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ABSI'RACT 

This thesis contains a description of the technique used to 

measure the optical linear polarisat.ion 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 and 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 techniq1.1e employe(! to measure 

the optical linear polarisation of these nebulae, together with a final 

map of U.e polc...:.isation for each of them, and a comparison of the 

l:L:st:lts obtained by the present method for the Orion Nebula with those 

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

1 
cloud with 8 ori at the centre is presented. A comparison between 

~is 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. 
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INTRODUCTION 

In my countrj, 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 pas-

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 t.he acquisition of data is rapid and usually the astronomer 

spends n:u<'.:h les!:: 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· .1<.1"'JrablE' information about its history in the form of polarisa-

tion. Linear polarisation is a commonly observed form of polarisation 

, ,., •• ~ u:.j ., 
( ~ .. • ·•· r 
, - ssEr:··, 
\.,

1 
Rrarr~,' · · ·.· 1 

-..........._. "' .. I / 
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and t.his thRsj!'3 is devolved to the description of the measurement 

and interpretation of the linear polarisation in the Orion Nebula, 

M42 and 1'143. 

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 t.hat 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 when 

the radiating atoms are in the presence of an intense magnetic 

field. Observation of the splitting of spectral lines by mag

netic fields and their associated polarisation (Zeeman effect) 

was observed a few years later. 

JIJU!' C:.1stav I-1ie, and Peter Debye independently developed the theory 

of light scattering by spherical particles or arbitary size 

(this l'lill be discussed in Chaper 2). 
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1929 Bernard Lyot published his thesis containing major discc.rverieo; 

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 und0r·· 

standing of the role of magnetic fields in the structure uf 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 

Neb~la in an attempt to elucidate the illumination and dust distri

bution within the nebula. 
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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 a:ds. 

Then he stated that polarised light is such that its properties 

are not symmetrical with. respect to the direction of propagation. 

This lack of symmetrJ 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 

elect.i.·ic ve..:tor 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 

·'lF '·o transverse direction, or a preference as to the associated 

handedness. Nhen the orientation of the electric vector is constant 

although j_ ts n'agni tude and sign varies in time, the light is des

cribed as being linearly polarized or plane-polarised. 
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The result of the superposition of specific amounts of natural 

and polarised light is descriLed 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 bto component beams have a phase difference d. intro-

duced between them, the electric vector traces out an ellipse in both 

time and position along the curve (Fig. 1.1). The ratio of the semi

winor axis and semimajor axis, i.e. b/a is called the ellipticity, 

aud the eccentricity, less commonly referred to is given by 

2 2 J., 
(a - b ) ;a. In the case where the two components have equal ampli-

tudes, and in addition, their relative phase difference a = 2 m 1T ±1T ; 2 

\'i'here 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 t.he 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). 

'l'he plane of polarisation means the plane containing both E and 

K, the electric vector and the propagation vector in the direction of 

ur: t·1.nn. 
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1.3 Milthematical 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) 1 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: 

and 

E ; E cos (kz - wt) 
X OX 

E 
y 

E cos (kz - wt + a) 
oy 

( 1. 1) 

( 1. 2) 

where a is tl1e relative phase difference between the two bean compon-

ents 1 k the wave number -· 2n I· - ).1 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 
..X 
E 

oy 
cos (kz - wt) cos a. - sin {!<". z - wt) 

E 
utd cc•mbine it with x to yield 

E 

E 
_x_ 

E 
oy 

E 
X ---cos a 

E 
OX 

OX 

-sin (kz - wt) sin a ( 1. 3) 
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It follows fron. t:lquation ( 1. 1) that 

sin (kz - wt) 

and so equation ( 1. 1) leads to 

E E 2 [ E 2 
(~- X 

cosa) 1 -(E:] E 
oy OX 

Finally then, on rearranging terms we have 

(~j 
E E 

2(f-)(E_y_) cosa 
oy OX oy 

= 

2 
sin a 

. 2 
s~n a ( 1. 4) 

This is the equation of an ellipse for elliptical polarisation making 

an angle 0 (orientation of ellipse), with the (E, E) coordinate 
X y 

system (Fig. 1.1) such that 

•ran 28 = 
2 E E cosa 

OX Oy 
2 2 

E - E 
OX oy 

Figure 1.1: Elliptical polarisation. The direction of 

propagation is into the paper. 

( 1. 5) 
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Equdtion (1.4j might be a bit more recognizable if the principal axes 

of the ellipse were aligned with the coordinate axes, i.e. e = 0 or 

equivalent a == ~,. /2, ± 3n /2, ± Sn /2, ••.•. , in which case we have the 

familiar form 

E2 E2 
_}1_ X 

1 + = 2 2 
E E ___ 

oy OK 

( 1.6) 

Furthe:rmore, if E E = E this reduces to oy ox 0 

2 2 2 
E + E E y X 0 

( 1. 7) 

which is equation of a circle for circular polarisation. 

If a = n'IT where n = 0, ± 1, ± 2, .••.• , equation ( 1. 4) then becomes 

E 
y 

E 
+ -~ 

E 
OX 

E 
X 

( 1. 8) 

which are equations of lines for linear polarisation having slopes of 

± E /E 
oy OX 

1.4 Methods of Describing Polarised Ligh~ 

The modern description of polarised light. actually had its 

origins in 1852 in the \40rk of G.G. Stokes. He introduced four quan-

·ti ties which are functions only of observables of the electromagnetic 

wave and are now known as the Stokes parameters. The state of polarisa-

t..ion of a beam of light can be described in terms of these quantities. 

_; -~ four parameters have the dimensions of intensity; each corresponds 

r.ot to an instantaneous intensity, but to a time-averaged intensity, 
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the average being taken over a pAr.ioc:'l long enough to perDJit practical 

measurement. 

For quasimonochromatic light with elliptical polarisation, 

in general we have: 

and 

-? 
E ( t) 

X 

-+ -~ 

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

-+ -+ -~ 
E(t) = E (t) + E (t). Using these and the fact that a = 

X y 

the Stokes parameters are: 

I < E2 > + < E2 > 
OX oy 

Q E2 2 < > -<r.: > 
ox oy 

-U = < 2E E cosa- > 
OX oy 

v = < 2E E sino. > 
ox oy 

( 1.9) 

( 1. 10) 

(1.11a) 

( 1. llb) 

(1.11c) 

( 1. lld) 

For the hypothetical case of perfectly monochromatic light E (·t), 
ox 

E (t), and a(t) are time independent and by dropping the<> brackets 
oy 

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 ¥11th independent phases. 'l'hus the Stokes 

parameters of entire berun are: 

I = I:I. 
J 

Q = EQ. 
~ 

u I:U. 
~ 

V = I:V. 
~ 

In general the four parameters satisfy the inequality 
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2 
I ~ P.L:., 

If the beam is entirely unpolarised, Q = U == V = 0. Ir .i.t. ~.s c-·m

pletely polarised, I
2

:; Q
2 

+ u
2 

+ v 2
. The degree of poldrisat.lon 

may be defined as: 

p 
e 

2 2 2 !, 
(Q + u + v ) . 

I 
~ •. 13) 

The parameter 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 of 

polarisation is 

p 
2 2 ~ 

(Q + u ) 
I 

( 1. 14) 

u 
and in the case of time independence for the ratio of - ~.ore have: 

Q 

2 E E cos a u OX oy - = 
Q 2 E2 E 

OX oy 

It follows from equation (1.5) 

tan 26 
u = -
Q 

e ~ 
-1 (~) .. tan 

Q 
(1..15) 
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CHAPTER 'I'WO 

POLARISATION BY SCA'I'TERING FROJvl DUST 

2. 1 Mechanisms producing plane polarisat.ion 

For the past three decades astronot~ers have r.tade rue·asure1~" 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 oy the alignment of 

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 importan1: of 

all, by scattering as listed belo\o~. 

(1) Scattering by molecules (Raleigh Scattering), for example, by 

the molecules 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 Orion Nebula 

(Pallister et al 1977). 

(3) Scattering by free electrons (Thompson Scattering) as seen in 

the solar coronb \Aller 1953). 

Obviously Re~_yleigh and Mie scatterincJ are relevant to the Orion 

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

2.2 Theory of S?attering 

When a plane electromagnetic wave of frequency y falls upon 
0 
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a charged particle, the particle is set into motion anrl radi~~F. 

secondary waves with the same frequency v • The pheno: .c~ . .:.n i.s called 
0 

Scattering. 

Generally the term scattering is used when small particles c..re 

involved, particularly when they are irregularly arra.n9ed in space. 

Scattering is not a practical means of polarising light, because in 

pract.ice 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 waveleng1:h 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 sca·ttered light, applicable 

to any particles or grains with index of refraction different from 

that of the surrounding medium are given in Van De Hulst 1957. 

The scattering properties of grains depend on the dimensionless 

quantity 

X 
2nd 

= A 
( 2.!) 

where d radius of the grain 

A wavelength of the light. 
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In the case of Rayleigh scattering, the restriction is that the 

linear dimensions of the particles be considerably smaller than the 

wavelength 

d << A 

or 
X << 1 

The scattered intensity is found to be proportional to thr incident 

intensity and to the square of the volume of the scattering partie.! r..:. 

The most interesting result, however, is the dependence of scattering 

on wavelength. For scattering at an angle B (Figure~2), the scattered 

2 
intensity is proportional to I/)..4 (1 + cos 6). 

Chandresakhar 1960, Jenkins and White (1957). 

For more detail see 

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. 

t
en 
z 
w 
...... 
z 

w 
> 

~ I 
~ 2000L..._~-----'----'--·-~-----'-j L 0 R ,1~ 

3000 4000 5000 6000 7000 

A. ... 
Figure 2.1: Intensity of scattering vs. wavelength according 

to Rayleigh's law (Jenkins and White 1957). 
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Now if we consider a small particle to b~ at the origir. ,. 

cartesian coordinate system, and a quasi-monochromatic plane wave whose 

wavelength is much larger than the dimensions of the parLicJ · travel

ling in the positive z direction, the scattered wave is to be observ"''-~ 

at a point P whose polar coordinates are r, 6 and cp , as is shown in 

Figure 2.2. 

z 

Figure 2. 2: 'l'he 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 parallieters, \ole consider 

the case of an unpolarised incident wave which will be represented by.: 
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(I, Q, U, V) (I, 0, O, 0) (2. 2) 

The parameters of the scattered wave are found to be (se. .trr•! 1963): 

u 
p 

K4 lo.l2 
2/ 

K41al2 

2r
2 

v 
p 

2 
+ l.l (cos a I 

2 
(cos e - 1) I 

0 (2 0 5) 

Where a is the polarisabili ty and is defined by p = a e; ( p is the 

dipole moment of the particle and e is the electric field at point P) 

and K is the wave number (K l!) 
>.. 0 

The polarisation is identical to that produced by Thompson 

scattering from free electrons. From equations (2o5) and (1.14) the 

degree of polarisation is found to be 

p &1_ 
I 
p 

By substituting equations (2.3) and (2o4) into (2o6), we have: 

p 

') 

1 - cos-a 
2 

1 + cos 0 

( 2 o G) 

(2 0 7) 

The scattered wave is therefore unpolarised in the forward and back-

ward directions, and completely polarised in the directions at right 

angles to the incident beam ( e = 90°) . It can also be seen that the 

0 
scattered intensity is symmetric about 0 == 90 , as is :..hown in 

Figure 2.30 
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i 

~I 
I 

Figure 2.3: The scattering diagram for Rayleigh scattering 

from an unpolarised beam. 

2.4 Mie Scattering 

An important case in the scattering of 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. In general, the scattering in any direction is 

described by four amplitude functions, s
1

, s
2

, s
3 

and s
4

, all functions 

of 9 and rp (see Figure 2.2) which form a matrix s;a,rp) of four elemen~·.s 

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

E (2. a: 

Where El and ~q are complex, oscillating functions, m and n are the 

unit vectors. 

By considering E and E to be electric field vectors of incident 
0 

and scattered radiation, we c~n write: 

( 
Ee) ( S S :\ -iKr: + iKz 
E J : s: s:J -=-e--~-· K_r __ _ (:~) ( 2. 9) 

Where q and l refer to the electric fields perpendicular to and parallel 

with the plane of scattering. 

Spherical particles have s
3 

~ s
4 

= 0. So two complex amplitude 

functions occur for any direction. These functions are s
1 

(6) and 

s
2 

(8); they depend only on the scattering angle a. The matrix equation 

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

E q = 
-iKr + iKz 

e 
iKr 

-iKr + iKz 
e 

iKr 

E 
oq 

by taking the squares of the moduli ~·re obtain for perpendicular 

polarisation: 

I 
I 

_1_ 
2 2 

K r 
I 

0 

(2.10) 

(2. 11) 

(2. 12) 
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For incident natural light: 

where I
1 

2 
ls1ce>l 

I 

and 
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I 
0 

2 2 
K r 

In which the t.erms r
1 

and I
2 

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 
(I - I

2
) 

degree of polarisation is -(-I~1------
1 + 1 2) 

Quite generally the computational problem involved in the I>lie 

problem is to compute the values of I
1 

and r
2

• 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 

:_I'ECHNIQUE 

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 phot.ometers have the required range and accUl~acy 

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. tJJct·1ullan Camera, built at the Royal Greenwich Observatory 

was used for the present observation. 

'l'he 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 earner: . The photo

cathode is affected by small amounts of oxygen or wat..e! .,. ·. •Ji~·, and 

as a result a mica \.;indow is introduced between the photocathod .. , c" :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 - energy 

of photon- work function"' eV), the electrons are electrostatistically 

accelerated down the camera by a large potential difference along the 

tube ( "' 40 Kv) . The electric field is produced by electrodes raade 

of titanium annuli spaced by soda lime glass cylinders 10 mm long. 

The whole structure is fused together with solder glass. Metal 9Xide

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 .,lindm·1 (•t~i t.h a diameter 

of 40 mm and a thickness of 4 )l) , 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 l4cMullan electrono

graphic camera. On tne film side of the window (nuclear emulsion 

10 )l thick, on melinex 50 )l 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 a.nd brought into contac·t by et pneumatic activator, t.hroLl9f• a!"d 

gate valve which acts as a vacuum lock. 

The mechanism for loading and unloading the 1.. ' ·1 i -·lJtomatic. 

Each of the high energy electrons have a track in the nuclea.r '· ·.1u'. 1, 

which can later be developed to reveal an apparent optical nt:!S<Jti v"' of 

the object. 

The detector quantum efficiency of the electronographic is 

wavelength dependent. Each electron incident on the emulsion causes the 

same amount of development along its track because all of them are at 

the s~1e 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 and used for 

measurement of optical polarisation from astronomical objects. Some 

examples of these can be seen in the thesi~ uf Lyot (192~) and Dollfus 

(1958), also :in the \o/ork of Ohman (1939) and Hiltner (1949, 1951). 

Ohman used a doubly refracting prism to produce t-wo adjacent 

images in orthogonally polarised liyht. For these studies, the Durham 

polarimeter was used, which is based on the ideas of Ohman (1939) and 

Pickering (1873). 
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The Durham polarimeter has been designed so a~; to be as 

flexible as possible in its optical configuration, tnechanical cons1:ruc-· 

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 sc~.c: •. J:. 

diagrams of the polarimeter (sh0111ing 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 (opaque 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 gridB. The light from those 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 

reimag~d by the relay lens. This image can then be recorded by means 

of a photographic plate or, as used in the present case;, c:.m elect.rono-

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) i:; 

chosen such that the Wollaston prism (tl en. width) \-lill produce two 

adjacent images with a mutual displacement of one grid spacing. 

By using a field lens {2.0 em focal length and f5) 1 all the 

light is constrained to pass through the optical system and then, an 

achromatic 'half wave (1,/2) plate', in a rotatable mounting is required. 

When in its initial position 0°, its optic axis is aligned North-South. 

The step of the half-wave plate is 22~ 0 1 so when it is rotat~ed 

through 22~0 the plane of polarisation of the light. rotates through 
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In separate obse:rvations, Llifferent 'A/2 plates which are achrom< t· ·. 

over the ranges of l4500 ~ ~ 500 R) and l5400 ~ ± 600 A) are used. 

Also both B and V filters of UBV system are plat::ed lJeth'· ., 

the grids and the corresponding ),/2 plate, to limit the waveb. :~:..1 . .Jf 

the incident light. 

By then, two adjacent images in orthogonally polarised light 

will be produced by the Wollaston prism. If we rotate the A./2 plat.e in 

steps of 221:1°, we can obtain the four electronographs of an object in 

planes of polarisation of 0° and 90° on one film and ~5°, 135°; 90°, 

0 0 
135 , 45 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 e!Kposure 

time, a relay lens is used in the system to demagnify the image, and 

focus it ou the photocathode of the McMullan Camera. 

The relay lens is a Nikon f/1.4 camera lens of focal length 

50 Ilun, and is bloomed to reduce unwant~d reflection. '!'he focal length, 

and positioning of the relay lens, demagnifies 4 x linearly, which 

means sixteen times in area. Therefore, the e>:posure tj ;-·e 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. 

The first mirror, the off axis guiding mirror, mounted at 45° 

to the principle axis of the polarimeter, is such 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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axi~ "u 5 Cm in the centre to allow the axial light to reach th12 

polarimeter. 

The second mirror, the grid-image viewiny ml1: :._ ,y ·'Il 1-e 

rotated into the light path at 45° between the grids and half •·.ilV~.: 

plate to deliver the light to a telescope mounted on the control panel 

so that the astronomical image formed on the grids car. 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 to thE! grid system. Eyepieces of 

2 em focal length are used in the polarimeter. 

The whole system is enclosed in a bo~ 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./ 2 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, 1t is possible to tell, 

if the prism is not in square since the two images of the wire are 

mutually vertically displaced. When 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 ru1 aluminium 

adaptoL· 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 4'ocal 

plane of the secondary mirror. To check that north is at th·~ 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, If the telescope is now driven in declinations, the star \•li] 1 

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 electron.ograph. 

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 Observ~tory, 

with an aperture size of 24 J.l x 24 J.l, a.ncl steps of 26 J..L, over an area 

of 512 pixels x 512 pixels, \'>'here 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 lig}"!t.. 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 fxom 

each position ('in', 'out') of the grids. We assume that the intensity 
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of the left hand strip is i 1, which corresponds to the ifl tensi t.. ,,f 

the unpolarised component plus the polarized component, component at 

angle e I and the intensity of the clear plate. Its adjacen strip 

the other three plates. 

Consider a beam of light with intensity consisting of a linearly 

polarised component of intensity I , whose E vector makes an angle e 
p 

with North (see Figure 3.6), and an unpolarised component of intensity 

(I - I ) . 
p 

In this case the component of the E vector parallel to the 

0 2 
reference direction, ( e = 0 ) from the polarised light will be I cos e. 

p 

-- 0() The unpolarised light will be divided equally between e and 

0 e .,. 90 1 therefore 

2 I - I 

il I cos (-8) + 
p 

p 2 

or 

il 
I 

Ij2 + Pj2 cos 28 ( 3. 1) 

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

orthogonal image of i
1 

we have: 

or 

I 
p 

2 
cos (90 - Eli + 

IP/.., 
L COS 28 

3.4.1 Photocathode ~esponse 

I - I 
p 

2 

(3.2j 

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) . Tt.es·. 

deviations which are quoted by manufacturers, ar·~ small + 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 respons8 of the right hand strip 

at some point 1 and that of the left hand strip at the corresponding 

0 
point f, by rotating the half wave plate in steps of 224 , the situations 

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

light. 

Plate 

1 

2 

3 

4 

Table 3.1: 

Left Right 
).h Plate I. 

rotation angle 

! 
00 -

il i2 

./ ~ 22~0 

~3 
,. 

4S
0 

is i6 

~ ./ 67~0 

~8 
J I v 

f 1 

The direction of the E vector :t"ecorded at 

each A/ 2 plate st:ttiug (black line). 

With regard to this table, the intensity of i
1 

on platn 1 

must correspond to the intensity of i
6 

on plate 3, i
2 

to is and so on. 
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For plates 1 and 3 we have; 

il 
i6 

and is 
i2 

fl fl 

so 
~ 

fl ( i6i2 ) ( 3. 3) 
i5i1 

Plates 2 and 4 give: 

i3 
is 

and i7 
i4 

= 
f2 f2 

so 

(3.4) 

hence the variation of the photocathode response at each point may 

be calculated. 

When the photocathode response is constant, f
1 

= f
2 

= 1. But 

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

tions, the restriction on points used is that lf
1 

- f
2

1 ~ 0.05. There

fore the factor used is the average of f
1 

and f
2

• 

f (3.5) 

and all the right strips normalised by a factor f, a.s 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 t.akeq 

for all plates to be obtained, ·total intensity is not constant from 

plate to plate. 
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To allow for this, \ole use the exposure factors e
1

, e
2

, e
3 

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

plates. 

The exposure factor e
1 

is the ratio of the total intensity 

on plate 2 to plate 1 and similar!~· for e
2 

and e
3

, where we define: 

e1 (i3 +i41r>l<il + i21f) (3.6) 

e2 (is + i61f> I (i1 + i21f) ( 3. 7) 

e3 l·i + i 81 f> 1 (i 1 + i21f> ( 3. 8) . ""7 

As mentioned in Section 3.2, when the half wave plate is 

0 
rotated through 22~ , the plane of polarisation of the light is rotated 

through twice this angle, so with regard to the last column of '!'able 3. 1, 

our original equations are: 

il Il2 + 
Ip 

12 cos 26 (3. 9) 

i2 f [II2 IPf2 cos 26] (3 .10) 

i3 = e [II2 + IPf2 cos 2(45- eo 1 
(3.11) 

fe
1 

[II2 
I 

i4 pl2 cos 2(45 - eu (3.12) 

15 = e2 [ I12 
I 

+ Pl2 cos 2(90- e >] ( 3. 13) 

i6 fe 2 [ 
112 Ipl2 cos 2(90- Ol] (3.14) 

[I I 
i7 e 

3 
/2 + ph cos 2(135- Bl] 

( 3. 15) 

iB = fe 
3
l I I 2 - Ip I 2 cos ( 135 -6) J (3 .16) 
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Now, defining the Stokes parameters in terms of intens: 

i2 
I = il + f 

i2 
Q1 il f I 

p 

i3 i4 
u1 I 

e1 fe
1 

p 

and then the degree of polarisation is: 

with angle of 

cos 29 

cos 2(45 - 9) 

(3. 17) 

(3.18) 

I sin29 (3.19) p 

(3.20) 

(3.21) 

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

tion of the Stokes parameters - call these Q
2 

and u
2

. Hence: 

Q 
Q1 + Q2 
-----

2 
(3.22) 

and 

u 
u1 + u2 

2 
(3.23) 

Therefore our equations for degree and angle of polarisation become: 

12 + u2 'p 
p 

I 
(3.24) 

and 

9 ~ 
-1 u = tan -

Q 
(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 translated from 

7 to 9 track magnetic tapes in the Cambridge Con.puting Laboratory. '.i'J:,'n 

the 9 track tapes are forwarded to the Northumhrian Universities Multiple 

Access Computer at Newcastle. 

When the tapes are finally read by the Durhilm 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 

storage 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) 



Digitisation of electronogr.aph ~nd translatio~ 

t 
I Preview of 

Determination of coords. of foreground stars on all 4 Elates I--· 
J 

I Determination of J2late to Elate transformation coe!fs. I 

f 
I Transformation of 121ates 2-4 of a series J 

+ 
I Determination of star coords. on transfo~ If any ~-

! misalignment -+-

t return I 

I Determination of coeffs. to connect right and left hand 51 rid images 

t 
1 Read out densit.ies (il- i8) for many locations on the 4 plateyj 

l Subtraction of clear plate leve.l I Process into f 11 f 21 fl e 1 1 e21 e3 ... P1 

I Plot 12olarisation ma2 of night sky and object 

Find Stokes parameters ·of the sky 
I I Q I u s s s 

Results not 
internally 
consistent 

I 

Subtraction of night sky. Replot polarisation map of object alone. 
Make cutsi such as limiting intensity 

r-Find coeffs. from x-y coord. system of digitisation to-R.A. & Dec:-1 

t 
Transformation to R.A. & Dec.i replot final~ 

~igure 3.7: Flowchart of the Reduction Technique 

t---
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the positions of the stars are found roughly by eye and then me,.," 

accurately by computer. 

3.5.3 Transformation Coefficients 

By use of these star co-ordinates 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~ },, Y 

on plate 1 is found, so that 

X A + BX1 + CY1 

y D + EX1 + FYl 

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

X3, Y3 on plate 4. 

3.5.4 Plates - Transformation 

(3.26) 

(3.27) 

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. 'l'he 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 3.5.3. The star co-ordinates on one strip are compared 



- 35 -

to the star co-ordinates on the adjacent strips. 

3.5.6 Extraction Values of i
1 

to i
8 

By using the computer print out of the da1:a of plate 1, whici1 

has 384 pixels x 384 pixels dimensions, from right to left, t.he posi

tions on the ·Odd 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
1

, for all points on the odd strips in integrated 

area of 7" x 7". 

For finding the values of i
2 

for all points corresponding to 

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 i
1 

- i
8 

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.&.Thus, the correct clear plate intensity is 

removed from each point on the plates. 
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3.5.8 Values of the ~tokes Parameters for the "Object+ Sky_" 

By a combination of the clear plate subtraction and '.!SiP~; the 

i
1 

- i
8 

values from Section 3.5.6, the photocathode response (f
1 

and f
2 

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

three factors e
1

, e
2

, e
3

, the total intensity I, the three values Q
1
,,. ::! 

and U 
1

, u
2

, U are calculated. Then by using these, P 
1

, P 
2

, P and 

8
1

, 8
2

, 8 for all points of the "object+ Sky" are obtained. 

3.5.9 Stokes Parameters for the Sky 

F'irstly 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 f
1

, f
2

, 

f
3

, e
1

, e
2

, e
3 

various histograms are drawn. Hhen the dist.ributions 

are narrow, the quality of data is good. 

The parameters and histograms corresponding to the present series 

of observations will be described and shm.rn in more detail in Chapter 

Five. The Stokes parameters for the sky (I , Q , U ) in a \•Jide area of 
s s s 

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

3.5.10 Stokes Parameters of the Object 

By subtracting the sky values of I , Q , U from the I, Q, U of 
s s s 

all points on the plates, which 'tTere obtained in Section 3. 5. 8, the 

Stokes parameters of the Object are calculated. Using these par~1eters, 

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 instrwnental errors will be mentioned. 
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As a test, to determine if ar.y systematic error was indur:.::cl 

by the equipment itself, a nur~er of standard polarised stars (whose 

degree and angle of polarisation are known from other phc .o. 1 ··-ctric 

measurements) , were observed, slightly de focussed, on the sau,t ohs(:· ::-

ving run as the object in this thesis was observed. 

I i 
Star Tabulated valt!e I Our measurements 

I ' 

P% eo P% eo 

HD 43384 2.7 170 2.3 172 

HD 122945 0.1 56 0.3 I 69 

155528 4.6 93 4.3 
I 

90 HD 
' 

I HD 80083 0. 13 140 1.4 128 

Table 3.2: Comparison between our measurements and 

publishP.d values for polarised stars 

(Mathewson and Ford 1970 ) . 

Inspection of Table 3. 2 •~o~hich 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 good, co 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 th0 

sky. They have an emission line spectrum which is dominated by the 

forbidden lines of ions of common elements, such as [oiir] U. 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 

energy 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 interstell.~r 

matter. In many nebulae dense neutral condensations are scattered 

throughout the ionised volume. There is a tendency for t.i1e h:1·-: lonisetl 

gas to expand into the cooler surrounding neutral gas, thus decreasin0 

the density within the nebulae and increasing the ionised 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 

Peiresc 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 Nebula 

(M42) see Table 4.1. 

(1~0)1 Dec 
(1950) 

h m 0 
.. 

nr:: 32.9 -05 15 "--' 

I -

Table 4.1: 

Diameter f:;ance from 
.__he earth 

.. PC PC 

I 
JS 

I 
5 460 

-

Mass Vis;] 

1---

magni tudel 
(m ) mag. 

v 

~01--: J -

I 

Showing some astrophysical quant.i ties of 

the Orion Nebula (f-142) (Allen 1973). 
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The Orion Nebula is the most studied of all HII regions. J.! 

HII region in the Orion Nebula is partially embedded in the near edge 

of a large neutral complex ~rrhich contains the molecular clol"U ,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 

nGJ:.ula M43, \'lhich lies to the NE of M42. The electron density distri-

bution consists of a Gaussian distribution with a width of 3 .. or 4 .. 

3.5 -3 
(0. 5 PC) and central density of "-10 em centred very close to ·the 

Trapezium and optical centre (Balick et al 1974). 

Optically, structure can be found with all size scales (e.g. 

MUnch and Wilson 1962). The core region is the dark area near the 

centre, which its boundaries vary differently and give us their relution-

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 1 which is a thick cloud of neutral gas 

which has not yet been ionised by the stars, t.he optical filament or 

'bar' said to be an ionisation front of the dark cloud behind the 

ionised region (e.g. MUnch and Taylor 1974; Gull 1974) just above 

a2 
Ori, and the Dark Lane which seaparates M42 and M43, can all be seen 

in Figure 4.1. 
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3' 

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 star!J" 

are located. The southernmost of these, e1
ori is an 06 star though-c. to 

provide all of the ultra-violet excitation for M42 (Balick et al 1974). At 

radio frequency studies, Hjellrning and Gordon (1971) have reported 

4.3 -3 
that the electron densities are, Ne "' 10 ern and electron tem-

peratures, Te "' 10
4 

K in those regions, which contribute most of the 

line radiation. 

The work of Brocklehurst and Seaton (1972) who huve made 1'1 

careful analysis of the radio lim'! anc'l continuur.: ob~ervations, indicates 

a good fit to the data, for a peak of Ne"' 10
4

'
2 ~m- 3 , with the den

sity falling to a value of 10
3

'
7 

cm- 3 at a distance of 0.15 PC which 

3 -3 
is approximately 1" and to 10 em at 0.4 PC (3") where Tc is 

9500 K throughout. 
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Optical determinations of Ne and Te yield similar results. 

F'orbidden lines of a+ and S+ show peak densities reaching 105 cm- 3 

over small distances in the brightest regions (Danks and Mea. Ln :. ~ '.' i l; 

Osterbrock and Flather 1959). It appears that the temperature rises 

by "'20% (or more) from the centre of the core to the edge (Dohuski 

et al 1974; Osterbrock 1974). 

It has been indicated by Balick et al (1974) that, the ·ooundary 

of the nebula is quite cold (T c: 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~'lcentury. Several 

nebulae features with large proper motions have been identified within 

the Orion Nebula where the proper motions correspond to tangential 

-1 
velocities of up to "'70 Km sec (Cudworth and Stone 1977). A photo-

graph of the Orion Nebula is shown in Figure 5. 25 (with the polarisa1:ion 

map superim~osed on it.) In the following s~ctions we are ~ning 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. 
-1 

The velocities change from 8 Krn s (relative to the LSR) at 

-1 
about s~ tm of the peak near M43, to -2 Km s at the peak of the core, 

-1 
to "' -5 Km s 5~ 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 ca~ 

change rapidly between regions separated by only several seconds 

(Wilson et al 1959; Elliot and l-1eaburn 1973). 

-1 
Radial velocity of the HI! region ~ -2.8 K ms (Gordon and 

Churchwell 1970), average radial velocity of the Trapezium stars 

~+ 11 K ms- 1 (Johnson 1965) and densest HI gas observed in front ·~i 
-1 

the Orion Nebula has a radial velocity of "'6 K ms (Rarlhakrishnan 

et al 1972) . The difference in average radial veloci·ty 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 OMCl, which lies fairly close 

to the Trapezium cluster and contains some 500 M
0 

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
2
o masers, all of which are probably 

the result of the collapse of the molecular clouds. 

The temperature and density of the molecular clouds is highest 

close to the infrared sourcl'!:i, and it_ there fore seems very likely that. 

thl:'!re are the part::; of the clouds where grav.i 1:ational collapse and star 
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formation have been happening most recently. 

liJost of the dust in the Orion Nebula has prcbably come from 

the molecular cloud. Based on measurements of scattered lic.· · ~-~'Del J. 

and Hubbard (1965) concluded that the gas-to-dust ratio is higher ir. 

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 

22 -2 20 2 the Orion Nebula are 1.4 x 10 em and 5 x 10 em- where in 

addition to OH and H20, the molecules CO, CN, CS, HCN, H
2
co and CH

3
0H 

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 

colour excess observed in the Trapezium stars E (B- V) = 0. 35 (Schiffer III 

and l-tathis 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 HII region is established by Kutner and •rhadde\.is ( 1971), and the 

mass of this cloud within 2' (0.26 PC) of the KL Nebula has been estimated 

3 4 
to be at least 10 M \olith an upper limit of "' 2 x 10 M

0 
(Zuckerman 

0 

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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Molecular 
Cloud Consrdcrcd 

in Texr 

"l<i> • 1-o!----l,-..... J 0.07 PC 
0.26 pc • ... -~ f 

,·, 
!1---0.~2 p::---

1 
•-·-- 1 pc ?---'1~, More Molecular 

-..' Cloud 

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 PCi 

thus, 1 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 c~epth at H8 of 1. 5 - 2. 'l'hey havo indtcated that most of 
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t.he scdLtered light at visual t.,.avelengths arises from a fon~gro11 

shell of optical depth "'2. The neutral condensations, which seem to 

exist near the Trapezium, must therefore not scatter effil.ir···: ly, 

presumably because they are very small and possible optically u·,J.,::k 

in dust. 

Savage ( 1973) suggests that the ultra--violet scattered light 

from the nebula does not dominate t.he stars. 

Polarisation studies of the Orion Nebula (e.g. Hall 1974; 

Pallister et al 1977) ~1hich 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 ~ has been found which is 

parallel and adjacent to the HI- HII inte:c:face in the Orion Nebula 2 ~ 

southeast of the Trapezium (Becklin et al 1976). The bar structure 

is nearly as bright as the brightest part of the nebula (Gull 1974). 

Becklin et al(197~, interpreted the emission coming from h:ated dust 

whose density at the interface is an order of magnitude higher than 

that inside the lUI region, where the source of luminosity for: this 

emission is shown to be the Trapezium stars. 

This io11isation front has been shown in the work of Palli.ster 

et al (1977), and their interpretation suggested that the bar is 

_l 2 
physically closer to ~ than to e in spite of its projects position. 

e2 
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 agreement with them and Nill be discussed in the next cl;.:.tpc· .. ·. 

The ionisation front is in an ideal confiCJu;-:ttion for studying 

the distributions of dust and gas near the boundary of an H.II ~,. r1j n:1. 

As the optical radio and infrared observations indicate, the HI·· IH I 

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 Jl and 20 Jl (Osterbrock 1974). One, the Ney Allen source 

is centred approximately on the •rrapezium stars while the second region 

is centred approximately on the brighter inf.rared point source (often 

called the Becklin-Neugehaur object) and lies in the centre of Ol'iCl about 

1~ northwest of Trapezium. 

Both these peaks, or 'infrared nebulae', as they have been called 

(the first is known as the Trapezilli~ nebula, the second is known as the 

~ 

Kleirunann-Low nebula), have angular sizes of the order of 30 to 1 • 

Another complex of infrared and molecular emission which is 

'\.12 northeast of the Trapezium has been found by Gatley et a.l (1974), and 

they have labelled it as the Orion Molecular Cloud 2 (0!-1C2) . It has been 

detected with a peak intensity of 3 x l0-23 W m- 2 Hz- 1 at 69 Jl (Fazio 

et al 1974) and appears to be smaller than 1.5~, where the position of the 

peak is RA (1950) = 5h 33m as, Dec (1950) =-5° 12.3~. It seems that in 

the infrared Trapeziwn nebula, the dust. particles are heated by the absorp-

tion of ultraviolet (giving rise t.o 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. Li 1tewisC' ·trr 

dust observed as the Kleinmann-Low nebula is heated by absorption of 

shor·;:.er wavelength radiation probably emitted by, or ultima t, .:1 ch.Jf! 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 K.leinmann-Low nebula may emi.t 

polarised radiation in the far-infrared ( "-' 100 j.J.m) 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 ef fect.s. 

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 ~L and 10 J.l. {Gendin and z.atrofanov 1975), where their polarimetric 

data has yielded an estimate MKL ~ 10
4 

M
0 

for the mass of KT... nebula. 

They indicated the fact that the polarisation is related to the absorption 

and the fact that circular as well as linear polarisation is observed 

implies that the polarisation develops when the BN radiation passes 

through an ensemble of abso:r.bin.g, aspherical, aligned grains, which act 

like ~ 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 

.t 
of the infrared polarisation is similar to that observed optically. 

The polarising mechanisms may differ, since the optical polarisation can 
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arise from scattering of light by randomly aligned particles wher•~c· 

the infrared effect has been attributed, by Dyck and Beichman (1974), 

to a polarising screen of aligned grains. 

Dyck and Beiclu"TTan (1974) assumed that the alignment w;:,s caused 

by magn·~tic fields, but Pal lister et al (1977) indicate t.hat there is 

no evidence for this at optical wavelength. 

In the work of Beichman and Chaisson (1974) it has been 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 
6 10 gauss} regular magnetic field exists perpendicular to the 

line of sight. 

4.3 General Remarks on M43 

NGC 1982 (M43i, is a small diffuse nebulae in the sky, wit~~ 

approximately the same distance as M42 from the earth and lies 10 to 

the N.E. of M42. 

Although it is partly cut off from NGC 1976 by foregrouud 

extinction, radio-frequency measurer:1ents show that there is a real 

density minimum between the two nebulae (Ostcrbrock 1974). 

NUOri is the exciting star of M43 which is a B1Vst.ar and in 

studies of far-infrared emission from HI! regions (Harper 1974), IRe4 

is a source which has been observed in the Orion Nebula region at 

infrared wavelengths with the 91 ~emission from the region near NUCr 1 . 

M43 has been detected with a peak intensity of (1 ± 0.5) x 10- 16 

-2 1 -1 Wm H - f: r (Fazio et al 1974) where the size of the source is 
z 
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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, ~chrc~l and 

Merzger 1969). 

~stance l -.-----·-
RA 

Mass of the Radial vel- Visual Diameter 
from the ionised ocity of HII magnitude of the 

(1950) 
earth Hydrogen region (Mv> HII region 

h 

OS 

PC (NHI I) (VLSR) 
"' -1 m 0 

l-10 K m sec 2 mag 

33.1 -05 18 460 1.3 8.4 9 

Table 4.2: Showing some astrophysical quantities of M43 

(Allen 1973, Schrarnl and Mezyer 1969)VVhere: 

Electron Density - N 

Electron Tem~erature - T 

e 

e 

-3 610 em 

5800 K 

Rs 

0.56 

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 the present series of data we are going to present an 

optical polarisation map uf this object. 

p 
c 

I 
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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 spectr\~; 

the second is the light reflected by the dust, but originating in the 

ill~inating stars themselves. 

Also, the observations of the He II A 4686 absorption line in tile 

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. 'rhe obserVCI.tions show, in the Orion Nebula, that the infrared 

radiation is far g1:eater than the free-free and bound-free continuous 

radiation predicted from the observed H a L·acJio-frequency intensities 

(Osterbrock 1974). 

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 stan; embedded in t.he nebula and polarise it in 

the process (see for instance, Hall et al, 1974 and references therein). 
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Infonnn.tion on polarisation coupled with spectral data (oP. br•i: h 

direct and scatt.ered stellar continulUTI and nebular emis:;;ion) will yield 

information on the number density, size and composition of tlh! particles. 

'rhis 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 th~ Orion Nebula 

makes it an ideal subject to study with the nebular polarimeter described 

in Chapter 3 o.f this thesis. 

Accordingly in November 1976, a ser:ies 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 em. McMullen electronograph camera, on 

the 1 meter telescope of the Wise Observatory, Tel Aviv University, 

Israel. The V wavebru1d 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 polaz·isation for over 8550 points 

in the Orion Nebula. 

5.2 Technique 

'l'he 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 of the ... rion 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 r 2giu:' .-_,, --rved, 

give intensities i 1 - i 8 corresponding to components 0°, 90° ; 

45°, 135° : 90°, 0° 135° ·s0 
f h d' · d f 1 • , 'i. ; o t e ra 1.at~on measure rom t 1e 

north, called plates 1, 2, 3, 4 respectively. 'fhe procedure adopted j_s 

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 1 f
1 

1
. and 1 t

2
' given by 

equations 3.3 and 3.4. These two estimates, which are of the same 

quantity, must agree with each other, unless one of the densities 

(i1 - i 8 ) from which they were calculated is inaccurate. As there is 

no straightforward way to deduce which is the incorrect value, the 

comple·te set of eight canponent densities must be omitted from the 

summation. 

The photocathode response factor 1 f 1 used was the average of 

f
1 

and f
2

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

the distributions of the estimates f
1 

and f
2 

of the photocathode sen

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

Nebula. The scatter plot of f
1 

against f
2 

which is shown in Figure 

5.4 yields the expected straight line at an angle of 45°. 

5.2.2 Exposure Factors e
1

, e
2

, e
3 

The exposure factor 1 e
1 

1 is the ratio of the to1:al amount of 

light received on electronograph 2 to electronograph 1, which normalises 
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IG.S-1 FLOW DIAGRAM OF THE FOUR PLATES 

ANALYSIS. 
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the intensity from plate 1, to the intensity of plate 2 and in g. . 

by equation 3.6. 

For plates 3 and 4, the exposure factors 1 e 1 and 'e 1 \oJel·e useJ 
2 3 

and are given by equations 3. 7 and 3.8. Figures 5.5, 5.6 and 5. 7 '~ho~r; 

a frequency distribution of the estimates of the exposure factors e
1

, 

e
2 

and e
3

• 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 south 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 Stokes parameters 

By using_ equations 3. 9 to 3. 19 for the intensities, of the four 

plates, the values of I, Q1 , Q
2

, u
1

, u2 were calculated. Since 

Q = CQ1 + Q
2

)/2 and U = (U 1 + u
2
)/2, the Stokes parameters I, Q, and U 

for objects combined with the sky are obtained and indicated by IT, ~ 

and UT. Then a histogram of sky intensities gave the intensity level 

of the sky I
5

. QS and Us factors for the sky alone were determined 

from the histgrams of QS and US at the intensity level of the sky (I
8

). 

By subtracting the values of I~, Q and U from the IT, 
i:.' s s 

UT, the Stokes parameters of the object ltself (I, Q, U) were 

calculated. 

<2r and 

Figures 5.11, 5.12 and 5.13 sho1r1 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 S.14, 5.15 and 1.6. 

5.2.4 The Degree of Polarisation P and Angle 9 

. P ( 2 2 ) 1:2 I d P = ( Q22 + u '22) 1:2 I I , the S~nce 
1 

= Q
1 

+ U 
1 

I, an 
2 

of the angle are calculated from 

obtained, and the 

1 -1 (Ul} 
6 1 = 2 tan ( Q 

1 
) 

By using the equations 3. 24 and 3. 25, the c•egree 

two e~·cimates of the degree of polarisation P
1

, P
2 

are 

1 -1 
2 

tan 

and 

of polarisation P at the angle 6 is calculated. 

Figure 5.17 shows some of the pola.risation 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 electranograph, 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 f/
13

_
5 

focus, for the central part of the telescope image, 

plane geometry will be sufficiently accurate to describe t.1e trans-

formation from the x-y co-ordinate system to the RA (a) and Dec (.cS) 

system. By using the same procedure described in Section 3.5.3 and 

the two equations: 
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2.2 -'l.U -2.1 -4.9 
'•0 4.1 -20.2 -t.,P 
1. ~ -?:". q -e. t. -2·J.4 
'..b -7S.1 -37.~ -~2.2 
4.2 -23.'5 -11.8 -17.4 
3o1 -23.'; -2Uo9 -26.8 
1.4 -L2 0 7 -22o8 -34.J 
1.4 -3c;.~ -3~.~ -30.4 
3.5 -1".~ -17.9 -1~.9 
3.2 -40.~ -l~.4 -30.7 
3.6 -:!1.: ··'·1· 'I -::!7.1 
4.3 -l~.o; -5.6 -c.7 
6.C -3J.~ -3~.7 -1C.5 
4.4 -}C 0 2 -3 0 fl -1(,7 
5.0 -2~.~ -1?.0 -26.3 
3.5 -za.- -<;.9 -l~.o 
5.!:1 -21." -:~.c; -7::.9 
~.f. -I~.~ -)3.4 -2~.1 
7. 7 -2'1. 3 -· ?~. ~ -27,2 
~-~ -17. .. ' -18.!> -l'i.3 
l.c; 2~-~ 44.2 32.7 
l.G A.' 1C.; ~.6 

A.a 2° 29.2 29.13 
S.t: ,c."< 2G.2 ~r..o 

5.J 1l.? 15.3 1~.9 

"·-~ 4:.7 3!1.2 .r..r..c. 
4.6 ~9.4 36.4 37.~ 

5.~ !1.~ !2.3 14.~ 

~-' -:.2 7.g ~.6 

'-·· -~.11 -18.4 -q.6 
z.r. 24.2 23.8 24 •. :> 
1.1 1~.e 20.1 2C.3 
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--- 5% Polarisation 
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The polarisation map from electronographs 1-8 aligned 

by eye for centra::. re9ion of the Orion Nebula. 
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A + BX + Cy 

= D + EX + Fy (5. 2) 

the transformation coefficients will be found, where ( a , 6, •. , 'J) 

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 (a, O) system, are presented in 

Figures 5.21, 5.22 and 5.23 individually. Figure 5.24 shows the whole 

polarisation map of the Orion Nebula, whlch is a combina·tion of the 

three sets of data results. 

The length of each line is directly proportional to the dr::gree 

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 ~e 
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Figure 5. 21: 

RA (1950) arc sec 

The optical linear polarisation map of the Orion Nebula 

The origins arf': RA OSh JJ·n .... 15s 
Dec-Q5Co 3~ OG. 

(central region) 
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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 i
1 
-i

8
• 

However some estimate of the relative errors on various point~ 0n tll€ 

plate can be made by examining the variation of the difference bet\"een 

the two estimates of the degree of polarisation P 
1 

- P 
2

, and that between 

the angles, a
1

- a
2

, with the intensity and degree of polarisation 

measured. It has been mentioned (Section 3.6) that the instrumen:.:.al 

errors can be ignored. 

2 2 ~ 1 -1 u 
Since P = (Q + u ) /I and 9 = 2 tan Q , one \"ould 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 values P
1 

- P
2 

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 i·tself, 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, P
1 

- P
2

, with intensity, for various intervals 

of the degree 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, P
1 

- P
2

, 

is greater than for lower intensity regions, than for the more intense 
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bri~,Jhler regions of the nebula. 

For low values of the degree of polarisation 0% ~ P ~ 2%, value 

of the P - P can be as great. as 0.6% for the fain-. regions of the 
1 2 

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, sho"ling that the error is not so nearly dependent 

on the intensity as for higher values of the polarisation. As the 

degree of pola~isation increases the value of P1 - P
2 

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 P
1 

- P
2 

is less than 0.1%. 

The nonlinearity in the digitisation process of the electronograph 

is another factor. Although this effect is allowed for in the reduction 

technique, for large values of the degree of polarisation, this effecL 

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 relationshlp between the difference of the 

two estimates of the angle of polarisation measured, el - e2, with 

intensity for the same intervals of P as for Figure 5.27. 

It can be seen from F'igure 5. 28 that the error or. ~-he angle 

measured is less dependent on the intt!nsity, a::; wrJuld Le exJ:>eCted, 

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 e
1 

- e
2 

is slightly greater, of the order of 10° 
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for low intensity values falling to 3° at the higher intensity le•Je·!.·: 

5. 5 Description of the observed Optical Polarisation c•f trw 

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 that the degree and angle of polru:·isation 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. A 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 (9
1
ori), 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 of the particles and the 

scattering geometry. 

2 
As one can see from Figure 5.25, in the region around 9 ori, 

the pattern tends to centre on 9
2 

rather than on the Trapezium, also 

the position of t~e 'bar' said to be an ionisation front which runs 

north-east - south-\-lest, is just below 9
2 

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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Furtliu:lrmore, in order to see clearly the area illuminated by 

8
2 

ori and the position of the bar, figure 5.22a is presented here. This 

has a larger scale than figu~e 5.22. It can easily be seen that a 

lar~ir area around e2 
ori ~s illuminated by this star than is indicated 

by the work of Pallister et al (1977). This shows the important role 

of e2 
ori in the illumination of the Orion Nebula, in addition to 

e1 
ori. Also two solid parallel lines are drawn along the position 

of the bar, to show this regie~. The orientation of the polarisation 

vectors in this region indicates.the transition of light in the area 

between two sources of illumination, e1 
ori and e2 

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 tr'e light 

we see is the sum of the scattered and emission components of the 

nebular light. Only the scattering effect is expected to shmo~ 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 (197 4) for central regions of 

the Orion Nebula shows that the degree 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 

9
1 . or1.. 

To find this, a plot of percentage of polarisation against distance 

from 6
1
ori has been drawn and is presented in Fio;Jure 5.29. The values 

of tbe error 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 presP.nt 

results with those measured by Hall (1974), a plot of percentage 

polarisation against distance from e1 
ori has been drawn, using our 

results and an average of those measured in the continuum by Hall. 

From figure s.29ait can be seen that in general the two plots agree, 

but there is some discrepancy, especially for those points near e1 
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 are ran-

domly distributed, a plot o f degree of polarisation versus distance from 

the trapezium (in a north east-. south.Mest 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 compared with that for the angle of polarisation. 

Firstly, the B measurements include a contribution from the 8
6 

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 197aft) 

it will tend to increase the effective noise shown in a correlation plot 

of the one setof da~a 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. 

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

t t 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, corresponding to the same point in the nebula. '£he px. ·::.sent 

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 observa

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 degree 

of polarisation for the B and V measurements. If there is good agree

ment between the measurements the points should lie close to a ltne at 

45% to the axes. Although the general trend is a line at 45°, the 

points are widely scattered about this line as shmm in Figure 5. 30, 

which indicates that there is some discrepancy between the t\<IO 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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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 t~chnique 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 or NGC 1982. It is partly 

cut off from M42 by foreground extinction in the area of tl1e 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 Observatory1 

Israel, in November 1977. The V waveband of the UBV system was used. 

The technique is the same as that used for M42. 

•rhe 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, 

proportional 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 Hll region is 2Rs "' 0.56 PC 

(Table 4. 2) or about 4. 3 , the Stromgren sphere with this diameter 



Figure 5.32: Results of the present observations of the linear 

polarisation of M43 superimposed on a red photograph. · The 

white circle shows the extent of the Stromgren sphere. 
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can be discerned from Figure 5.32. The picture suggests that sin-:.:e 

the area running north-west - north-east, is located outside this 

sph~re, there is no evidence for emission in this region and the degz:ee 

of polarisation is relatively high. 

.. 
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CHAPTER SIX 

IN'rERPRETATION OF THE RESULTS 

6.1 Geometry of the Orion Nebula and M43 

The Orion Nebula has the advantage of presenting the x·egional 

variation of its physical characteristics, for observation because of 

its proximity (at a distance about 460 pc) as well as its relatively 

small interstellar extinct.ion. 

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 presen~n 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 tl1e 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 e1
ori which is an ionised 'cavity' 

partially imbedded in the near edge of a large ne~tral 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 t.he nebula. Over a large fraction of the map 

there is a centrosymmetric pattern of polarisation vector orientations. 

This pattern is centred on e1 
ori, and an interpretation of this eff,ect 

is that the pattern is due to the scattering of light originating in 

e1ori 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 most 

of the Orion Nebula is illuminated by e1
ori. However, in the region of 

2 
6 ori where the polarisation pattern is more complicated, the pattern 

tends to centre on e2 
rather than on the Trapezium, suggesting that this 

area of the nebula is mainly illuminat.ed by e2 
There is independent 

2 
evidence of e 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 

MUnch and Wilson (1962>" and Taylor (1974). Their suggestion of the con

densations being illuminated by e2 is supported by the pattern of the 

polarisation in this area and the results obtained by Pallister et al 

(1977). 

The position of the Kleinmann-Low infrared nebula is indicated on 

Figure 5.25. The direction of infrared polarisation is similar to that 

observed optically. 



- 70 -

0 

FLuiD Figure 5.32 one can see again over a large fraction of the 

linear optical polarisation map of M43, t.hat 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 Dar1·. Lane, 

the orientations of the polarisation vectors differ from those expectec"., 

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 ~lathis, 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 rnodel of the 

Orion Nebula based on an assumption that the nebula is composed of gaseous 

clumps surrounded by vacuum space. 

The scattered light is diluted by direct nebular emission, \vhich 

does effect the percentage of polarisation, but not the polarised inten-

sity. We present a simple model of the Orion Nebula as a spherically 

1 
synunetric optically thin dust cloud with 6 ori at the ~.:entre. Then we 

compare the total and polarised intensity of our measurements with these 

predicted by the theoretical model. The scattering geomet~' of the 

model is shown in Figure 6.1, and Table 6.1 presents the parameters used 

in this model. 



· FIG. 6·1 
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- - - . 
Rl Radius of dust cloud I 

R Distance between the star and scattering parti:le-~ 
l Distance of the star from line of sight l 

I 

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

e Scattering angle 

L Luminasity of the star 

1. Direction in line of sight 

a Cross section of elementary cylinder 

2n 
wave number K = ). 

D Distance between observer and plane of scattering 

Table 6.1: Parameters used in the present model of the 

Orion Nebula. 
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First we consider the number of dust particles per 11nit vulur:u.: 

to be: 

n(R) 

and 

= 0 

for 

for 

R < R 
1 

R > R 
1 

The intensity of incident light at the J?Oint P in the optically t!":in 

case is: 

-2 -1 
erg em sec (6. 1) 

The scattered in·tensity at the point of observation from a particular 

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

where 

and 

I 
0 

I 
R 

(6. 2) 

(6. 3) 

(6. 4) 

s
1 

and s
2 

are complex amplitude functions defined in Chapter 2. •rhe 

number of particles in the elementary cylindet· is equal to n (R) a c1 Z. 

Therefore the total intensity at the distance .R. (integrated along the 

line of sight) is: 

z 
'1' f OIO n (R) adz (6. 5) I 
0 

-Zo 

'l'ransforming from z to 6 for a gi\_'en .e. gives 

z .R. c.ot6 
and 2 

dZ = .e. cos sec e de 
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Hence 

= (6. 6) 

At the observer, in terms of unit solid angle (solid angle = ·-· 1) 

D 
for the total intensity we have 

f -a1 
o2.t I 

0 

el 
= 

2 nCR) cosec 6 d8 (6. 7) 

Using e·quations (6 .1) and (6. 2) : 

= 
L 2 

• n(R) cosec a d6 (6.8) 
4TrR

2 

As, R = l cosec a , \.lSing equatiOns (6.3) and (6.4): 

'IT-61 

IT = ~ • i r (I 51 (8) 12 + I 52 (6) 12> 
81TK {, 

1 

n (R) de (6.9) 

Where s
1 

(6) applies to the electric vector 1Jerpendicular to the plane 

of scattering and s
2

(6) for parallel to the plane of scattering. 

The polarised intensity is given by the difference between contri-

butions from r
1 

and I
2

, so: 

I 
p 

L 
Tr-61 

I J <ls1 (6) 12
- ls 2 <e> 12> n(R) d6 

61 

(6.10) 

In the case of Rayleigh scattering for I
1 

and I 2 Van de Hulst (1957) 

gives: 

and 

= 

Is (6>1 2 
2 . 

where a is the polarisability. 

= (6. 11) 

= 61 12 2 K a cos 6 (6. i2} 
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Thus in this case we Have: 

T 
... T 

[61 2 
(1 + cos 9) n(R) d9 

and 

I 
p 

1 

rr-9 

-~ll 
1 

ASSuming a power beam falls off in the form of: 

n(R) 

There fOr e. : 

IT = 

and 

I = 
p 

Considering 

c = 

= 
n 

0 

LK41al2n 1T-91 

lll!Lm + I o ~ 
1 

4l 
1
2 n-e1 

U< a n [ 

Bnlm + 1o 1 

LK41al2n 
0 

an 

the general. equations for I and I 
T p 

n-e 1 
I (.f.) = 

T tmc+ I~ 
and 

w:here, 

I (,£) 
p 

= 

-1 
sin 

2 m 
(1 + cos 9) sin 6 d6 

. m + 2
6 sJ.n d9 

will be: 

(6.13) 

(6.14) 

(6.15) 

(6.16) 

(6.17) 

(6.18) 

(6 .19) 
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Evaluating these integrals for particular values of rn gives: 

m = 0 

IT(!) 
c 

(3'IT - 681 - sin 28
1

) (6.20) = 2l 

I <l> c 
('IT - 28 1) (6.21) = u p 

rn = 1 2C cos .a 1 1 2 I (!) = (1 + cos 61) (6.22) 
'1' ,e2 3 

2C cos e1 1 2 
I (l) = (1 - cos 61) (6. 23) 
p ,e2 3 

rn = 2 

I {i.) c 
(10 ('IT- 281) + 8 sin 26 + sin 461) (6.24) = 

T 16£.3 1 

(l) 
c 

( 6 ('IT- 291) + 8 sin 28 - sin 481) (6. 25) I -
1Gl

3 p 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 IT (Logarit~ic scale) with 

distance of each data point from 8
1
ori in arc sec for both Theoretical 

and Observational cases, Figure 6. 3 sho1r1s the same variation of I • 
p 

We normalised the polarised and J total intensity of predicted data 

points with those obtained by 1:he observation, where the normalisation 

factors are respectively 

I observational 
p 

I theoretical 
p 

IT observational 

IT theoretical 
) . 
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In these figures 1 the observed data points are represented :r.- • ~-1~e 

squares 1 the size of error bars indicating the error. '£he predic-ted 

data points after normalisation by c
1 

are represented t:y U;e solid line 

and those after nonnalisation by c
2 

are represented by the dasb-~r:.--:. l.i • r 

As one can see from Figure 6.21 the predicted data points afLer 

normalisation by c
2 

agree well with the observed data paints, but thos··! 

normalised by c
1 

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 c
1 

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 reglons 

of the nebula. 

In this work some physical proper·ties 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 e1
ori in the centre, in the region around e2

ori, 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 e2ori. 'Oot 
Jti&kea~ the direction of infrared polarisation is\lsimil.:.r to that 

observed optically in the Orion Nebula, the polarising mechanisr..s may 

differ, since the optical polarisation can arise from scattering of 

light by randomly aligned particles, \othereas 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 contest 

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 Mie scattering dominates in this nebula. More 

information is needed to find a general model for this astronomical 

object .. 

In conclusion, therefore, present technique provide~ 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 Kleinrnann-Low nebula. Their results and the present 

measurements of the optical pol~risation in terms .ot" 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 0 RA Dec 0 

(1qt;Q\ (1950) e (1950) (1950) e 

!f s . 
? s 

A 3fl 46.4 -50 24 .. 17 .... 109 ± 3 3-fl 46.2 -so 24 .. 19 .. 165 ± 1 

B 5 32 46.8 -5 24 22 106 ± 3 5 32 47.3 -5 24 28 171 ± 2 

c 5 32 46.8 -5 24 28 77 ± 4 5 32 47.3 -5 24 36 159 ± 2 

D 5 32 46.8 -5 24 33 106 ± 16 5 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 thos~ 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 Ori.on 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 e ori from randomly aligned 

grains. 
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