine

as in Section 3.53. The star co-ordinates on one strip are compared
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to the star co-ordinates on the adjacent strips.

3.5.6 Extraction Values of i1 to i8

By using the computer print out of the data of plate 1, which
has 384 pixels x 384 pixels dimensions, from right to left, the posi-
tions on the .0dd strips are found at distances of 5 pixels apart. The
same positions are obtained on the other three plates. Grid overlaps
are avoided.

With these positions, a computer program is used to add the
points in 5 pixels x 5 pixels areas in steps of 5 pixels. Thus pro-

ducing the values of i,, for all points on the odd strips in integrated

1

area of 7" x 7".

For finding the values of i_ for all points corresponding to

2
the odd strips on the even strips, the Strip Comparison Coefficients

are used.

3.5.7 Clear Plate Levels

To obtain the intensity of the clear plate, from the data on
each of 512 x 512 plates a histogram is drawn. Firstly if the distri-
bution is narrow, a constant clear plate level is calculated and then
subtracted from the i1 - i8 values.

Secondly if the distribution is broad, and the residual density
down the plate is not constant, then it is necessary to subtract a
variable background. This is done by using a program similar to that

used in Section 3.5.6. Thus, the correct clear plate intensity is

removed from each point on the plates.
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3.5.8 Values of the Stokes Parameters for the "Object + Sky"

By a combination of the clear plate subtraction and using the

11 - i8 values from Section 3.5.6, the photocathode response (f1 and f2

factors) is obtained having the mean value of f. Also in this aov  the

three factors el, e2, e3, the total intensity I, the three values Ql’ > .
and Ul' U2’ U are calculated. Then by using these, Pl' P2, P and
0 6 6 for all points of the "object + Sky" are obtained.

1" 72!

3.5.9 sStokes Parameters for the Sky

Firstly to check the quality of the observations, and effect of
sky on both observed intensity and polarisation, the output of the

preceding section is used. Then to check the distribution of fl' f2,

f e e e_, various histograms are drawn. When the distributions

3" 717 T2 T3
are narrow, the quality of data is good.

The parameters and histograms corresponding to the present series
of observations will be described and shown in more detail in Chapter
Five. The Stokes parameters for the sky (IS, Qs, Us) in a wide area of

the plate containing sky only, are obtained from these histograms.

3.5.10 Stokes Parameters of the Object

By subtracting the sky values of Is' Os, Us from the I, Q, U of
all points on the plates, which were obtained in Section 3.5.8, the
Stokes parameters of the Object are calculated. Using these parameters,
the degree and angle of polarisation can be found for many points of

the object.

3.6 Instructmental Errors

The errors on the measurements will be discussed in Chapter Five.

Here, the instrumental errors will be mentioned.

Q
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As a test, to determine if any systematic error was induced
by the equipment itself, a number of standard polarised stars (whose
degree and angle of polarisation are known from other phc .o "r~etric
measurements), were observed, slightly defocussed, on the same ohse:-

ving run as the object in this thesis was observed.

1
Star Tabulated value Our measurements
P% 6° P% 6°
BD 43384 2.7 170 2.3 172
HD 122945 0.1 56 0.3 69
HD 155528 4.6 93 4.3 90
HD 80083 0.13 140 1.4 128

Table 3.2: Comparison between our measurements and
published values for polarised stars

(Mathewson and Ford 1970 ).

Inspection of Table 3.2 which gives the present and previcus
determinations for the standard stars indicates that there is no
evidence for any systematic effect being present and the agreement is
extremely gocd, sc we can conclude that our technique for measuring

nebular polarisation is valid.
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CHAPTER FOUR

THE ORION NEBULA

4.1 An Introduction of Gaseous Nebulae

Gaseous nebulae are observed as bright extended objects in thc
sky. They have an emission line spectrum which is dominated by the
forbidden lines of ions of common elements, such as [bIIi] AX 4959, 5007.
Gaseous nebulae also have a weak continuous spectrum, consisting of
atomic and reflection components.

Many nebulae have reflection continua consisting of starlight
scattered by dust, and the strength of this continuum fluctuates cor-
respondingly. In the infrared, the nebular continuum is largely
thermal radiation emitted by dust. The source of energy that enables
emission nebulae to radiate is, in almost all cases, ultra violet
radiation from stars in the nebulae.

The ultra violet photons which these stars emit, transfer energy
to the nebula medium by photoionisation. In nebulae,hydrogen is by far
the most abundent element, and photoionisation of H is thus the main
enexgy input mechanism (see Orterbrock 1974).

In nebulae in which the central star has an especially high
temperature the radiation field has a correspondingly high number of
high energy photons, and the nebular ionisation is therefore high.

Diffuse nebulae or HII regions as they are called, are regions
of interstellar gas in which the exciting star or stars are 0 - or

early B-type stars of population I, which are the main source of
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ionisting radiation and have formed fairly recently from interstelliar
matter. In many nebulae dense neutral condensations are scattered
throughout the ionised volume. There is a tendency for tne hou lonised
gas to expand into the cooler surrounding neutral gas, thus decreasinc
the density within the nebulae and increasing the jionised volume.

The outer edges of these nebulae are surrounded by ionisation
fronts running out into the neutral gas, so that the ionisation front

is a zone which separates two regions of ionised and neutral gas.

4.2 Present Properties of the Orion Nebula

The Orion Nebula, (NGC 1976) which was discovered by Fabri de
Peires¢ in 1610 (see Dufay 1968), is one of the brightest emission
nebulae in the sky. It is a cloud of gas (mainly hydrogen) and dust
in which are embedded massive young stars that provide the energy to
produce the light emanating from the nebula itself.

For some of the astrophysical quantities of the Orion Nebhula

(M42) see Table 4.1.

RA Dec Diameter Distance from Mass Visual
(1950) (1950) the earth MO magnitude
m ) mag.
( v g
h m o] - - PC pC
05 32.9° -05 i5 35 5 460 300 4
Table 4.1: Showing some astrophysical quantities of

the Orion Nebula (M42) (Allen 1973).
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The Orion Nebula is the most studied of all HII regions. ..
HII region in the Orion Nebula is partially embedded in the near edge
of a large neutral complex which contains the molecular clow nd
infrared sources.

The optically visible portions of Orion consist of the bright
nebula M42 in the southern part of this region along with the smaller
nckula M43, which lies to the NE of M42. The electron density distri-
bution consists of a Gaussian distribution with a width of 3 or 4~
(0.5 PC) and central density of ’\4103'5 cm—3 centred very close to the
Trapezium and optical centre (Balick et al 1974).

Optically, structure can be found with all size scales (e.g.
Minch and Wilson 1962). The core region is the dark area near the
centre, which its boundaries vary differently and give us their relation-
ship to the neutral and ionised medium (e.g. Gull 1974). The brightest
optical nebulosity is found in the western part of the core.

The prominent Dark Bay, which is a thick cloud of neutral gas
which has not yet been ionised by the stars, the optical filament ox
'bar' said to be an ionisation front of the dark cloud behind the
ionised region (e.g. Minch and Taylor 1974; Gull 1974) just above
62 Ori, and the Dark Lane which seaparates M42 and M43, can all be seen

in Figure 4.1.
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Figure 4.1: The positions of the important optical features

are indicated schematically (Balick et al 1974)

At the centre of the core, the four so-called "Trapezium stars"
are located. The southernmost of these, elori is an 6€ star thought to
provide all of the ultra-violet excitation for M42 (Balick et al 1974). At
radio frequency studies, Hjellming and Gordon (1971) have reported
that the electron densities are, HMNe " 1O4°3 cm_3 and electron tem—
peratures, Te v 104 K in those regions, which contribute most cf the
line radiation.

The work of Brocklehurst and Seaton (1972) who have made a
careful analysis of the radio line and continuun ohservations, indicates

a good fit to the data, for a peak of Ne ~ 104'2 cm_3, with the den-

3.7 -
sity falling to a value of 10 cm 3 at a distance of 0.15 PC which
is approximately 1° and to 103 cm—3 at 0.4 PC (37) where Tc is

9500 K throughout.
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Optical determinations of Ne and Te yield similar results.
Forbidden lines of ot ana s’ show peak densities reaching 105 cm-3
over small distances in the brightest regions (Danks and Mea.u1: 1)/71;
Osterbrock and Flather 1959). It appears that the temperature rises
by v20% (or more) from the centre of the core to the edge (Bohuski
et al 1974; Osterbrock 1974).

It has been indicated by Balick et al (1974) that, the ooundary
of the nebula is quite cold (T < 50 K) and dynamically quiescent com-
pared to the HII region.

Feibelman (1976) has drawn attention to a structure in the
Orion Nebula which exhibits a proper motion of " 3.6"7century. Several
nebulae features with large proper motions have been identified within
the Orion Nebula where the proper motions correspond to tangential
velocities of up to 70 Km sec_1 (Cudworth and Stone 1977). A photo-
graph of the Orion Nebula is shown in Figure 5.25 (with the polarisation
map superimposed on it.) In the following sections we are oning to

describe some other important physical aspects of the Orion Nebula.

4.2.1 Radial Velocity

At radio frequencies, the work of Balick et al (1974) shows,
kinematically, that the core region is very active showing a wide
range of velocities both as a function of position and of line excita-
tion. The velocities change from 8 Km s_1 (relative to the LSR) at
about 5° NE of the peak near M43, to -2 Km s_1 at the peak of the core,

1

to N~ -5 Km s 5”7 toward the SW. Further to the west, the velocities

become increasingly positive (Mezger and Ellis 1968).
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Optically, kinematic study of Orion shows that velocities car
change rapidly between regions separated by only several seconds
(Wilson et al 1959; Elliot and Meaburn 1973).

Radial velocity of the HII region = -2.8 K ms—1 (Gordon and
Churchwell 1970), average radial velocity of the Trapezium stars
~+ |1 K ms_1 (Johnson 1965) and densest HI gas cobserved in front of
the Orion Nebula has a radial velocity of ~6 K ms_1 (Radhakrishnan
et al 1972). The difference in average radial velocity between the
Trapezium and the molecular cloud may be due to their mutual gravita-
tional attraction (see Zukerman 1973).

On the basis of the relative radial velocities of the HII
region, the HI region and the Trapezium stars, previous investigators
(e.g. Wilson et al 1959) have suggested that the Orion Nebula is a

sphere expanding about the Trapezium.

4.2.2 Gas and Molecular Cloud

Behind the Orion Nebula is a large cloud of molecular hydrogen
which gives out no light but can be seen by radio telescopes. The
southern peak of this cloud is known as OMC1, which lies fairly close
to the Trapezium cluster and contains some 500 MO of hydrogen (Mitton
and Ryle 1977). The northern peak of this cloud is known as OMC2.

At the centre of each of these clouds there are clusters of

infrared protostars and OH and H_O masers, all of which are probably

2

the result of the collapse of the molecular clouds.
The temperature and density of the molecular clouds is highest
close to the infrared sources, and it therefore seems very likely that

there are the parts of the clouds where gravitational collapse and star
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formation have been happening most recently.

Most of the dust in the Orion Nebula has prchbably come from
the molecular cloud. Based on measurements of scattered lic: 2'PDell
and Hubbard (1965) concluded that the gas-to-dust ratio is higher in
regions near the Trapezium (inner parts) than in regions far from it
(outer parts). The gas-to-dust ratio for the inner and outer parts of
the Orion Nebula are 1.4 x 1022 cm—2 and 5 x 1020 cm—2, where in
addition to OH and H20, the molecules CO, CN, CS, HCM, H2CO and CH30H
have been detected and shows that the dust is significantly less abun-
dant in the inner part. This may be the result of the presence of hot
stars there (Osterbrock 1974).

From observations of O'Dell and Hubbard (1965) and calculations

of Weedman (1966) it appears very unlikely that the relatively large
¢olour excess observed in the Trapezium stars E(B-V) = 0.35 (Schiffer IIIX
and Mathis 1974) can be due to dust distributed uniformly between the
stars and the edge of the HII region closest to the earth.

There is a fairly small HI cloud known to exist (Radhakrishnan
et al 1972) between the Earth and the Orion Nebula that could produce
the observed E(B - V), with which the Trapezium is reddened.

The existence of a massive cloud of neutral gas lying behind
the HITI region is established by Kutner and Thaddeus(1971), and the
mass of this cloud within 2° (0.26 PC) of the KL Nebula has been estimated
to be at least 103 M0 with an upper limit of ~ 2 x 104 M0 (Zuckerman
1973). A schematic picture of the Orion Nebula and molecular cloud

which has been considered by Zuckerman (1973) is presented in

Figure 4.2.
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Figure 4.2: Orion Nebula and molecular cloud.
KL stands for Kleinman-Low nebula. T for
Trapezium, on the assumption that the Orion
Nebula is located at a distance of 460 PC;

thus, ! arc minute = 0.13 PC (Zuckerman 1973).

4.2.3 Scattering

The Scattering by dust in the Orion Nebula has been discussed
by many observers (e.g. Schiffer III and Mathis 1974). They have
analysed the scattered starlight component in the continuum of the
Orion Nebula by means of a composite model consisting of the front
portion of a spherically symmetric dust distribution surrounding the
star, plus a slab of dust at the front surface of the HI region behind
the star and nebula. Their optical data lead them to an estimate of

an optical cdepth at HB of 1.5 - 2. They have indicated that most of



_47_

ithe scaitered light at visual wavelengths arises from a foregrom
shell of optical depth "~ 2. The neutral condensations, which seem to
exist near the Trapezium, must therefore not scatter efficie-:ly,
presumably because they are very small and possible optically ihick
in dust.

Savage (1973) suggests that the ultra-violet scattered light
from the nebula does not dominate the stars.

Polarisation studies of the Orion Nebula (e.g. Ball 1974;
Pallister et al 1977) which is the subject of this thesis, indicates
the effect of scattering by dust in the Orion Nebula, and will be

discussed in the next chapter.

4.2.4 Ionisation Front

A ridge or bar of emission at 10 p has been found which is
parallel and adjacent to the HI - HII intezface in the Orion Nebula 2~
southeast of the Trapezium (Becklin et al 197¢). The bar structure
is nearly as bright as the brightest part of the nebula (Gull 1974).
Becklin et al(1976), interpreted the emission coming from h-ated dust
whose density at the interface is an order of magnitude higher than
that inside the HII region, where the source of luminosity for this
emission is shown to be the Trapezium stars.

This ionisation front has been shown in the work of Pallister
et 51(1977L and their interpretation suggested that the bar is
physically closer to 91 than to 62 in spite of its projects position.
62 and the regions it illuminates, particularly to the east, are then

at different distances. Results of the present series of observations
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is in ayreement with them and will be discussed in the next chap:..".

The ionisation front is in an ideal configuiation for studying
the distributions of dust and gas near the boundary of an KII x-qginn,
As the optical radio and infrared observations indicate, the HI - HTI

interface is seem almost edge-on (see, e.g. Zuckerman, 1973).

4.2.5 Infrared Sources

There are at least two infrared unresolved 'point! sources in
the Orion Nebula, both of which apparently are highly luminous, heavily
reddened stars. In addition, two extended peaks of intensity are
measured at 10 u and 20 u (Osterbrock 1974). One, the Ney Allen source
is centred approximately on the Trapezium stars while the second region
is centred approximately on the brighter infrared point source (often
called the Becklin-Neugehaur object) and lies in the centre of OMCl about
1° northwest of Trapezium.

Both these peaks, or 'infrared nebulae', as they have been called
(the first is known as the Trapezium nebula, the second is known as the
Kleinmann-Low nebula), have angular sizes of the order of 30" to 1‘.

Another complex of infrared and molecular emission which is
n12° northeast of the Trapezium has been found by Gatley et al (1974), and
they have labelled it as the Orion Molecular Cloud 2 (OMC2). It has been
detected with a peak intensity of 3 x 10723 w ™2 mz"! at 69 i (Fazio
et al 1974) and appears to be smaller than 1.57, where the position of the
peak is RA (1950) = 5" 33" 0%, Dec (1950) = -5° 12.3". It seems that in
the infrared Trapezium nebula, the dust particles are heated by the absorp-

tion of ultraviolet (giving rise to the colour temperature, TC) and

optical radiation from the Trapezium stars, and possibly also from the
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nearby nebular gas that is ionised by these same stars. Likewisc the
dust observed as the Kleinmann-Low nebula is heated by absoxption of
shorter wavelength radiation probably emitted by, or ultimat. .7 cue to,
the Becklin-Neugehare star (see e.g. Osterbrock 1974, Gnedin and

Mitrofanov 1975).

4.2.6 Polarisation Studies and Magnetic Field in the Infrared

Sources

Polarisation studies of infrared sources in the Orion Nebula
indicate that the extended regions of the Kleinmann-Low nebula may emit
polarised radiation in the far-infrared (~ 100 pm) which is estimated to
be as large as 8% (Dennison 1977). The alignment of dust grains in the
KL nebula may be responsible for the polarisation effects.

Also high linear polarisation Pl /" 15% and circular polarisation

PC & 1% in the BN source has been detected near the absorption lines at

A = 3 u and 10 p (Gendin and Mitrofanov 1975), where their polarimetric
data has yielded an estimate MKL‘S 104 M0 for the mass of KL nebula.
They indicated the fact that the polarisation is related to the absorption
and the fact that circular as well as linear polarisation is cbserved
implies that the polarisation develops when the BN radiation passes
through an ensemble of absorbing, aspherical, aligned grains, which act
like a phase plate, converting the linear polarisation to circular
polarisation.

In the optical polarisation studies of Orion Nebula, Pallister
et al (1977), have shown that in the KL infrared nebula, the direction

of the infrared polarisation is similar to that observed optically.

The polarising mechanisms may differ, since the optical polarisation can

Tsee Page 7g./
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arise from scattering of light by randomly aligned particles wheraa
the infrared effect has been attributed, by Dyck and Beichman (1974),
to a polarising screen of aligned grains.

Dyck and Beichman (1974) assumed that the alignment was caused
by magnetic fields, but Pallister et al (1977) indicate that there is
no evidence for this at optical wavelength.

In the work of Beichman and Chaisson (1974) it has peen sug-
gested that the infrared nebula/molecular cloud in Orion is permeated
by a magnetic field of milligauss strength. In the neighbourhood of
the KL nebula Gendin and Mitrofanov (1975) have concluded that a weak
(~ 3 x 106 gauss) reqgular magnetic field exists perpendicular to the

line of sight.

4.3 General Remarks on M43

NGC 1982 (M43), is a small diffuse nebulae in the sky, with
approximately the same distance as M4Z from the earth and lies 10‘ to
the N.E. of M42.

Although it is partly cut off from NGC 1976 by foreground
extinction, radio-frequency measurements show that there is a real
density minimum between the two nebulae (Ostexbrock 1974).

NUOrj is the exciting star of M43 which is a BiVstar and in
studies of far-infrared emission from HII regions (Rarper 1974), IRed
is a source which has been observed in the Orion Nebula region at
infrared wavelengths with the 91 p emission from the region near NUCr;.

M43 has been detected with a peak intensity of (1 * 0.5) x 10_16

-2 - -
Wm Hz 1 Sr 1 (Fazio et al 1974) where the size of the source is
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-~

A photograph of the M43 is shown in Figure 5.32 taken in the

red with a polarisation map of M43 superimposed on it, and for some

astrophysical quantities of M43 see Table 4.2 (Allen 1973, Schraml and
Merzger 1969).
RA Distance{ Mass of the| Radial vel- Visual Diameter
(1950) from the ionised ocity of HII|magnitude| of the
earth Hydrogen region (Mv) HII region
P !
¢ (“HII) (VLSR)
hl mj o |~ -1
K P
Mo m sec mag 2 RS c
05| 33.11 -05 118 460 1.3 8.4 9 0.56
Table 4.2: Showing some astrophysical quantities of M43

(Allen 1973, Schraml and Mezyer 1969)VVhCYC:

Electron

Electron

Density

Temperature

610 cm

3

5800 K

As most observers have studied the diffuse nebulae in the Orion

region about M42 rather than M43, very little is known about NGC 1982

(M43), but in

optical polarisation map uf this object.

the present series of data we are going to present an
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CHAPTER FIVE

PRESENT OBSERVATION OF THE OPTICAL LINEAR POLARISATION

OF THE ORION NEBULA

5.1 Introduction

The Orion Nebula is the nearest HII region to Earth and is the
one that has received the greatest attention from astronomers. In the
Orion regions, a large number of observations have been carried out
at optical, infrared and radio frequencies.

The nebular light has two components: one is intrinsic to the
gas itself and consists of emission radiation seen as a line spectrum;
the second is the light reflected by the dust, but originating in the
illuminating stars themselves.

Also, the observations of the Hell A 4686 absorption line in the
continuous spectrum of M42, where the atomic contribution (nebular
atomic continuum caused by bound-free and free-free emission) is sub-
tracted from the observed continuum, represent the dust-scattered con-
tinuum. The observations show, in the Orxion Nebula, that the infrared
radiation is far greater than the free-free and bound-free continuous
radiation predicted from the observed B B radio-frequency intensities

(Ostexrbroc!

r

Solid particles or dust grains in the Orion Nebula give rise to
a variety of effects that can be studied optically, in particular they
scatter the light from stars embedded in the nebula and polarise it in

the process (see for instance, Hall et al, 1974 and references therein).



Information on polarisation coupled with spectral data (on bhrth
direct and scattered stellar continuum and nebular emission) will yield
information on the number density, size and composition of thu particles.
This will lead to an indication as to how the particles are formed and
also clarify their role in the formation of protostars in the nebula.

The great wealth of observational evidence in the Orion Nebula
makes it an ideal subject to study with the nebular polarimeter described
in Chapter 3 of this thesis.

Accordingly in No;ember 1976, a series of thirty two plates of
the Orion Nebula were taken (eight plates for the Central region plus
eight plates for the Dark Bay region, plus eight plates for the Fan Edge
region), with varying positions of the half-wave plate. The Durham
polarimeter was used with a 4 cm. McMullen electronograph camera, on
the 1 meter telescope of the Wise Observatory, Tel Aviv University,
Israel. The V waveband of the UBV system was used. Each of the eight
plates combined, in two series of four plates, one for each half of the
region observed (Central, Dark Bay and Fan Edge), gave sufficient informa-
tion to obtain the degree and angle of polarisation for over 8550 points

in the Orion Nebula.

5.2 Technique

The technique used to reduce the data, from the original electrono-
graph to the Stokes parameters, which give the degree and angle of
polarisation of radiation from the Orion Nebula, was described in
Chapter 3 of this thesis.

The final optical linear polarisation map ¢f the crion Nebula,

will be the combination of the results from three groups of plates.
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The procedure for the reduction of each set of eight plates is the
same.
The four electronographs, for one half of the ragiovn o -~rved,

. : . . . . o o
give intensities i, - ig corresponding to components 0, 90 ;

450, 135o 3 900, 0o ; 1350, 450 ; of the radiation measured from the

north, called plates 1, 2, 3, 4 respectively. The procedure adcpted is

shown in diagramatic form in Figure 5.1, and is described as follows.

5.2.1 Photocathode Response

The first step in the reduction is to calculate the two indepen-

dent estimates of the sensitivity factor 'flﬂ and 'f2' given by

equations 3.3 and 3.4. These two estimates, which are of the same
quantity, must agree with each cther, unless one of the densities

(i4 - ig) from which they were calculated is inaccurate. As there is
no straightforward way to deduce which is the incorrect value, the
complete set of eight component densities must be omitted from the

summation.
The photocathode response factor 'f' used was the average of

f1 and f2, and is shown by equation 3.5. Figures 5.2 and 5.3 show

the distributions of the estimates f1 and f2 of the photocathode sen-

sitivity for the points of the central regions in the map of the Orion

Nebula. The scatter plot of f, against f_ which is shown in Figure

1 2

5.4 yields the expected straight line at an angle of 450.

e

5.2.2 Exposure Factors el, e2, 3

The exposure factor 'el' is the ratio of the total amount of

light received on electronograph 2 to electronograph 1, which normalises
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the intensity from plate 1, to the intensity of plate 2 and is g.
by equation 3.6.

For plates 3 and 4, the exposure factors '92' and 'e3' were used
and are given by equations 3.7 and 3.8. Figqures 5.5, 5.6 and 5.7 show
a frequency distribution of the estimates of the exposure factors e
e2 and e3. The distributions are of the expected form, and each of
them are centred around a mean value.

As the clear plate level should be removed correctly, a check
was made by plotting the value of the exposure factor against the
position from north to scuth down the plate (Y position). A variable
level for the clear plate was removed and the Figures 5.8, 5.9 and

5.10 indicate that the correct clear plate was removed since the

exposure factors do not very with Y positions.

5.2.3 sStokes parameters

By using equations 3.9 to 3.19 for the intensities, of the four

- were calculated. Since

plates, the values of I, Q., QZ' u,., U2

Q= (Q1 + Qz)/2 and U = (U1 + U2)/2, the Stokes parameters I, Q, and U
for objects combined with the sky are obtained and indicated by IT' QT
and UT' Then a histogram of sky intensities gave the intensity level
of the sky IS. QS and Us factors for the sky alone were determined
from the histgrams of QS and US at the intensity level of the sky (Is).

By subtracting the values of IS' QS and US from the IT' QT and
UT' the Stokes parameters of the object itself (I, O, U) were
calculated.

Figures 5.11, 5.12 and 5.13 show the distribution of the Stokes

parameters for the object alone, the distributions of the Stokes
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parameters for the sky are represented in Figures 5.14, 5.15 and ' 16.

5.2.4 The Degree of Polarisation P and Angle 2

Since P1 = (Qf + Uf)%/I, and P

_ 2 2.5 o
5 = (Q2 + U2) /I, the tuo esriw: s

of the degree of polarisation P,, P_ are obtained, and the two estimates

1 2
1 -1 (U,)
the angle 6;, 6  are calculated from 6, =5 tan = ~———
(U )2 1 2 (Ql)
62 = % tan-1 7627 . By using the equations 3.24 and 3.25, the degree
2

of polarisation P at the angle 8 is calculated.

and

Figure 5.17 shows some of the polarisation parameters as line

printer output.

5.2.5 Transformation to an Absolute Co-ordinate System

The two halves of the map which are completely independent of
each other have been shown in Figures 5.18 and 5.19. But Figure 5.20
shows the two halves aligned by eye, to give the complete polarisation
map of the Central region of the Orion Nebula.

As each half is plotted in terms of the different arbitary x-y
co~ordinate systems which are positions through the East/West and
North/South direction on each electronograph, so it is necessary to
transform each half in order that the entire map is plotted in the
usual absolute co-ordlnate system of right ascension and declination.

At 1.’/13.5 focus, for the central part of the telescope image,
plane geometry will be sufficiently accurate to describe tue trans-
formation from the x-y co-ordinate system to the RA(a) and Dec ($6)
system. By using the same procedure described in Section 3.5.3 and

the two equations:
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The polarisation map from electronographs 1-8 aligned

by eye for central region of the Orion Nebula.

Figure 5.20:
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@ = A + BX + Cy (50
§ = D+ EX + Fy (5.2)
the transformation coefficients will be found, where (a, §, .., y)

have been used for the stars in the field of view.

5.3 Results of the Present Observation of the Orion Nebula

In the present series of observations, the analysis of the
results gave information on the degree and angle of polarisation for
over 8550 points in the Orion Nebula. Figures 5.18 and 5.19 show the
two halves ,of the map for the Central region of the Orion Nebula, and
Figure 5.20 shows the both halves.

The polarisation map of the Central region, Dark Bay and Fan
edge after sky subtraction in the (o, 8) system, are presented in
Figures 5.21, 5.22 and 5.23 individually. Figure 5.24 shows the whole
polarisation map ©f the Orion Nebula; which is a combination.of the
three sets of data results.

The length of each line is directly proportional to the degree
of polarisation and is drawn parallel to the electric vector (E) of
the linearly polarised component of the radiation and centred on the
point observed. Each vector represents the integrated polarisation
over an area 7" x 7".

The complete results are shown in Figure 5.25 superimposed on
a photograph of the Orion Nebula taken in the red. The small square
(Figures 5.24 and 5.25) shows the position of the Klunmann - Low nebula.

5.4 Errors on the Measurements

There is some difficulty involved in the determination of the
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Figure 5.21: The optical linear polarisation map of the Orion Nebula
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individual errors on each point of the polarisation map, because this
needs detailed knowledge of the individual errors on the values ii-ig.
However some estimate of the relative errors on various points on the
plate can be made by examining the variation of the difference bztween

the two estimates of the degree of polarisation P -P2, and that between

1

the angles, 6 —82, with the intensity and degree of polarisation

1
measured. It has been mentioned (Section 3.6) that the instrumen:ial
errors can be ignored.

Since P = (Q2 + Uz)%/I and 0 = % tan"1 % , one would expect
that the error on the degree of polarisation depends more strongly on
the intensity than does the error on the angle.

If we consider the distribution of the walues P1 - P2 against
intensity (Figure 5.26) it can be seen that, with increasing intensity,
the difference in the two estimates of the degree of polarisation falls
off rapidly.

If we consider the difference in the two estimates of the degree
of polarisation as a function not only of the intensity, but also of
the degree of polarisation itself, we can obtain more detailed estimates
of the error on the degree and angle of polarisation. The relationship
between the difference between the two estimates of the degree of
polarisation measurements, P1 - Pz, with intensity, for various intervals
of the deyree of polarisation, P, less than 2%, between 2% and 4%, and
greater than 4%, are shown in Figure 5.27. The intensity scale used
is logarithmic, in order to show more clearly the information measured,
since Figure 5.26 shows the distribution to be almost exponential.

From Figure 5.27 one can see that for all intervals of the
degree of polarisation the difference in the two estimates, P1 - P2,

is greater than for lower intensity regions, than for the more intense
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For low values of the degree of polarisation 0% € P £ 2%, value
of the Pl - P2 can be as great as 0.6% for the faint regions of the
nebula, falling to less than 0.1% in the more intense regions. For the
small values of polarisation the shape of the error line seems to be
approximately linear, showing that the error is not so nearly dependent
on the intensity as for higher values of the polarisation. As the
degree of polarisation increases the value of P1 - P2 falls off more
rapidly with the intensity.

As one can see from Figure 5.27, for the higher values of the
degree of polarisation P > 4%, even at the low intensity the polarisation
is well determined, that is P1 - P2 is less than 0.1%.

The nonlinearity in the digitisation process of the electronograph
is another factor. Although this effect is allcwedfor in the reduction
technique, for large values of the degree of polarisation, this effect
could cause systematic errors in the polarisation measured.

Now it can be concluded that the error on the degree of polarisa-
tion measured is intensity dependent and that the error decreases with
increasing value of the degree of polarisation.

Figure 5.28 shows the relationship between the difference of the
two estimates of the angle of polarisation measured, 91 - 62, with
intensity for the same intervals of P as for Figure 5.27.

It can be seen from Figure 5.28 that the error on “he angle
measured is less dependent on the intensity, as would be expected,
and more dependent on the degree of polarisation. But the less well

determined values of the degree of polarisation are a function of the

intensity and in fact 61 - 62 is slightly greater, of the order of 10o
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for low intensity values falling to 3° at the higher intensity leve'l-

5.5 Description of the observed Optical Polarisation ¢f the

Orion Nebula

From Figure 5.25 which shows the results of the present series
of observations, superimposed on a red photograph of the Orion Nebula,
it can be deduced thaf the degree and angle of polarisation can be
measured by this method for nearly whole areas of the nebula.

In the central region of the Orion Nebula (Figure 5.21), which
is correlated to that measured in the B waveband of the UBV system by
Pallister et al (1977), the general pattern of the polarisation vectors
agree well. BA more detailed comparison of the results of these two
sets of observations will be discussed in the following chapter.

The most obvious feature of Figure 5.25 is the centrosymmetric
pattern to the North, West and South of the Trapezium (elori), the
vectors are mainly normal to the radius vector from the Trapezium and
the point of observation. This effect is due to the scattering of light
emanating from the Trapezium by the nebular material, the degree of
polarisation depending mainly on the character oi the particles and the
scattering geometry.

As one can see from Figure 5.25, in the region around ezori,
the pattern tends to centre on 92 rather than on the Trapezium, also
the position of the 'bar' said to be an ionisation front which runs
north-east - south-west, is just below 62 on this picture. The pattern
in the bcttom and at the right corner of Figure 5.25 has been produced
by NGC 1982 (M43). An optical polarisation map of this object will be

presented in this chapter.
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Furthermore, in order to see clearly the area illuminated by
92 ori and the position of the bar, figure 5.22a is presented here. This
has a larger scale than figure 5.22. it can easily be seen that a
larcir area around 92 ori is illuminated by this star than 1s indicated
by the work of Pallister et al (1977). This shows the important role
of 82 ori in the illumination of the Orion Nebula, in addition to
91 ori. Also two solid parallel lines are drawn along the position
of the bar, to show this region. The orientation of the polarisation
vectors in this region indicates.the transition of light in the area

1
between two sources of illuminatign, 8 ori and 62 ori.
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The degree of polarisation changes from nearly 1% for the inner
regions to about 12% for outer regions. The fact that the degree of
polarisation observed is small is due partly to the fact that the light
we see is the sum of the scattered and emission components of the
nebular light. Only the scattering effect is expected to show much

polarisation.

5.6 Comparison of the present data of the Orion Nebula with Hall work

A comparison between the results of the present series of
observation with those measured by Hall (1974) for central regions of
the Orion Nebula shows that the dedree and angle of polarisation agree
well. As the number of points measured by Hall is small compared with
the present data, there are not enough measurements to make a point to
point comparison. It has been noted by Hall (1974), that ther is a general
increase in polarisation at all wavelengths with increasing distance from
elori.

To find this, a plot of percentage of polarisation against distance
from Glori has been drawn and is presented in Figure 5.29. The values
of tbe erxror bars for percentage of polarisation are *0.10 to *0.58
in certain regions. From this plot one can see that the degree of
polarisation for an area in the centre of the Orion Nebula is around 1%
and increases towards the outer regions, which is in good agreement with

Hall's results.

5.7 Comparison of the present data of the Orion Nebula with the work

of Pallister et al

Optical linear polarisation has been measured at 3000 points in

the central region of the Orion Nebula by Pallister et al (1977), using
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To make further consideration in comparison of the present
results with those measured by Hall (1974), a plot of percentage
polarisation against distange from 01 ori has been drawn, using our
results and an average of those measured in the continuum by BHall.

From figure 5.29a it can be seen that in general the two plots agree,
but there is some discrepancy, especially for those points near 61 ori.
The difference in the two sets of data may be at least partially
explained as a consequence of the different aperture size used. The
present results were made with a 7 arc sec aperture, while those of

Hall were made with a 27 arc sec aperture.
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To investigate whether the points which agree and disagree axe ran-
domly distributed, a plot o £ degree of polarisation versus distance from

the trapezium (in a north east - south west direction) has been drawn for

the two sets of data, and is shown in figure 5.30a. The plot suggests
that it is the region near the trapezium where the data disagree most.

Two explanations may be postulated for the poorer correlation for
the degree of polarisation comparea with that for the angle of polarisation.
Firstly, the B measurements include a contribution from the Hé emission
line, while the V waveband does.not include any hydrogen emission lines.
The emission radiation, which is unpolarised, will dilute the degree of
linear polarisation observed without changing the observed orientation.
Furthermore, because of the complex emission topography of the central
part of the Orion Nebula (Elliot and Meaburn 1974? and Scarrott 1978T+)
it will tend to increase the effective noise shown in a correlation plot
of theone setof deta against the other. Secondly, because the polarisa-
tion orientation is given as a ratio of the Stokes parameters U and Q,
and the degree of polarisation is a sum, any errors in clear plate or

sky subtraction will cause much larger errors in the latter parameter,

as seen in figures 5.30 and 5.31.

+ Elliott, K.H. and Meaburn, J. 1974, Astron & Astrophys. 34, 473

Tt Scarrott, S.M. 1978, private communication, Physics Department,

University of Durham
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the Blue Band of the UBV system and the same technique as for the
present series of observations. Both measurements are over a 7 x 7
arc sec square which gives more validity in comparison.

To make a comparison between the two sets of results, it is
necessary to compare the measurements of the polarisation obtained in
each map, correspondiﬁg to the same point in the nebula. 'The preasent
map was transformed to the co-ordinate system that Pallister et al
used, using the field stars as fiducial marks, so that there was a one
to one correspondence between measurements in the two sets of cohserva-
tions using B and V wavebands of the UBV system.

The scatter plots shown in Figures 5.30 and 5.31 show a general
comparison between the two sets of results. Figure 5.30 shows, for
each corresponding pair of measurements, the scatter plot of the dggree
of polarisation for the B and V measurements. If there is good agree-
ment between the measurements the points should lie close to a line at
45% to the axes. Although the general trend is a line at 450, the
points are widely scattered about this line as shown in Figure 5.30,
which indicates that there is some discrepancy between the two sets

of measurements.

Either we consider the discrepancy to be due to errors in loca-
tion of the comparison points, the two different sky levels in sky
subtractions and the dependence on the waveband in which the observations
were taken which has been noted by Hall (1974), or we assume that the
measurements of the optical linear polarisation are wrong in places.

Figure 5.31 shows a similar plot for the angle of polarisation.
There is excellent agreement between the two sets of observations in

this plot.
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Figure 5.30:
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This point to point comparison between the Pallister et al
map (B) and the present map (V) is very informative as it gives
further confirmation of the validity of the present technique to

measure polarisation of extended astronomical objects.

5.8 Optical Polarisation Map of M43

The part of the Orion complex which is an HII region and is
located at the NE of M42, is called M43 oxr NGC 1982. It is partly
cut off from M42 by foreground extinction in the area of the Dark Lane
which separates these two nebula from each other.

The observations involved in finding the optical polarisation
map of M43 were obtained with the 1 m telescope of the Wise Observatory,
Israel, in November 1977. The V waveband of the UBV system was used.
The technique is the same as that used for M42.

The polarisation map is shown in Figure 5.32, superimposed on
a photograph of the M43 taken in the red. Again, each measurement of
polarisation is indicated by a line in the direction of the E-vector,
proportioAal in length to the degree of polarisation and centred on the
point observed. Typical errors in the body of the nebula are the same
as described for M42. Each measurement is over a 7 x 7 arc sec square,
and the 2000 data points give an essentially complete optical polarisa-
tion map of M43.

It can be seen from Figure 5.32 that the degree of polarisation
changes from nearly 3% in the inner region (where the source of illumin-
ation is located) to 20% at the edge, particularly in the north where
it seems that there is no emission.

Furthermore, as the diameter of an HII region is 2Rs = 0.56 PC

(Table 4.2) or about 4.3 , the Stromgren sphere with this diameter
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can be discerned from Figure 5.32, The picture suggests that since
the area running north-west - north-east, is located outside this
sphere, there is no evidence for emission in this region and the degree

of polarisation is relatively high.
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CHAPTER SIX

INTERPRETATION OF THE RESULTS

6.1 Geometry of the Orion Nebula and M43

The Orion Nebula has the advantage of presenting the regional
variation of its physical characteristics, for observation because of
its proximity (at a distance about 460 pc) as well as its relatively
small interstellar extinction.

Many observations show that the large scale variations of the
observed data are more or less circularly symmetric, and spherically sym-
metric models have been constructed by many observers (see, for instance,
Osterbrock and Flather, 1959). According to the schematic picture of
the Orion Nebula and molecular cloud presentuﬁn Figure 4.2, the nebula
is ionisation bounded on the far side by the molecular cloud and a
model present by Zukerman (1973) accounts for the high gas densities
and substantial fluctuations in density and temperature observed within
the Orion Nebula.

For the basic geometry of the nebula and surrounding material, to
the first order, the model presented by Balick et al (1974) consists of
a 'core' HII region surrounding elori which is an ionised 'cavity'
partially imbedded in the near edge of a large neutral complex that
contains the molecular clouds and infrared sources. Their model is a
highly dynamic one where newly ionised gas flows into the nebular core
from the nearby neutral gas, and then disperses into the lower density
medium on the near side of the neutral complex.

All studies of the Orion Nebula are complicated by the problem of

finding an adequate model of the geometry, for example for the relative
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positions of the illuminating stars and scattering dust. In the present
series of observations the optical linear polarisation map of the Orion
Nebula (Figure 5.25) clarifies this primary problem of the structure of
the nebula.

From Figure 5.25 one can see that polarisation values of 5%
dominate in most parts of the nebula. Over a large fraction of the map
there is a centrosymmetric pattern of polarisation vector orientations.
This pattern is centred on Glori, and an interpretation of this effect
is that the pattern is due to the scattering of light originating in
elori by the nebular medium, where the character of the particles and the
scattering geometry are the most effective parameters in determining the
degree of polarisation.

It is obvious from the extent of the polarisation pattern that mest
of the Orion Nebula is illuminated by eiori. However, in the region of
820r1 where the polarisation pattern is more complicated, the pattern
tends to centre on 92 rather than on the Trapezium, suggesting that this
area of the nebula is mainly illuminated by 92. There is independent
evidence of 92 contributing to the illumination of the nebula in the form
of bright edges on small condensations near this star (the condensations
are too small to be seen individually on the present map), discussed by
Minch and Wilson (1962) and Taylor (1974). Their suggestion of the con-
densations being illuminated by 92 is supported by the pattern of the
polarisation in this area and the results cbtaired by Pallister et al
(1977).

The position of the Kleinmann-Low infrared nebula 1s indicated on
Figure 5.25. The direction of infrared polarisation is similar to that

observed optically.



- 70 -

From Figure 5.33 one can see again over a large fraction cf the
linear optical polarisation map of M43, that there is a centrosymmetric
pattern of polarisation vector orientations tending to centre on the
exciting star of M43. In the south-west quadrant near the Darr Lane,
the orientations of the polarisation vectors differ from those expected,
suggesting the possibility of a transition effect in this part of the
nebula.

The higher degree of polarisation in M43 compared with M42 suggests
that the effect of emission here is weaker than in M42, and/or the applica-

tion of Rayleigh scattering is more applicable in this nebula.

6.2 A Simple Model of the Orion Nebula

Many observers have tried to find a theoretical model for the
Orion Nebula to fit with the observations (see, for example, Zuckerman
1973, and Schiffer III and Mathis, 1974). A model is suggested by
Wilson et al (1959) in which the gas is expanding as a spherical cloud
centred on the Trapezium and Tamura (1975) constructed a model of the
Orion Nebula based on an assumption that the nebula is composed of gasecus
clumps surrounded by vacuum space.

The scattered light is diluted by direct nebular emission, which
does effect the percentage of polarisation, but not the polarised inten-
sity. We present a simple model of the Orion Nebula as a spherically
symmetric optically thin dust cloud with Slori at the centre. Then we
compare the total and polarised intensity of our measurements with thosc
predicted by the theoretical model. The scattering geometry of the
model is shown in Figure 6.1, and Table 6.1 presents the parameters used

in this model.



ELEMENTARY
CYLINDER

OBSERVER AT
DISTANCE D

- FIG. 6.1

SCATTERING GECMETRY FROM A STAR IN AN OPTICALLY
THIN SPHERICALLY SYMMETRIC DUST CLOUD. '



Radius of dust cloud

Distance between the star and scattering particle

Distance of the star from line of sight

Scattering angle for a particular line of sight
at the surface of the dust cloud

Scattering angle

Luminasity of the star

Direction in line of sight

Cross section of elementary cylinder

= %%- wave number

Distance between observer and plane of scattering

Table 6.1: Parameters used in the present model of the

Orion Mebula.
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First we consider the number of dust particles per unit volunw:

to be:

n(R) for R < R

and

=0 for R >R

The intensity of incident light at the point P in the optically thin

case 1is:

4TR

The scattered intensity at the point of observation from a particular

dust particle is given by Van de Hulst (1957) in the form of:

(I, + 1)
- 17, _12___2_2_ . (6.2)
K D
where
2
= 0
I, |s1”| (6.3)
and
2
I, = |s2(e)| (6.4)

S1 and 52 are complex amplitude functions defined in Chapter 2. The
number of particles in the elementary cylinder is equal to n{R)g Q 2.
Therefore the total intensity at the distance £ (integrated along the

line of sight) is:

T Zo
I ron(R)odz (6.5)

_ZO
Transforming from Z to 6 for a given £ gives
4 = - £ cotd

and 2
az = £ cossec” 8 ae

erg cm 2 sec (6.1)
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Hence
17—91

I = 1o n(R)o L cose02 6 o (6.6)

%

At the observer, in terms of unit solid angle (solid angle

Hi
e
~—

for the total intensity we have
2, (4 2 .
I = DL I n(R) cosec” 6 a8 (6.7)
T (o]
e1
Using equations (6.1) and (6.2):
2 e (I, +1,) L 2
I, = Df_f ) . 7 n(R) cosec” 6 dd (6.8)
61 2K D 4TR
As, R = £ cosec 0, using equations (6.3) and (6.4):
1 e 2 2
1, = __L2 -7 (s, @] +[s, @]9 nR) a8 (6.9)
87K )

Where 51(9) applies to the electric vector perpendicular to the plane
of scattering and 52(9) for parallel to the plane of scattering.
The polarised intensity is given by the difference between contri-

butions from I, and I_, so:

1 2
L 1 o 2 2
I = 5 T tls, (@)% - |s_(8)|") n(R) @8  (6.10)
P 87K ! 1 2
1

In the case of Rayleigh scattering for I, and I2 Van de Hulst (1957)
glves:

1, = isl(e;iz = xsluiz {6.11)
and

I, = |sz(e)l2 = K6|a|2 cos“@ (6.12)

where o is the polarisability.
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Thus in this case we Have:

4, 2 Tl---61
. _ Lx'|a] 2
I vy (1 + cos™9) n(R) 46 (6.13)
1

and

H
n

T-0
LK4 a 2 r : 2
p —ET‘IL_! sin 6 . n(R) ad (6.14)
1

Assuming a power beam falls off in the form of:

"o
n(R) = “ (6.15)
R
Therefore: -
‘ LK4Ia|£n W‘el , .
I = —2=2 (1 + cos“8) sin"® ae (6.16)
T m+ 1
gnl 0
1
and
4; 2 Tm-8q
_ LK |a| no , m+ 2
I = =T 1 sin o dae (6.17)
p sl 1
Considering LK4|u|2n
c = —2=
an

the general equations for IT and Ip will be:

1r-91
I (&) = —E< (1 + cos28) sin™e" do (6.16)
T zm-rl
91
- C "_el m+ 2
I (L) = sin A ae (6.19)
P £m4-1
i
1
where, _
0 = sin ! (4£ﬂ
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Evaluating these integrals for particular values of m gives:

m=20
Lo
IT(!.) = 57 (37 - 661 - sin 261) (6.20)
I (8) = = (m- 26, (6.21)
P 2r 1 :
m=1 2C cos 61 1 5
I (£) = (1 + = cos” 8,) (6.22)
T 22 3 1
2C cos 61 1 2
I @) = ——— (1 ~-%=cos”6,) (6.23)
m= 2
I (L) = £ (10(m- 208,) + B sin 26, + sin 49)) (6.24)
T 16‘113 1 1 1
I (B) = —S— (6 (m- 20.) + 8 sin 28, - sin 46.) (6.25)
p 1603 1 1 1

The comparison between the total and polarised intensity of our
measurements with those predicted by the model is shown in Figures 6.2
and 6.3 with m = 0 for constant dust density.

Figure 6.2 shows the variation of I_ (Logarithmic scale) with

T
distance of each data point from Glori in arc sec for both Theoretical
and Observational cases, Figure 6.3 shows the same variation of Ip.

We normalised the polarised and s total intensity of predicted data
points with those obtained by ft-the observation, where the normalisation

factors are respectively

I observational IT ohservational

- P
C dcC Cc = = .
p @ 2 ( 1 Ip theoretical ! C2 IT theoretical )
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In these figures, the observed data points are represented L' *he
squares, the size of error bars indicating the error. The predicted

data points after normalisation by C, are represented by ire solid line

1

and those after normalisation by C, are represented by the dash=d 1ir«

2

As one can see from Figure 6.2, the predicted data points afier

normalisation by C, agree well with the observed data points, hut thos~

2
normalised by C1 do not. This may be caused by the fact that we have
used optically thin case and also by the geometry. Figure 6.3 shows
a good agreement between the predicted data points after normalisation

by C1 and those obtained by the observation. Considering these, in con-

clusion it seems the present model is in reasonable agreement.

6.3 Possible causes of the Disagreement between the Present Model of

the Orion Nebula and Observational Results

The discrepancy between the observational results and those pre-
dicted by the model could result either from one of the following effects
or from a combination of them.

1. Either the measurements are wrong in places.
2. The optically thin case is not applicable here.
3. Geometry.

4. Predomination of Mie scattering rather than Rayleigh scattering.

So, to make a general model of the Orion Nebula in order to deter-
mine the precise geometry and the nature of the dust particles, which
are important in star formation, one needs more information and detailed

data.
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CHAPTER SEVEN

GENERAL CONCLUSIONS

The use of the Durham polarimeter in conjunction with the Royal
Greenwich Observatory electronographic camera provides a fast and
accurate method of measuring the optical linear polarisation of a few
thousand points simultaneously, in an extended astronomical object.

Our automated reduction techniques can be used to analyse the
results of observations for many objects with only slight modifications
necessary, corresponding to the requirements of the different individual
sets of measurements, as has been illustrated in this thesis, for the
optical polarisation studies of the nebulae, M42 and M43.

The results obtained with the present technique for the Orion
Nebula are a considerable improvement both in quality and quantity on
those previously available.

The comparison of the present results for the Orion Nebula with
the earlier work of Hall (1974) and Pallister et al (1977), shows that
the two sets of measurements agree well, in the same physical regions
of the nebula.

In this work some physical properties of the nebulae, M42 and M43
are presented, and it is the first attempt to obtain the optical linear
polarisation map of M43.

Centrosymmetric pattern of polarisation vector orientations which
tend to centre on the exciting star in both nebulae, indicates that the
polarisation is due to the scattering of light emanating from the
exciting star by the nebular material. In the Orion Nebula in addition
to elori in the centre, in the region around ezori, the polarisation

pattern tends to centre on this star rather than Trapezium, giving rise
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to the assumption that this area of the nebula is mainly illuminated
by ezori. ot

KEERSS9R T'he direction of infrared polarisation i;Véimilar to that
observed optically in the Orion Nebula, the polarising mechanisms may
differ, since the optical polarisation can arise from scattering of
light by randomly aligned particles, whereas the infrared effect has
been attributed, by Dyck and Beichman (1974), to a polarising screen
of aligned dust grains. Those authors assumed that the alignment was
caused by magnetic fields, but there is no evidence for this at optical
wavelengths. There is no certainty that the infrared feature has an
optical counterpart, and an alternative possibility is that the align-
ment is produced by radiation effects, the source of energy being the
Trapezium. Such effects have been discussed in a different conteét
by Harwit (1970).

In addition to the geometry of the Orion Nebula and M43, we
derived a simple model for the Orion Nebula which gave some disagreement
between the observational results and the theoretical model. Considering
the relatively small value of the degree of polarisation, particularly
in M42, it seems that Mle scattering dominates in this nebula. More
information is needed to find a general model for this astronomical
object..

In conclusion, therefore, present technique provides a powerful
tool for measuring optical linear polarisation of extended astronomical
objects. Already technique is being developed which aims at increasing
the accuracy of the results by first obtaining a map of the photo-
cathode containing the defects therein and subtracting this before

going on to obtain the Stokes parameters.
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Dyck and Beichman (1974) have measured the infra-red linear-

polarisation of the Kleinmann-Low nebula.

Their results and the present

measurements of the optical polarisation in terms of the angle of polarisation

for the regions corresponding to each other in both observations are

presented in Table 7.1.

Infra-red Optical
Region RA Dec o RA Dec o
(1950) (1950) o (1950) (1950) 0
s » y », P, L4 ,
A Sh 3" 46.4 | -5° 24 17 109+ 3 3ﬁn 46.3 -5 24 19 ]165+ 1
B 5 32 46.8}] -5 24 22 106 + 3 32 47.3] -5 24 28 |171+2
C 5 32 46.8| -5 24 28 77 + 4 32 47.3)] -5 24 36 |159:+2
D 5 32 46.8] -5 24 33 106 + 16 32 47.3] -5 24 45 166+ 1
Table 7.1: Comparison between our measurements of the angle

of polarisation (optical) and those of Dyck and

Beichman (infra-red),

1974.

Table 7.1 shows that the orientations of the polarisation vectors in

the Kleinmann-Low nebula do not agree at optical and infra-red wavelength.

The present measurements (figure 5.21), and those of Pallister et al

(1977) agree however, which suggests that the optical measurements are

correct. Dyck and Beichman (1974) have suggested that the infra-red

polarisation is caused by transmission of the infra-red radiation through

aligned grains in the Orion Nebula.

The present map shows no evidence for

such a phenomenon as the pattern at optical wavelengths can be well

1
explained by the scattering of light from 6 ori from randomly aligned

grains.
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