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ABSTRACT 

T h i s t h e s i s contains an account o f some o f the work undertaken 
by t h e author w h i l e a member o f t h e Astronomy Group a t the U n i v e r s i t y 
o f Durham. The work o f the group i n v o l v e s the measurement and 

. . i n t e r p r e t a t i o n o f the l i n e a r p o l a r i z a t i o n i n nebular astronomical o b j e c t s . 

The i n i t i a l chapters b r i e f l y describe the theory o f p o l a r i z e d 

l i g h t and the. method o f observing l i n e a r p o l a r i z a t i o n , along w i t h an 

i n d i c a t i o n o f the techniques i n v o l v e d when analyzing the data. 

Chapter t h r e e i s a review o f recent work on i n t e r s t e l l a r grains 

w i t h a siammary o f the present ideas on the nature o f the g r a i n s . 

The next chapter summarizes t h e observations o f the p e c u l i a r o b j e c t 

n Carinae and i n the f o l l o w i n g chapter, a p o l a r i z a t i o n map o f the n e b u l o s i t y 

around n Carinae i s presented and a model determined t o account f o r the 

observed l i n e a r p o l a r i z a t i o n . The model i n v o l v e s the assumption o f a 

b i p o l a r type geometry f o r n Carinae w i t h a s i z e d i s t r i b u t i o n o f s i l i c a t e 

g r a ins o f t h e form 

p 0.85 
n(a) = exp -[f/0.022_ 

and i t i s found t h a t g r a i n s o f .15y c o n t r i b u t e most t o the s c a t t e r i n g a t 

o p t i c a l wavelengths. Using the same d i s t r i b u t i o n i t i s found t h a t maximum 

emission a t lOy can be expected from grains o f size . l y . 

The f i n a l chapter contains observations o f the l i n e a r p o l a r i z a t i o n 

i n the Carina Nebula i n t h e r e g i o n o f n Carinae, and the r e s u l t s are 

i n t e r p r e t e d i n t h e l i g h t o f present ideas concerning n Carinae and i t s 

r e l a t i o n s h i p w i t h t h e Carinae Nebula. I t seems t h a t the l i g h t from 

n Carinae i s being r e f l e c t e d by clouds i n the Carina Nebula. 
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INTRODUCTION 
' ' ' ' 

"Spiarred by d i s c o v e r i e s o f e l l i p t i c a l p o l e i r i z a t i o n , by the 

combination o f photometry and p o l a r i m e t r y , by the i n t r o d u c t i o n o f new 

computers and instruments, i n c l u d i n g those on spacecraft and by the growing 

r e a l i z a t i o n o f the usefulness o f these techniques when supported by w e l l -

developed i n t e r p r e t i v e t h e o r i e s " (Gehrels, 1974) there has, i n recent years, 

been a wave o f a c t i v i t y i n p o l a r i m e t r y . 

With most astronomical problems, there, are many parameters t o solve. 

For example, the geometry and aspect o f a r e f l e c t i n g o b j e c t w i t h respect t o 

the l i g h t source must be determined o r assumed and t h i s may be complicated 

by'a dependence on wavelength as i n the case o f planetary atmospheres where 

p e n e t r a t i o n depends on the wavelength o f the i n c i d e n t and emergent l i g h t . 

Also dependent on the wavelength i s the complex r e f r a c t i v e index and the 

number o f s c a t t e r e r s o r o p t i c a l depth o f atmosphere,. D i s t r i b u t i o n o f sizes 

and shapes o f p a r t i c l e s must also be determined and whether o r not they 

are p r e f e r e n t i a l l y a l i g n e d . 

I n order t o solve f o r a l l these parameters many independant 

phenomena must be observed. Since t h e o b j e c t i s extremely remote, s o l u t i o n 

o f t h e astronomical problem r e q u i r e s t h a t observations o f the l i g h t e m i t t e d 

o r r e f l e c t e d by the body be made i n the f u l l e s t d e t a i l , and hence the need 

f o r l i g h t s c a t t e r i n g t h e o r i e s i s obvious. 

From the beginning the development o f l i g h t . s c a t t e r i n g t h e o r i e s 

has been l i n k e d w i t h astronomy. Computations on the r a d i a t i o n pressure 

exerted on p e r f e c t l y conducting spheres were made before 1900 i n order t o 

e x p l a i n t h e theory o f comet t a i l s . . Since 1930 much a t t e n t i o n has been 

peiid t o the o p t i c a l p r o p e r t i e s v i z s c a t t e r i n g and/or e x t i n c t i o n o f i n t e r 

s t e l l a r grains.. L a t e r work on s c a t t e r i n g by c y l i n d e r s was aimed a t 

e x p l a i n i n g i n t e r s t e l l a r p o l a r i z a t i o n , 



• • V ' • • • . . • . ' • • 

Laboratory work i n f o r m u l a t i n g p h y s i c a l and chemical t h e o r i e s 
o f the p r o p e r t i e s o f such grains i n t h e ambient gas and r a d i a t i o n f i e l d 
have complemented the basic data which should be obtained over as many 
parameters as p o s s i b l e . Therefore, r e s u l t s o f radioastronomy, spectroscopy, 
photometry, r a d i a l v e l o c i t y s t u d i e s , and d i r e c t photographs and v i s u a l 
observations should be added t o those o f p o l a r i m e t r y over as l a r g e a : range 
o f wavelengths and phases as p o s s i b l e . 

T h i s i s e s p e c i a l l y important i n o b j e c t s such as the Carina Nebula 

which p r e s e n t s t r i k i n g l y d i f f e r e n t appearances a t d i f f e r e n t wavelengths. 

Also i n n Carinae, vrtiere previous observations have suggested a p a r t i c u l a r 

geometry and g r a i n type as the nature o f the s c a t t e r i n g p a r t i c l e , present 

p o i a r i m e t r i c observations may a l l o w the determination o f a s i z e d i s t r i b u t i o n 

o f g r a i n s , b u t fut\are p o i a r i m e t r i c observations along w i t h techniques 

p r e v i o u s l y mentioned, a t d i f f e r e n t wavelengths, w i l l be very important i n 

completely d e t e r m i n i n g t h e nature o f t h i s p e c u l i a r o b j e c t . 



CHAPTER 1 

POLARIZED LIGHT 

1.1 WAVE POLARIZATION 

L i g ^ t i s a s u p e r p o s i t i o n o f many electromagnetic waves, each 

e x h i b i t i n g t r a n s v e r s e , s i n u s o i d a l v i b r a t i o n s , and s a t i s f y i n g Mcixwell's 

Equations. The d i r e c t i o n and amplitude o f each wave i s chciracterized by 

i t s e l e c t r i c f i e l d v e c t o r E_ and i t s magnetic f i e l d vector H. 

C.G .Stokes (1852) was the f i r s t t o i n v e s t i g a t e i n d e t a i l the 

phenomenon o f ' p o l a r i z e d ' , as opposed t o 'natureil' l i g h t . He defined 

n a t u r a l l i ^ t as :-

' L i g h t which i s incapable o f e x h i b i t i n g r i n g s o f any k i n d when 

examined by a c r y s t a l o f Icelcind spar and an analyzer or by some 

e q u i v a l e n t combination'. 

T h i s i s e q u i v a l e n t t o saying t h a t , on average, n a t u r a l l i g h t has no 

p r e f e r r e d o r i e n t a t i o n f o r t h e d i r e c t i o n o f i t s E ve c t o r . 

P o l a r i z e d l i g h t , on th e ot h e r hand, a r i s e s when the d i r e c t i o n o f 

v i b r a t i o n o f th e l i g h t i s r e s t r i c t e d i n some manner from i t s n a t u r a l random

ness. 

Ploine p o l a r i z a t i o n a r i s e s when the v i b r a t i o n s are confined t o one 

plane. When the plane o f p o l a r i z a t i o n o f p o l a r i z e d l i g h t r o t a t e s w i t h time, 

eind t h e a n ^ j l i t u d e o f v i b r a t i o n v a r i e s , e l l i p t i c a l p o l a r i z a t i o n occurs, i f 

the amplitude o f v i b r a t i o n o f e l l i p t i c a l l y p o l a r i z e d l i g h t remains the same, 

th e l i g h t i s s a i d t o be c i r c u l a r l y p o l a r i z e d . Mixtures o f these d i f f e r e n t , 

p o l a r i z a t i o n s are found i n nature. 

1.2 THE STOKES' PARAMETERS 

The p o l a r i z a t i o n o f a beam o f l i g h t may be completely chciracterized 

by f o u r v e c t o r s : I , Q, U and V, which were introduced by C.G.Stokes (1852) 

as f o l l o w s :-



'When euay number o f independent p o l a r i z e d streams o f given 

r e f r a n g i b i l i t y cire mixed together, the nature o f the mixture 

i s completely determined by t h e values o f f o u r constants which . 

are c e r t a i n f u n c t i o n s o f the i n t e n s i t i e s o f the streams, and o f 

t h e azimuths and e c c e n t r i c i t i e s o f t h e e l l i p s e s by which they are 

r e s p e c t i v e l y c h a r a c t e r i z e d , so t h a t any two groups o f p o l a r i z e d 

streams which f u r n i s h t h e same values f o r each o f these f o u r 

constants are o p t i c a l l y e q t i i v a l e n t ' . 

An extension o f t h i s i s t h e ' P r i n c i p l e o f Equivalence' which s t a t e s 

t h a t i t i s i u ^ j o s s i b l e by means o f any instriunents t o d i s t i n g u i s h between 

"various incoherent sums o f electromagnetic waves t h a t may together form a 

beam w i t h t h e Stokes' Parameters ( I , Q, U, V). 

Hence, t h e r e i s o n l y one k i n d o f n a t u r a i l i g h t w i t h ( I , Q, U, V) 

= (1, 0, 0, 0) wliich t h e o r e t i c a l l y may be composed o f waves i n an i n f i n i t e 

vzuriety o f ways. 

The e s s e n t i a l p r o p e r t y o f the Stokes' Parameters i s t h e i r a d d i t i v i t y 

i n the s u p e r p o s i t i o n o f two independent beams o f l i g h t , corresponding t o the 

absence o f any i n t e r f e r e n c e . 

The f i r s t parameter I represents the f l o w o f energy per vi n i t area, 

t h a t i s , t h e i n t e n s i t y o f the beam. The other parameters have the same 

dimension. 

The second parameter Q i s a measure o f the h o r i z o n t a l preference 

d i s p l a y e d by the E-vector. That i s , i t i s a measure o f the d i f f e r e n c e 

between p o l a r i z a t i o n forms h o r i z o n t a l and v e r t i c a l (-«—>• - ) . Hence Q 

w i l l be p o s i t i v e f o r a p r e f e r e n t i a l h o r i z o n t a l p o l a r i z a t i o n form, negative 

f o r t h e reverse and zero i f no preference i s shown. 

The t h i r d parameter U i n d i c a t e s the preference between'directions 

+45° and -45° ( ^ - ) being p o s i t i v e f o r p o l a r i z a t i o n forms cl o s e r t o 

+45° than -45°. 



Q eind U d e f i n e an angle G, r e l a t i n g t o the d i r e c t i o n o f l i n e a r 

p o l a r i z a t i o n , o r t h e azimuth o f t h e major axis o f e l l i p t i c a l p o l a r i z a t i o n , 

isuch t h a t 

tan 26 = ^ 

The f o u r t h parameter V describes t h e sense o f t h e e l l i p t i c a l 

p o l a r i z a t i o n being p o s i t i v e f o r right-handed forms,negative f o r left-handed 

forms, and zero f o r l i n e a r forms. 

As measurable i n t e n s i t i e s r e f e r t o a sup e r p o s i t i o n o f many simple 

waves, w i t h independent phases, t h e Stokes' Parameters o f an e n t i r e beam 

o f l i g h t are given b y t h e sums 

I = E l l , Q = ZQi, U = EDi, V = EVi 
i 1 i - - i 

where t h e index ' i ' denotes each simple independent wave. 

1.3 THE POLARIZATIOJ ELLIPSE 

Consider a plane wave t r a v e l l i n g i n the z - d i r e c t i o n w i t h components 

o f o s c i l l a t i o n i n t h e x-and y- d i r e c t i o n s given by 

Ex = a^cos(ut - 3z) (1.1) 

Ey = a^cosCojt - Bz + 6) (1.2) 

â ^ and represent the amplitudes o f the two v i b r a t i o n s , io/2ir the 

frequency and 6 the phase d i f f e r e n c e . 

Equations 1.1 and 1.2 describe two l i n e a r l y p o l a r i z e d waves, one 

p o l a r i z e d i n the x - d i r e c t i o n , the oth e r i n t h e y - d i r e c t i o n . 

Combining t h e two equations v e c t o r i a l l y the r e s u l t a n t f i e l d i s 

E_ = X Ex + y Ey 

i . e . £ = xa^cos(ait - 6z) + y a2Cos(()jt - 0z + d) 



A t z = 0, equations l . i and i.2 reduce t o 

Ex = a^^cosut 

Ey = . a^cos (wt + 6) 

• From 1-3 
E x 

cos ojt = — 
^1 

which Implies t h a t 

. 2 
/ - Ex 

s i n (ot 
=. A-

Expanding equation 1.4 and e l i m i n a t i n g time gives 

EX. . 2 E 2 ^ c o s 6 + ^ = s i n ^ 6 
2 2 

i ^1^2 ai a,a^ a 

0 2 o r aEx - bExEy + cEy = 1 

1 _ 2cosg 

(1.3) 

(1.4) 

where - = ^_^2^^2, ' ^ = ^^,^,^2^ ' ° " ^2^^^2^ 

This represents t h e equation o f an e l l i p s e 

Therefore, 

E_ = X Ex + y Ey 

represents the general case o f e l l i p t i c a l p o l a r i z a t i o n ; the locus o f 

t h e t i p o f the v e c t o r E d e s c r i b i n g an e l l i p s e 



F i g . 1.3 - The P o l a r i z a t i o n E l l i p s e 

The Stokes' Parameters are defined by 

2 2 
^ h ^ ^2 

« 2 2 Q = - a2 

D = 2a^a2Cos5 

V = 2a^a2Sin6 

I t can be seen t h a t 

2 2 2 2 I 5 Q + U + V , 

the e q u a l i t y o n ly b e i n g t r u e f o r completely p o l a r i z e d beams. 

1.4 DETERMINATION OF THE STOKES* PARAMETERS 

Suppose t h a t a beam o f monochromatic l i g h t i s observed a f t e r passing 

through a p o l a r i z e r , o r i e n t a t e d a t an angle G t o the p o s i t i v e x - d i r e c t i o n 

( F i g . 1 . 4 ) . 



Pig. 1.4 - I l l u s t r a t i n g N o t a t i o n 

Hxe component of the e l e c t r i c vector i n t h e 0 - d i r e c t i o n i s 

given by 

E (G) = Ex cose + Ey sine CI. 5) 

so t h a t 

KG) = E(e) . E (0) 

2 2 
i . e . 1(G) = Jxx cos 0 + Jyy s i n 6 + Jxy cosG sinG + Jyx sinGcosG 1.5 

where J = 
* * 

ExEx ExEy 
* * 

EyEx EyEy 

a^a^e iS 

- i6 2 a a e a 1 2 2 

These elements may be determined q u i t e simply from a set o f convenient 

measurements f o r Q. For example, 9 = 0°,45°, 90°, 135°. 



S u b s t i t u t i n g these values f o r G i n equation i . f ; ^ i t may be seen t h a t 

o 2 I (O ) = Jxx = a^ 

I (45°) = Jxy/2 + Jyx/2 

I (90°) = Jyy = a^^ 

I (135°) = -Jxy/2 - Jyx/2 

combining I (45°) w i t h I (135°) 

I (45°) - I (135°) = Jxy + Jyx = 2 â â̂  cosfi 

The Stokes Parameters may be e x t r a c t e d from these equations thus 

1 = 1 (0°) + I (90°) 

Q = I (0°) - I (90°) 

U = I (45°) - I (135°) 

w i t h t h e o r i e n t a t i o n o f the p o l a r i z a t i o n v e c t o r given by 

e = J t a n U/Q 

Consideration o f the imaginary p a r t s o f Jxy and Jyx a r i s i n g when 

the y-component o f t h e l i g h t i s r e t a r d e d w i t h respect t o the x-component 

i s necessary f o r t h e evaluatkon o f V. I n the present case V = O, and 

the l i g h t i s plane p o l a r i z e d . 
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CHAPTER 2 

THE NEBULAR POLARIMETER AND REDUCTICM TECHNIQUE 

2 . 1 INTRODUCTICN 

T h e data discussed i n t h i s t h e s i s was obtained a t the f / 1 5 focus 

o f t h e 3 .9m Anglo-Australian Telescope i n January 1978 and a t the f / 1 5 focus 

o f the l . Q m S.A.A.O. Telescope i n J u l y 1978 by S c a r r o t t and Warren-Smith. 

A n a l y s i s o f t h e s t a t e s o f p o l a r i z a t i o n o f the l i g h t from an astron

omical o b j e c t by the p o l a r i m e t e r ̂ r esults i n the production o f a l i n e a r p o l a r i 

z a t i o n map o f the o b j e c t . The i n f o r m a t i o n i s recorded by an electronographic 

camera. S u f f i c i e n t data t o produce a complete p o l a r i z a t i o n map i s contained 

i n e i g h t exposures o r electronographs. 

2 . 2 THE NEBULAR POLARIMETER 

T h e nebular p o l a r i m e t e r , developed by S c a r r o t t , Bingham and Axon, i s 

o f the Pickering-Appenzeller k i n d , having a Wollaston prism and r o t a t a b l e 

half-wave p l a t e , based on a design by Ohman (see Axon 1977 f o r f u r t h e r d e t a i l s ) 

L i g h t passing through the telescope enters the polarimeter and i s 

d i v i d e d by means o f a Wollaston Prism, i n t o two orthogonal components, 

p o l a r i z e d p e r p e n d i c u l a r l y t o each oth e r . I n order t h a t these two orthogonal 

p o l a r i z a t i o n s may be recorded simultaneously, one h a l f o f the f i e l d o f view 

o f t h e p o l a r i m e t e r i s "blocked out" by a s e r i e s o f g r i d s . The plane o f 

p o l a r i z a t i o n o f the l i g h t i s a l t e r e d by changing the o r i e n t a t i o n o f the X/2 

p l a t e , which r o t a t e s the plane o f p o l a r i z a t i o n by twice i t s own angle 

F i g u r e 2 .21 shows the path o f a l i g h t say through the o p t i c a l 

components o f the p o l a r i m e t e r , t h e p r o p e r t i e s o f which are summarized i n 

t a b l e 2 . 2 A . 

2 . 3 THE ELECTRONOGRAPHIC CAMERA 

The 4cm electronographic image tube was developed by Dr.D.McMullen 

a t the Royal Greenwich Observatory. The main features are shown i n f i g u r e 2.31] 
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TABLE 2.2A 

Function and Properties of the Optical Components of the Polarimeter 

Component Function Construction/Properties 

45° Mirror Detachable off-axis 
guider. 

Aluminized perspex 
(used on SAAO telescope) 

Grids 
9 

To block out one h a l f 
of the f i e l d of view 
i n alternate s t r i p s 

Black coated perspex 
which eliminates 
edge effects 

F i e l d lens To constrain a l l l i g h t 
to pass through 
o p t i c a l system 

20 cm focal length 
f/4 achromatic doublet 

Grid viewing 
mirror 

Enables object to be 
placed c e n t r a l l y i n 
the f i e l d 

Aluminized perspex 

Half-wave 
plate 

Rotates plane of 
polari z a t i o n of 
incident l i n e a r l y 
polarized l i g h t 

Magnesium fluoride and 
quartz 
Achromatic i n range 
4500 - 6800 8 

Wollaston Prism Separates l i g h t into 
two orthogonal 
polarizations 

Quartz cemented 
4 cm width. 1 divergence 

Relay lens Used to focus grids 
accxirately onto 
photocathode ; 
introduces 4 x de
magnetization between 
telescope and photo-
cathode and a sim i l a r 
gain i n speed 

Nikon f/1.4 
50 mm bloomed 

F i l t e r s To define wavelength 
range of l i g h t reaching 
photocathode 

AAT. Broad V(4800-6400 A) 
SAAO. V(5500 ± 500 8) 
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L i g h t , passing through the telescope, analyzed by the polarimeter 

i s brought to a focus at the photocathode of the electronographic image tube. 

Photons, incident on the photocathode e j e c t electrons (with 20% efficiency) 

which are accelerated down the tube by an assembly of electrodes of uniform 

poten t i a l gradient. A magnetic f i e l d brings the electrons to a focus at the 

' nuclear emulsion situated behind the mica window. Reciprocity f a i l u r e i s 

n e g l i g i b l e , and since the emulsion i s l i n e a r , density being proportional to 

exposure i n the range of i n t e r e s t , c a l i b r a t i o n of the plates i s unnecessary. 

Detailed descriptions of the electronographic camera are given e l s e 

where (McMullen et a l , 1972, McMullen 1972)., 

Hie a i r on the output side of the mica window, which i s 40mm i n 

diameter and 4ym thick i s kept at 1 t o r r or l e s s by a mechanical pump. The 

nuclear enmlsion on melinex (SOym thick) i s mounted i n the fil m holder and 

brought up to the mica by the pneumatic actuator through the gate valve which 

acts as a vacuum lock ; the valve i s opened only when the pressure on the 

film s i d e has been reduced to below 1 t o r r . The emulsion i s brought into 

intimate contact with the mica by pressurizing the space behind the film 

holder witii nitrogen at 10 t o r r . A l l the operations v i z pumping down the 

f i l m holder, opening the gate valve, bringing forward the film and pressuriz

ing to lO t o r r , are c a r r i e d out by an automatic electro-pneumatic system. 

Film can be changed i n 2-3 minutes. 

2.4 REDUCTICTJ OF THE DATA 

I n order to obtain a l i n e a r polarization map, eight electronographs 

are necessary for each object, four corresponding to position "grids i n " and 

four to "grids out". The c h a r a c t e r i s t i c s of the polarization of one h a l f 

of a f i e l d of view ( i . e . grids i n or grids out) are displayed i n figure 2.41. 

The plates are d i g i t i z e d i n 24 y p i x e l s with a 25\i step using the PDS 

microdensitometer at the Royal Greenwich Observatory, forming 512 x 512 

matrices of i n t e n s i t i e s which are stored i n the computer. A t y p i c a l electro-

nograph i s shown i n figure 2.42. 
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F a l l d e t a i l s of the alignments of the plates, the reduction i n size 

of the 512 x 512 matrices, the necessary corrections to be applied to the 

data and the calculation of the Stokes' Parameters w i l l be found i n Warren-

Smith's t h e s i s (1979). A b r i e f discussion of the corrections, calculation 

of p o l a r i z a t i o n , and error estimates,follows. 

.2.4.1 Clear Plate Subtraction 

From figure 2.43 i t can be seen that, i n order to obtain t:he signal 

from an astronomical object alone, i t i s necessary to subtract a cl e a r plate 

signal and a sky si g n a l from the data. 

clear 
Dlate 
evel 

object signal 

sky signal 

F i g . 2.43 - In t e n s i t y P r o f i l e from an Electronograph 

Upon d i g i t i z a t i o n , the plates are raster-scanned i n the x-dlrection. 

Hence any fluctuations i n the zero l e v e l of the microdensitometer w i l l be 

di s c e r n i b l e i n the y-direction, the time scale being large compared with 

that of x-scans. 

Traces of the in t e n s i t y down the plate are obtained for clear plate 
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either s i d e of the e^cposed region. The average of the two estimates i s 

subtracted for each y-value. 

2.4.2 Photocathode Correction 

Olie effect of the non-uniformity of the photocathode i n response 

to the incoming s i g n a l must be removed from the data. This i s achieved by 

investigating the v a r i a t i o n i n i n t e n s i t y from a iiniform source of l i g h t , e.g. 

the night sky, across the f i e l d . Four plates are taken, corresponding to 

the four positions of the X/2 p l a t e . Hhe i n t e n s i t i e s on each plate are 

f i r s t e s s e n t i a l l y smoothed by normalizing the plates with respect to each 

other so that equal i n t e n s i t i e s are obtained. Then the i n t e n s i t y for every 

point i n each left-hand s t r i p i s compared with the average inten s i t y for a l l 

points i n a l l left-hand s t r i p s , a r e l a t i v e s e n s i t i v i t y factor for every point 

hence being obtained. This i s repeated for the right-hand s t r i p s . The 

r e l a t i v e s e n s i t i v i t y f a c t o r s for the photocathode so obtained are vised to 

correct the object data. 

The experimental technique lis such that each component of polarized 

l i g h t i s measured twice (see figure 2.41). This gives a measure of the 

consistency of the r e s u l t s and provides not only f a c i l i t y for obtaining the 

r e l a t i v e response between left-hand and right-hand s t r i p s , but also for 

obtaining the r e l a t i v e exposures between the plates, both of which are again 

used to c o r r e c t the data. 

2.4.3 Sky Subtraction 

Since the sky i s recorded simultaneously with the object, the sky 

i n t e n s i t y may be obtained by finding the average intensity of regions of the 

plate where there i s no signal from the object, for both l e f t and right-hand 

s t r i p s , eind may be subtracted accordingly. 

2.4.4 F i l t e r i n g of the Data 

The i n t e n s i t i e s I I —»-l8 may be expressed i n the form 

= I + Qcos 29 + Usin 20 
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where 1̂ ^ represents I I ->• 18 and I , Q, D, and 9 are defined i n Chapter 1. 

This double sine curve constructed from tJie i n t e n s i t i e s II-*- I8 

(from the four plates) i s now optimized using a "search" programme, u n t i l 

the best f i t with the data i s obtained. For a p a r t i c u l a r density, the average 

.,. dispersion of points from the curve i s obtained, and any point with dispersion 

greater than the average i s rejected. This process i s repeated i t e r a t i v e l y 

f i v e or s i x times for each set of eight i n t e n s i t i e s , i . e . for every p i x e l . 

2.4.5 Calculation of the St:okes' Parameters 

Once the data has been f i l t e r e d the i n t e n s i t i e s eire integrated over 

X X y p i x e l s with spacings i n x and y of Ax and Ay. 

A double sine curve i s now f i t t e d to these integrated i n t e n s i t i e s , 

I I -•• 18 and i s again optimized to give the most accurate values possible for 

the Stokes' Parameters. The form of output i s shown i n the Appendix. 

2.4.6 Err o r s 

I d e a l l y , the precision of the polarimetric measurements should be 

limited only by the quantum noise, i . e . by the fluctuations i n the nimber of 

incident protons. I n practice, however, th i s i s never achieved. 

Various systematic errors are produced by the optics of the polarimeter | 

and telescope, the non-uniformity of the photocathode and the imperfections 

i n the nuclear emulsion of the film. Random errors are introduced by the 

quantum noise and the d i g i t i z a t i o n procedure. 

Erro r s due to the component optics of the system have been shovm to 

be negligible when working at a l e v e l of 1% polarization (Axon, 1977) by 

t e s t s on standard polarized s t a r s . 

Systematic errors can be fo\ind by comparing the signal recorded on 

d i f f e r e n t electronographs since, as noted i n section 2.4.2, each component 

i n t e n s i t y i s e f f e c t i v e l y measured twice. 

The random errors on the tvro-dimensional signal are estimated from 

the dispersion of individual measurements about a smoothed 2nd order surface 
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f i t t e d l o c a l l y to the recorded density (Warren-Smith, 1979). 

The errors on the recorded signals lead d i r e c t l y to the errors 

on the Stokes' Parameters (since the recorded signals a f t e r various 

corrections combine to give I , Q, and D) which i n turn transmit them to the 

degree and angle of polarization. 
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CHAPTER 3 

INTERSTELLAR DUST GRAINS 

3 . 1 INTRODDCTICM 

As early as 1784, v i s u a l recordings of dark and bright nebulae were 

made by S i r Wil l ie im Herschel who catalogued thousands of nebulae, some of 

which l a t e r were found to be distant galaxies. 

Long exposure photographs of the Milky Way revealed conspicuous dark 

patches and s t r i a t i o n s against a background of more or l e s s uniform st a r 

f i e l d s , cind a debate as to whether these dark patches were due to obscxaring 

clouds, or to holes i n the d i s t r i b u t i o n of s t a r s followed. The euiswer came 

i n the 1930's when s t a t i s t i c a l analyses of s t a r counts through dark patches 

established the existence of o p t i c a l obscurationT 

The determination of the nature of t h i s 'optical obscuration' now known 

to be i n the form of dust grains, s t i l l remains an important f i e l d of research 

for astronomers. 

3 . 2 INTERSTELLAR EXTINCTION 

The observed i n t e n s i t y of stsirlight, seen a t wavelength X can be 

written as 

I (X) = l o (X) exp (- Nira^ (a,X) ) ( 3 .1 ) 

where IQ(X) denotes the i n t r i n s i c i n t e n s i t y of the s t a r , N the grain density, 
2 

wa the geometrical cross-section and the ef f i c i e n c y factor for extinction 

of the grains. 

Defining the op t i c a l depth as 
T = Nira^ Q ^ (a,X) ( 3 .2 ) "ext 

the f a m i l i a r equation of transfer i s obtained 

I(X) = I (X)e''^ (3 .3 ) o 

19 



I n terms of magnitudes roo 2 
'ext 

oo 
Am(X) = 1.086 I ua Q .(a,X) n(a) da (3.4) 

.0 
1.086 

where Am(X) denotes the attenuated l i g h t at wavelength X and the grainsize 

d i s t r i b u t i o n n(a) has now been integrated over. 

The absolute magnitude M(A)is defined as the apparent magnitude of 
19 

a s t a r i n the absence of absorption at a distance of 3 x 10 cm. For a 

given s e t of wavelengths X^, a s e t of monochromatic apparent magnitudes 

m(X^) may be determined for a s t a r , related to the absolute magnitude M(X^) 

by the equation 
m(X^) = M(X^) - 5 + 5 logj^^D + A(X^) (3.5) 

where D i s the distance of the s t a r i n parsecs and A(X^) i s the i n t e r s t e l l a r 

extinction i n magnitudes at wavelength X^. This follows by simply taking 

account of the inverse square law attenuation together with the extinction. 

Colour indices ( i - j ) eire defined as the difference i n s t e l l a r 

magnitudes between the two wavelengths X^, \y The observed ( i - j ) colour 

of a s t a r i s then related to the corresponding i n t r i n s i c colour from equation 

(3.5) by ^ 

- ^^obs = - ^ ^ i n t r ^ ^^V - ^ ^ ^ j ^ <3.6) 

Colour excesses E, . are defined by 

V j = ^^- ^'obs- ( ^ - ^ ^ i n t r (3.7) 

From equation (3.6) 

E ^ _ j = A(X^) - A(X^) (3.8) 

Hence equation (3.8) corrects measurable colour excesses with i n t e r s t e l l a r 
extinction. ^ i ^ ^B' ^j ^ ^^^"9 system .(where the f i l t e r s 
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xised for each of tJiese bands admit radiation i n a range of wavelength 
o 

about 1000 8 wide with central wavelengths of approximately X ^ 3650 A, 
\ O r\j O 

Xg 4400 A , X^ 'V 5480 A ) , and with X^ representing some wavelength o, 

from ecpaation (3.8) 

(3.9) 

Since Eg_^ i s a d i r e c t l y observable quantity for a given s t a r and A(X^) i s 

not, the determination of the quantity 

R = (3.10) 
V v 

i . e . the r a t i o of the total to s e l e c t i v e absorption i s import:ant, both for 

a knowledge of t o t a l extinction i n a given case and for making estimates of 

s t e l l a r distances. Various determinations of R are discussed i n 

Wickramasinghe and Nandy (1972). 

I f A^ can be measured entirely'independently, the resultant value of 

R can be used to set a l i m i t on the density of large p a r t i c l e s producing 

"grey extinction" i n v i s i b l e l i g h t (Spitzer, 1968). Values of R, obtained 

by d i f f e r e n t methods are tabulated by Crawford and Mandwewala (1976), 

the average being R = 3.2 ± 0.1. 

The extinction curves of Bless and Savage (1972) are reproduced i n 

figure 3.11 from tennestad and P u r c e l l (1973) . The u l t r a v i o l e t part of the 

extinction curve was obtained from OAO-2. observations, and the v i s u a l and 

infrared parts are based oh measurements by Johnson (1968). 
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I/Xt/:1-
8 9 10 

Figvire 3.11 I n t e r s t e l l a r Extinction Curves 
from Aannestad and Pu r c e l l (1973) 

3.2.1 The U l t r a v i o l e t Region 

From the observations of Bless and Savage (1972) the main features 

of the u l t r a v i o l e t extinction curve are fovind to be : large veiriations i n 

the u l t r a v i o l e t extinction from s t a r to s t a r , the greatest variations being 

i n the f a r - u l t r a v i o l e t ; a c h a r a c t e r i s t i c hxaap that usually has i t s maximum 

at about 4.6y ^, being more pronounced i n some objects than i n others ; a 

shallow f a r - u l t r a v i o l e t minimum i n the region 5,5 - 7.5 y ^ which f a l l s at 

shorter wavelengths when the f a r - u l t r a v i o l e t extinction i s smaller ; aft e r 

the shallow miniminn, a rapid r i s e i n the u l t r a v i o l e t extinction. Neindy et a l 

(1976) have shown that there i s no strong v a r i a t i o n of the mean extinction 

curves with g a l a c t i c position. 

3.2.2 Visual Region 

I n t h i s region, the curve follows a roughly l i n e a r 1/X law (Stebbins, 

Buffer and Whitford, 1939). The discontinuity i n the slope of the curve at 

about 2.3 y ^ was f i r s t noted by Whitford (1958). Recent observations of 

Sc h i l d (1977) indicate that i n no octave of the spectrum i s i n t e r s t e l l a r 

e xtinction s t r i c t l y proportional to 1/X and that variations i n the i n t e r 

s t e l l a r reddening law with g a l a c t i c longitude are becoming important. 
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3.2.3 Infrared Region 

There are i n t r i n s i c differences i n the infrared extinction from 

s t a r to s t a r as indicated i n figvure 3 .11, some of which may imply the 

presence of circumstellar emission superposed on the stelleir contimium. 

The most in^xartant r e s u l t s of the infrared extinction observations have 

been the discovery of strong absorption bands i n the lOy region and the 

discovery of the 3.1y ice-band.. 

3.2.4 Theoretical Extinction Curves 
o 

The existence of a strong absorption peak i n the 2200 A region 

gives great support to the i d e n t i f i c a t i o n of graphite with the u l t r a v i o l e t 

extinction hmp. Various other types of p a r t i c l e have been proposed, e.g. 

s i l i c a t e s , quartz, s o l i d hydrocarbons but since s i l i c a t e s are thought to be 

unlikely due to the severe r e s t r i c t i o n s on s i z e distribution required to 

produce the necessary hiamp̂  graphite remeiins the favourite (see Bless and 

Savage, 1972 and references t h e r e i n ) . The most l i k e l y cause of the extinction 

hump i s thought to be plasma o s c i l l a t i o n s i n small (meeui radius - O.Oly ) 

nearly spherical uncoated graphite p a r t i c l e s . For mean radius > 0.02 y 

spherical graphite p a r t i c l e s produce broad bumps centred at much larger 

wavelengths than those observed ( G i l r a , 1971). I f the graphite p a r t i c l e s 

are smail compared with the wavelength, then the position of the hump becomes 

nearly independent of the d e t a i l s of the s i z e distribution of p a r t i c l e s which 

i s important because most humps are at X ̂  = 4.6 y ̂  and i t i s unreasonable to 

suggest that p a r t i c l e s have the same s i z e distributions everywhere (Bless and 

Savage, 1972). However,in other parts of the extinction curve graphite i s 

found to be quite unsatisfactory. 

For the o p t i c a l region, " d i r t y " i c e grains (m = 1.5-0.051) (see 

Aannestad and P u r c e l l , 1973), graphite p a r t i c l e s surrounded by d i e l e c t r i c 

i c e mantles, mixtures of refractory p a r t i c l e s (Wickramasinghe and Nandy,1972) 

and d i e l e c t r i c whiskers with mantles of polyformaldehyde (Wickrcimasinghe and 

Cooke, 1976) have a l l variously f i t t e d the extinction curve. 
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I n the infrared region the lOy absorption feature has been 

i d e n t i f i e d with s i l i c a t e s although Wickramasinghe (1975) has suggested a 

possible i d e n t i f i c a t i o n of the lOp band with polyoxymethylene whiskers. 

D i r t y i c e grains, of r a d i i 'vo.l2ti , although f i t t i n g the v i s u a l 

e x t i n c t i o n cannot reproduce the u l t r a v i o l e t extinction hump nor the amount 

( of fa r u l t r a v i o l e t extinction. Calculations for a two-component s i z e 

d i s t r i b u t i o n of i n f i n i t e d i e l e c t r i c cylinders as well as for d i r t y i c e with 

a smell 1 percentage of molecules and metallic compounds give only s l i g h t 

in5)rovements and i t seems that d i r t y i c e grains of various shapes, si z e s and 

r e f r a c t i v e indices, can be ruled out as the main contributor to i n t e r s t e l l a r 

e x t i n c t i o n i n the u l t r a v i o l e t . However, combining t h e i r own infrared spectro-

photometric observations from 2-4vi and 8-13y , M e r r i l l , Russell and Soifer, 

(1976) show that i c e s are common i n the i n t e r s t e l l a r medium, but with small 

abundances compared with s i l i c a t e s , being confined mainly to molecular cloud 

regions. From tJieir observations of a heterogeneous group of infrared sources, 

they conclude that conditions of unshielded i n t e r s t e l l a r medium do not favour 

i c e growth. These r e s u l t s are i n agreement with Knacke et a l (1969) whose 

observations revealed that i n t e r s t e l l a r grains contain very l i t t l e i c e . 

Graphite-core cind ice-mantle grains again do not give s a t i s f a c t o r y agreement, 

i n the u l t r a v i o l e t region of the extinction curve (Wickramasinghe and Nandy, 

1972). 

As f a r as mixtmres are concerned, extinction calculations performed 

by G i l r a (1971) for a mixture of graphite, meteoric s i l i c a t e cind s i l i c o n 

carbide have proved the "best" f i t to the extinction curves, but have the 

shortcoming of the s e n s i t i v i t y of the extinction h\imp to variations i n the 

s i z e s or shapes of the graphite components. Also, i t does not embody a 

r e a l i s t i c wavelength dependent r e f r a c t i v e index for the s i l i c a t e component 

i n the f a r u l t r a v i o l e t . 

Mixtures of graphite grains of r a d i i 0.065y and s i l i c a t e grains of 

0.07]i give good agreement with the available extinction data as do mixtures 
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of graphite, s i l i c a t e emd iron p a r t i c l e s of r a d i i O.OSy , 0.15y and 0.02y 

respectively, using varioiis s i z e distributions (Wickramasinghe and Nandy,1972) 

Ceilculations based on en s t a t i t e show that s i l i c a t e cannot be 

responsible for the observed v i s u a l extinction unless other components 

di f f e r e n t i n either composition or s i z e are included (see Aannestad and ; 

( P u r c e l l , 1973). However, as a r e s u l t of u l t r a v i o l e t determinations of 

o p t i c a l complex indices of ref r a c t i o n for vaxiotis s i l i c a t e s , meteoric and 

iron-sulphide materials, Egan and Hilgeman (1975) suggest the plagioclase 

felspar bytownite as a suitable material for the i n t e r s t e l l a r medium having 

a d i s t r i b u t i o n of p a r t i c l e r a d i i ranging from 0.1 - 0.001 y. 

Day (1976) has produced an amorphous magnesium s i l i c a t e which could 

simultaneously account for both infrared and op t i c a l extinction. Far i n f r a 

red properties of these materials suggest that they could st5>ply a s i g n i f i c a n t 

amount of far-infrcured emission observed i n such sources as the Orion Nebula. 

Wickramasinghe (1975) suggests that, since i n t e r s t e l l a r formaldehyde 

has been i d e n t i f i e d by i t s 6 cm radio absorption l i n e i n over 100 dust clouds, 

much larger amounts of H2CO may be present i n s o l i d state polymer form as 

polyoxymethylene whiskers and condensed on int e r s t e l l a r : dust grains, and 

that a s i g n i f i c a n t f r a c t i o n of a l l i n t e r s t e l l a r oxygen and carbon may be 

locked up as polyoxymethylene. With the exception of and CO, Ĥ CO i s 

probably the most abundant gaseous molecule i n the i n t e r s t e l l a r mediim. 

Hence (Wickramasinghe cind Cooke, 1976) the case for polymerization and the 

formation of mantles of polyformeildehyde i s as strong as that for the formation 

of ice-mantles on refractory grains. Apparently whiskers of r a d i i 10 ̂  cm 

would explain the available data on i n t e r s t e l l a r extinction i n the waveband 
o 

range 3500 A - 1 y , and a comparable mass of smaller uncoated graphite and 

s i l i c a t e grains i s needed i n the f a r u l t r a v i o l e t . 

I n general, the gross features of the extinction curve may be e a s i l y 

but not uniquely reproduced by a mixture of grains of which small graphite 

particles, are one component, but where otherwiise. only a bimodal distribution 
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of d i e l e c t r i c grains i s needed The larger grains may account for extinction 

i n the v i s i b l e and infrared regions, whilst the smaller grains cause 

increasing extinction i n the u l t r a v i o l e t (Aannestad cind P u r c e l l , 1 9 7 3 ) . 

3 . 3 INTERSTELLAR POIARIZATION 

Since the discovery of i n t e r s t e l l a r polarization by Hall (1949) and 

^ H i l t n e r ( 1949), there has been a massive accumulation of polarimetric 

observations (see Aannestad and P u r c e l l 1973 for a review of observations). 

The r e s u l t s of the survey by Mathewson and Ford (1970) are generally 

interpreted i n terms of a g a l a c t i c magnetic f i e l d , aligning elongated dust 

grains by the Davis-Greenstein mechanism. Polarization a r i s e s because 

extinc t i o n i s greatest for the vibration of the e l e c t r i c vector of the l i g h t 

•in the plane p a r a l l e l to the long axis of the cylinder. Since the grains are 

oriented such that t h e i r long dimension i s transverse to the f i e l d , the 

implication i s that the plane of polarization of the l i g h t w i l l be p a r a l l e l 

to the g a l a c t i c magnetic f i e l d , which has proved to be the case (Mathewson ' 

and Ford 1 9 7 0 ) . 

The r e s u l t s of surveys by Serkowski, Mathewson and Ford (SMF) (1975) 

and by Coyne, Gehrels and Serkowski (CGS) (1974) indicate that the i n t e r 

s t e l l a r p o l a r i z a t i o n curve as a function of wavelength for a l l s t a r s can be 

f i t t e d by a unique function with one free parameter - the wavelength 6 f 

meiximum po l a r i z a t i o n (X ) . The values of X eire found to be concentrated 
max max 

within the range 5000 8 - 6000 %, X^^^ for a few s t a r s being greater than 

t h i s . SMF suggest that X ^ ^ i s proportional to the average s i z e of i n t e r 

s t e l l a r dust grains producing both extinction and polarization. X^_^ i s i n 

f a c t found to be proportional to the mean grain s i z e , multiplied by (n-1) 

where n i s the r e f r a c t i v e index of the grains (Cohen 1977) . CGS find that 

models of d i e l e c t r i c cylinders, with Davis-Greenstein orientation mechanism 

f i t the r e s u l t s . 

I t has been suggested that Davis-Greenstein alignment i n the i n t e r 

s t e l l a r medium i s not e f f i c i e n t enough unless the grains possess special 
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properties such as ferromagnetism (see Aannestad and P u r c e l l 1973) P u r c e l l 

(1975) has proposed a "pinwheel theory" i n which surface "rockets" spin the 

grains up to high speeds, so that more complete alignment i s achieved i n 

a weak magnetic f i e l d . I n f a c t , d i r e c t observational evidence from lOy 

p o l a r i z a t i o n measurements i n Orion (Dyck and Beichmann 1974) indicates that 

ordinary s i l i c a t e grains can be aligned, but recent calculations by E l s a s s e r 

and Staude (1978) indicate shortcomings in the model of Dyck and Beichmann 

and show tha t scattering by circumstellar dust and electrons distributed 

non-spherically can account for the large polarizations observed i n a variety 

of young s t e l l a r objects, as opposed to the need to invoke a magnetic f i e l d . 

I n the case of s t a r s with long ^^^^t SMF suggest that larger thcin 

normal grains e x i s t . Further investigations by Cohen (1977) show that i t i s 

possible for the grains to grow by accreting mantles frona the gas rather than 

by coalescence of previously e x i s t i n g grains. Since only 1% by weight of the 

i n t e r s t e l l a r medium i s i n the form of grains and since elements heavier than 

helivmi are only 1% of t o t a l cosmic abundance by weight, Cohen concludes that 

the mantles which accrete i n dense regions have different chemical compositions 

from grain cores, preferably involving as much hydrogen and as l i t t l e of the 

heavier elements as possible. 

Most of the s t a r s with long X are located i n dark cloud complexes 
max 

where grain growth might reasonably occur because of high density and u l t r a 

v i o l e t shielding. Water ic e i s c e r t a i n l y a p o s s i b i l i t y for the mantle and 

the f a c t that infrared absorption bands of water ice have been observed i n 

dense molecialar clouds, lends support to the hypothesis of a different 

chemical composition i n grains i n the densest regions of the i n t e r s t e l l a r 

medium (Cohen 1 9 7 7 ) . 

Aligned grains cause l i n e a r dichroism of the interstellar'mediim, 

and i n general they must also cause l i n e a r birefringence, i . e . a difference 

i n the r e a l part of the r e f r a c t i v e index for the medium for waves polarized 

p a r a l l e l and perpendicular to the direction of grain alignment. Thus ar i s e s 
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the p o s s i b i l i t y of observing a small component of c i r c u l a r polarization 

i n the l i g h t from a l i n e a r l y polarized source, that has traversed a region 

where the grains cire aligned i n some direction,neither p a r a l l e l nor perpendi

cul a r to the polarization vector of the source. 

Martin (1972) shows how o p t i c a l observations of c i r c u l a r polarization 

'• y i e l d Vciluable information about the grain material. He demonstrates that 

the wavelength of c i r c u l a r polarization i s s e n s i t i v e to the imaginary part 

of the complex r e f r a c t i v e index of the grain material and hence provides a 

powerfxil t o o l i n determining the nature of i n t e r s t e l l a r : dust grains. He 

proposes the following materials for i n t e r s t e l l a r grains with r e f r a c t i v e 

indices m = n-ik : 

(1) I c e , with n "v* 1.3 which i s d i e l e c t r i c even when imptirities 

r a i s e k to 0.05 ("dirty i c e " ) . 

(2) S i l i c a t e s witJi n '\'1.7 with k ranging from 0 to '^.3. The non-

absorbing v a r i e t y are d i e l e c t r i c but those with large k would have 

_ - - a more "metallic" behaviour. 

(3) Iron with k'V' n which i s metallic. 

(4) Graphite which i s o p t i c a l l y anisotropic (see Martin 1972) 

(5) S i l i c o n carbide, again o p t i c a l l y anisotropic. 

Shapiro (1975) denmnstrates that f l a t , p l a t e l e t grains of magnetite 

can accoxint for the observed wavelength dependence of l i n e a r and c i r c u l a r 

i n t e r s t e l l a r polarizations. Given conditions of perfect alignment they can 

also account for the amount of polarization whilst locking up i n magnetite 

grains only a r e l a t i v e l y small fraction of the t o t a l iron present i n the 

i n t e r s t e l l a r medium. Hence much magnetite dust would only contribute a 

small amovmt to the observed i n t e r s t e l l a r extinction, thus allowing the 

extinction curve to be explained by other types of dust. I f perfect a l i g n 

ment i s not achieved, i t i s necessary only to put more iron into the magnetite 

grains and i n turn account for a large fraction of the t o t a l extinction. 
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However, a determination of the i n t e r s t e l l a r birefringence by 

McMillan and Tapia (1977) y i e l d s r e s u l t s consistent with nearly pure 

d i e l e c t r i c material. This rev i s i o n therefore removes,according to them, 

edl observational evidence for materials such as magnetite, which have a 

measureable k. 

; The few u l t r a v i o l e t polarization observations that e x i s t (Gehrels 

1974) and those i n the infrared (Dyck 1974) show behaviour which i s i n 

general consistent with that expected for d i e l e c t r i c s (Martin 1 9 7 5 ) . 

3 .4 FAR INFRARED OBSERVATIONS 

Mciny g a l a c t i c HII regions axe associated with feir infrared sources 

of heated dust which appears to be present both inside the HII region, and 

outside i n the neutral gas (Emerson and Jennings, 1976). Recent observations 

(see Aannestad,•1976 and references therein) show that i n some cases, the 

f a r i n f r a r e d maps correlate c l o s e l y with the radio continiium maps, indicating 

that the dust i n these cases i s mixed with the ionized gas within the nebulae. 

Emerson and Jennings interpret the r e s u l t s of t h e i r observations of 

feir i nfrared sources i n terms of emission from dust clouds heated by hot 

s t a r s , grains (or grain mantles) of i c e , f i t t i n g the data w e l l . Greenberg 

(Emerson and Jennings, 1976 - discussion) however, suggests a mixture of 

core-mantle p a r t i c l e s i n the O.lym s i z e range and a large number of much 

smaller core p a r t i c l e s (probably s i l i c a t e s ) i n the 0 .005 ym s i z e range as 

the dust composition. 

Observations of the three most observed HII regions viz.Orion A, 

W3 and M17, have been modelled successfully by Aannestad (1976) i n terms of 

dusty HII regions containing olivine-core and ice-mantle grains. The 

refractory component of the dust, withstanding high temperatures much better 

than the mantle material, w i l l be si±)ject to evaporation mainly i n the 

immediate v i c i n i t y of the exciting s t a r . Further from the central s t a r , the 

temperature may be low enough for the grain to maintain i t s mantle. The 

d i s t r i b u t i o n of such grains i s thus limited, but i s s t i l l possible i n a 
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s u b s t a n t i a l portion of an HII region. I n terms of si z e s of the grains, 

Aannestad has taken a core s i z e of 0.05 ym and a mantle s i z e of 0.15 pm. 

Rowan-Robinson (1976) has constructed models of o p t i c a l l y thick 

dust clouds f i t t e d to the spectra of g a l a c t i c (Orion and W3) and extra- . 

g a l a c t i c (M82 and NGC 253) sovirces from 3 ym - 1 mm. He finds that i f 

the grains are coToposed of i c e or s i l i c a t e s , then r a d i i greater than lOym 

axe required and that grant grains appear to be a general feature of sources 
9 

peaking i n the far infrared. 

Multiply branched whiskers i n the form of "snow-flakes" which may 

be expected to grow very rapidly under suitable conditions, can also enhance 

infrared emd far i n f r a r e d e m i s s i v i t i e s (Edmunds and Wickramasinghe, 1976) cuid 

Narliker, Edmunds and Wickramasinghe (1976) suggest that i t i s possible to 

explain the cosmic microwave backgromd i n terms of thermalization . of 
radiation from sources such as galaxies by somewhat exotic graphite whiskers, 

- 6 - 5 

of r a d i i 10 - 10 cm and of lengths several hundred ym. 

3 . 5 COMETARY DUST 

Comets are believed to be the remnants of the most primitive material 

i n the s o l a r system. Because t h e i r reflected l i g h t and thermal emission 

are seen uncontaminated, by the l i g h t of any illuminating s t a r , they can 

be studied i n greater d e t a i l than any other source of i n t e r s t e l l a r dust 

and hence eire very importeint. 

The s i l i c a t e signature has been observed i n Comet Bennett, Comet 

Kohoutek, and Comet Bradfield (see Ney, 1977 and references t h e r e i n ) . The 

comet data also indicates that the material responsible for the 10 ym feature 
o 

i s very refractory, with grains surviving at temperattures of 1000 K 

(Ney, (1977) ) . 
Observations of Comet West (Ney and M e r r i l l , 1976) y i e l d scattering 

phase functions best f i t t e d by d i e l e c t r i c materials (where 1.3< n < 2.0 and 
2 T r ^ 

n » k) such as d i r t y i c e or s i l i c a t e s with 6< x < 15 (where x = -y- i s 
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the s i z e parameter of the grains) . 

Recent analysis of the 10 ym and 18 ym bands i n Comets Bennett 

and Kohoutek (see Cooke and Wickramasinghe 1976) indicates the presence 

of materials such as polyformaldehyde. Both these bands and the underlying 

infrared continium are depressed by a factor of 10 i n in t e n s i t y a few days 

af t e r perihelion when the radiative temperature i s only 'v 500° K, consistent 

with the evaporation of formaldehyde but not with that of s i l i c a t e grains 

where temperatures > 1400° K are necessciry. 

The detection of polyformaldehyde i n the Allende carbonaceous chond— 

rate (Breger, zubrovic. Chandler, 1972) increases the evidence for i t , as 

a constituent of i n t e r s t e l l a r dust grains. 

3 . 6 SUMMARY 

Meirtin (1977) has reviewed the nature of the recent investigations 

into i n t e r s t e l l a r dust properties and also emphasizes the importance of new 

areas e u i d techniques of investigation. 

Studies of i n t e r s t e l l a x extinction, albedo (from diffuse g a l a c t i c 

l i g h t data) and polarization (both l i n e a r and c i r c u l a r ) are found to be 

consistent with a 3-component grain model. Wickramasinghe (1976) summarizes 

these r e s u l t s : 
o 

( i ) Extinction and polarization observations i n the wavebandIfl̂ poO-SOOO A 

demand a predominantly d i e l e c t r i c grain model ; p a r t i a l l y aligned 

d i e l e c t r i c needles of r e f r a c t i v e index m = 1.5 with r a d i i .15 ym 

are consistent with these data. 
o 

( i i ) Extinction, phase function and albedo data i n the 3000-1800 A 

waveband require the dominance of a predominantly absorbing (low-

albedo) grain population. The grain population must provide an 

explanation of the 2200 % i n t e r s t e l l a r absorption band. I f graphite 

i s responsible for the extinction i n t h i s waveband, the p a r t i c l e s 
o 

must be nearly spherical with r a d i i $ 0.02 ym, the 2200 A band 

being a small-particle resonance i n graphite. 
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( i i i ) E xtinction and albedo data at wavelengths < 1800 A require a 

d i e l e c t r i c grain population with r a d i i < 0.01 ym. 

According to Wickramasinghe (1977) a l l the data can be accounted 

for i n terms of a mixture of small spherical graphite p a r t i c l e s , r a d i i 

<.0.02 ym, small d i e l e c t r i c spheres, r a d i i < 0.01 ym and larger elongated 

d i e l e c t r i c p a r t i c l e s , r a d i i 0.15 ym, with the mass density of a l l three 

populations roughly comparable. At present, i t i s thought that s i l i c a t e 

grains probably make up the smaller sized d i e l e c t r i c component, and i c y 

grains, probably with s i l i c a t e cores the larger sized component. 

I n t e r s t e l l a r column density derivations, e.g. by Snow (1975) indicate 

.that a l l elements i n i n t e r s t e l l a r clouds are underabundant with respect to 

hydrogen, lending support to the hypothesis of Routly and Spitzer (1952) that 

these"missing" elements are bound up i n i n t e r s t e l l a r grains. Hence there i s 

general support (see Wickramasinghe, 1977,for further references) for the 

idea' that the bulk of the elements Mg, S i , Fe i s condensed i n grains or grain 

cores as iron, s i l i c o n carbide and s i l i c a t e p a r t i c l e s , and that the CNO 

elements are also locked away i n grains, presximably as grain mantles, but to 

a l e s s e r extent (Wickramasinghe, 1977). 
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CHAPTER 4 

ETA CARINAS 

4.1 EARU HISTORY 

•t 4.1.1 Ihe Light Curve 

The e a r l i e s t recorded observations of n Carinae are summarized 

i n Table lA. There i s no mention of the s t a r i n the oldest catalogues 

(Ptolemy) and since the e a r l i e s t records of observations of the n Carinae 

region a t the end of the 16th century (v. Houfmann, Bayer) do not include 

the s t a r , i t i s reasonable to assume that a t the time of Ptolemy the sta r 

was f a i n t e r than 4th magnitude and may possibly have been increasing i n 

magnitude over the centuries (Innes 1903). 

Observations were made by various people u n t i l 1834 when S i r John 

Herschel began h i s own s e r i e s of observations at the Cape of Good Hope which 

lasted u n t i l 1838. During these years n Carinae fluctuated between 2nd and 

1st magnitude. 

When f i r s t observed by S i r John Herschel i n 1834 i t "appeared as a 

very large s t a r of the 2nd magnitude, or a very small one of the f i r s t 

and so i t remained without apparent increase or chamge up to nearly the end 

of 1837 " 

I t was on 16th December, 1837, that Herschel's "astonishment was 

excited by the appearance of a new candidate for d i s t i n c t i o n among the very 

brightest s t a r s of the f i r s t magnitude.—". After a "momentary hesitation", 

the "natural consequence of a phenomenon so u t t e r l y unexpected", he s a t i s f i e d 

himself that i t was h i s "old acquaintance", n Argus as the sta r used to be 

cal l e d . I t s l i g h t was nearly t r i p l e d . 

Prom th i s time on i t s l i g h t continued to increase u n t i l i t attained 

maximum brightness on 2nd January, 1838, when i t was almost as bright as 
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TABLE 4.lA 

E a r l i e s t Recorded Observations of the Magnitude of ri Carinae. 

DATE AUTHORITY MAQIITUDE 

1677 Halley 4'" 
1751 L a c a i l l e 2 

1811-1815 Burchell 4 
1822 Fallows 2 

1822-1826 Brisbane 2 
•Feb. 1 1827 Burchell 1 = a cr u c i s 
Feb.29 1829 Burchell 2...1 

1829-1833 Johnson 2 
1832-1833 Taylor 2 
1834-1837 Herschel 1...2 

Jan.- 2 1838 Herschel > 1 very nearly = a centauri 
March 19 1842 Maclear < 1 i n f e r i o r to d crucis 
A p r i l 1843 Maclear > 1 nearly equal to S i r i u s 
Apr.11-14 1843 Mackay 1 f u l l y bright as Canopus 

magnitude of a cr u c i s = l . o 

magnitude of a centauri = -0.3 

magnitude of Canopus = -0.7 
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a centauri C-0?3). By 20th January, i t was."visibly diminished" and 

continued to fade beyond 14th A p r i l , 1938, a f t e r which time Herschel's 

own observations of n Carinae ceased. 

n Car's subsequent increase " i n l u s t r e " was observed by the 

Rev. W S Mackay, at the General Assembly's Mission, Calcutta, i n March 

5 1843. During March, the brightness of the s t a r was o s c i l l a t i n g and at 

mciximum brightness r i v a l l e d Canopus (-0?7) , i t s minimtmi being somewhat 
; m 

l e s s than the magnitude of a Crucis (1.0). 

By 1857, n Car had faded to a f i r s t magnitude s t a r , by 1860 a 

3rd and a f t e r 1868 faded considerably. . . 

Another small, but r e l a t i v e l y well-defined maximum occurred i n 

1889, but by the end of the century n Car had faded to 8th magnitude. 

Figure 4.31 shows the Light Curve of n Car. . . -•.-

• - . • - \ • 

4.1.2 E a r l y Spectroscopic Observations 

The e a r l i e s t available spectroscopic observations were made by• 

Le Sueur (1870) and Gierke (1888) . Le Sueur describes the spectriom as 

being "crossed by bright l i n e s " and i d e n t i f i e d the l i n e s Ha, He I X5876, 

and Fe I I XX 5169, 5018. These observations, during the l a t t e r part of 

the decline of the great 1843 maximum, indicate that the spectrum may have 

had a s i m i l a r appearance to today's. Le Sueur also states that "occasionally 

there i s an appearance, as i f of a multitude [of dark l i n e s over the 

spectrum generally, but they refuse to be seen separately and cer t a i n l y " . 

I t i s possible that a very r i c h spectnam of weaker emission l i n e s , l i k e the 

present one, could have been mistaken v i s u a l l y for an absorption one. 

Gierke too says that "indications of dark shadings are perceptible" 

i n the spectrum of n Carinae, but detected no bright l i n e s . I t i s uncertain 

whether r e l a t i v e l y weak emission l i n e s could have been detected i f present, 

since the observations of both Le Sueur and Gierke were pre-photographic 
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descriptions. 

From 1892 onwards, 40 plates Cthe Harvard pia,tesl of the spectrum 

of n Car were taken with the Boyden 13-inch telescope i n Arequipa, Peru. 

Bok (1930) has reviewed these early spectra taken by Cannon and 

describes ri Carinae as having an absorption spectrimi with superimposed 
.-f 

hydrogen emission and a spectra l c l a s s i f i c a t i o n of c.Fj^. However, an' 

examination of the 1892 and 1893 plates by H o f f l e i t (1933) shows that an 

emission spectrum existed before the absorption spectrum of 1893. The main 

features of the 1893 spectra are : very intense Balmer l i n e s ; f a i n t Fe I I 

l i n e s ; and very strong forbidden l i n e s . 

A plate taken i n 1895 shows a spectrum much more l i k e the present 

one. There i s s t i l l some f a i n t absorption but the emission spectrrmi i s 

prominent. The Balmer l i n e s are s t i l l the strongest but more than 20 other 

emission l i n e s due to ordinary and forbidden Fe I I are c l e a r l y v i s i b l e . 

H o f f l e i t detects conspicuous absorption components on the v i o l e t sides of 

the stronger l i n e s , which are l a t e r absent. 

The next spectrum, observed by G i l l i n 1899, revealed a bright l i n e 

spectrum c l o s e l y resembling that of Nova Aurigae. Baxandall (1919) has 

suggested that since G i l l detected no absorption l i n e s , i n agreement with 

l a t e r observers (e.g. Moore and Sanford (1913) ) then perhaps the Harvard 

observers had i n some way misinterpreted some.of the int e r v a l s between bright 

l i n e s as dark l i n e s , and measured them as such. The most l i k e l y explanation 

i s that the spectrim was s t i l l undergoing i t s change, i . e . decreasing intensity 

of absorption spectrtmi was accompanied by a strengthening of permitted Fe I I 

l i n e s r e l a t i v e to Balmer l i n e s and by the appearance of very strong forbidden 

Fe I I l i n e s . 

H o f f l e i t (1933) concludes that the spectral changes were probably 

correlated with the l i g h t v a r i a t i o n of n Car at t h i s time, the change from 
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absorption to emission spectrum having taken place whilst the s t a r was 

rapidly decreasing i n brightness from 7?5 i n 1892-3 to 8?3 i n 1895. 

The Harvard spectra a f t e r 1900 show the usual emission spectrum with 

perhaps a f a i n t continuous background. I n t e n s i t i e s of Balmer l i n e s and 

Fe I I and jFe I I J are of the same order. 

These observations, both v i s u a l and photographic, provide evidence 

that n Car xinderwent at l e a s t two major spectral transformations during the 

second h a l f of the l a s t century. (Walbom and L i l l e r (1977) . ) . Hence the 

absorption spectnmi of 1893 was not necessarily related to the great l i g h t 

maximum of 1843 but probably to the minor one of 1889, i . e . the absorption 

spectrxom of 1893 arose i n an expanding s h e l l ejected shortly before. 

4.2 THE STRUCTURE OF ETA CARINAE 

E t a Carinae has been characterized by, for example, Thackeray (1956) 

as e s s e n t i a l l y a scattering nebula, illuminated by a central objept. 

Walbom (1976) considers the three p r i n c i p a l components of n Car to be the 

nucleus, the Homunculus (aft e r Gaviola) and the outer s h e l l . T\ Car presently 

has a magnitude of 6?2 and i s associated with OB stars at a distance of 

2.8 kpc (Walborn and Ingerson 1977), 

4.2.1 The Nucleus 

The very bright central object i n n Car i s often referred to as the 

"central s t a r " but i n f a c t t h i s nucleus i s non-stellar. Radiation from 

t h i s c e n t r a l object i s e f f e c t i v e l y scattered from the "halo". 

4.2.2 The HomianciiLus 

With the 61 inch r e f l e c t o r at Bosque Alegre Gaviola (1953) observed 

a shape resembling a "homunculus", "with i t s head pointing NW, legs opposite 

and arms folded over a fat body". This area, oval i n shape, i s reasonably 

w e l l defined and of dimensions 12" x 17". The sxirface brightness i s 

r e l a t i v e l y high and i t manifests i t s e l f as a reddish-orange nebulosity, with 

a complex int e r n a l structure. Gaviola's Homunculus i s reproduced in Fig. 4.21. 
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The objects, formerly thought to be components of a multiple 

s t a r system, were discerned by Gaviola to be condensations moving r a d i a l l y 

outwards with speeds ranging from 3.2 to 7.5 per century. The rate of 

expansion suggested ejection by the central nucleus eiround 1843 or l a t e r . 

The l i g h t from the nebula was found by Thackeray (1956) to be 

polarized, the polarization beiiig as great as 40% at the head of the 

Homunculus. By observing both the polarized and unpolarized l i n e s i n the 

head, Thackeray demonstrated that the head of the homunculus i s moving away 

from the nucleus at the rate of 630 km s "*" approximately i n a direction 

i n c l i n e d 70° to the l i n e of sight. Using Gaviola's measured expansion rate, 

^ . and assuming the head to have originated i n the second eruption, i n the 1890's, 

Thackeray obtained a distance of 2,000 LY for n Car. 

Measurements of Gaviola's condensations on recent plates (Gehrz and 

Ney 1972) show that the knots have continued to move outwards and that between 

1944,and 1972 there has been a 1.25-fold increase i n the pattern's s i z e . 

This increase implies that ejection occurred around 1835 +_ 10 yrs but since 

the expansion factors for various parts of the nebula vary, 1.25 being the 

average increase, i t seems l i k e l y the material was ejected over a wide range 

of time. For example, the observations of the head of the homunculus imply • 

ejection i n 1862. 

4.2.3 The Outer S h e l l 

The surface brightness of the outer s h e l l i s d i s t i n c t l y lower than 

that of the homvinculus, but i t possesses an i n t r i c a t e structure which i s 

progressively revealed by increasing exposures ; the most distant features 

extend to a t l e a s t 25" from the ce n t r a l object. 

The p r i n c i p a l features of the outer s h e l l have been i d e n t i f i e d by 

Walborn (1976) on a composite sketch, reproduced i n figure 4.22, and are 

described by him as follows : (1) the southern (S) ridge, well separated 

from but pe r f e c t l y p a r a l l e l to the homunculus, containing near i t s western 
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end the brightest featvire of the entire outer s h e l l , the Southern (S) 

condensation ; (2) the northern (N) condensation which i s a close double ; 

(3) the western(W) arc, which curves towards the western (W) condensation ; 

and (4) the f i v e eastern (E) condensations the largest of which (E5) i s the 

most dist a n t well defined feature from the central object (about 25" away). 

The main body of the outer s h e l l , exclusive of outlying condensations and 

prominences > i s elongated i n approximately the same sense as the Homunculus 

and has dimensions 21" x 29" the r a t i o of which i s e s s e n t i a l l y i d e n t i c a l to 

that of the homuncular oval dimensions. 

Comparison of Walborn's (1976) photographs with those of Thackeray 

(1949-1950) reveals the N and brightest E condensation have increased t h e i r 

r a d i a l distances.from the central object. Walbom estimates the displace-
II II 

ments to be 1.5 - 2.0 for the quarter century i n t e r v a l implying angular 

v e l o c i t i e s near the upper l i m i t of those derived for features within the 

homunculus by Gaviola (1950) and Ringuelet (1958). 

A consideration of the proper motions of these condensations by 

Walborn, Thackeray and Blanco (1978) reveals that a l l motions are outward 

and r a d i a l with respect to the central object, that the v e l o c i t i e s of NN and 

NS condensations are greater than any observed within the Homunculus and 

that the W and E l - 5 condensations have motions s i m i l a r i n magnitude to those 

i n the Homunculus and the south ridge, despite the much greater separations 

of the former from the central object. This obseirvation supports the idea 

that W and E l - 5 may have been ejected from n Car at the much e a r l i e r epoch 

implied by the assumption of uniform motion. 

However, the unknown derivatives of the observed motions introduce 

a basic uncertainty but i f i t i s assiamed that a l l the observed nebulosity i s 

rel a t e d to the a c t i v i t y of the l a s t century, i t follows that the most outlying 

features must have been sharply decelerated. 
On the assumption of predominantly uniform motions, the suggestions 
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of Walborn, Blanco and Thackeray about the relationships of the condensa

tion ejections with the l i g h t curve of n Car, are summarized i n Table 4.2B. 

TABLE 4.2B 

Relationship of Condensation Ejections with Light Curve 

! (from Walbom, Blanco, and Thackeray, 1978) . 

Gaviola-Ringuelet 
Condensation 

Walborn 
Feature Light Maximum 

B, C, b, g 1889 

NN, NS 1870-1872 

C, d, h, and H, S 1830-1840 

-

W, E l - 5 15th century ? 

Walborn (1976) indicates some intriguing apparent relationships 

between s t r u c t u r a l d e t a i l s of the homunculus and the outer s h e l l . The most 

s t r i k i n g i s the alignment of the "arms" on either side of the homunculus with 

the N and S condensations. Curved filaments are observed to connect these 

condensations to the regions of the homuncular arms. The western arc may 

be a closed loop which, together with the western condensation, bears an 

analogous relationship to the head of the homuncvilus, i t s e l f a looped 

structure. Walbom suggests that some mechanism may be operating in.n Car 

which s p a t i a l l y aligns ejections at different epochs, or with very different 

v e l o c i t i e s . magnetic f i e l d i s one p o s s i b i l i t y since t h i s i s synonymous 

with curved and looped structures. 

4.3 MODERN LIOiT CURVE MEASUREMENTS 

Modern l i g h t curve measurements have been made -by De Vaucoulexirs and 
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Eggen (1952), O'Connell (1956), F e i n s t e i n (1967) and Feinstein and 

Marraco (1974). 

From around 8th magnitude at the turn of the century, O'Connell 

found that ^ Car had considerably increased i n brightness by 1941 to a 

magnitude o f about 7.4. In 1952 De Vancouleurs and Eggen obtained a 

magnitude p f 6. 5 arid recent measurements by Feinstein and Marraco 

(1974)indicate that n Car i s s t i l l increasing i n brightness. Figure 4.31 

shows the complet© l i g h t cxirve of T] Car, reproduced from Feinstein and Marraco 

(1974). 

F e i n s t e i n and Marraco have obtained a period of about 1100 days 

for the v a x i a t i o n of l i g h t from n Car. However, t h e i r data are not well 

enou^ distxibuted i n time to be certain of t h i s r e s u l t and Walker (1972) 

who has made frequent, evenly spread observations of the l i g h t variation 

suggests t h a t h i s r e s u l t s indicate i r r e g u l a r rather rapid brightenings, 

followed by slow declines. He also observes that the o v e r a l l rate of 

increase i n brightness seems to have slowed somewhat. 

Thackeray (1953 a) suggests that since the contribution of the nucleus 

to the integrated i n t e n s i t y cannot be greater than 25% at most, then the 

increase i n magnitude i n recent years must mean that the halo has brightened. 

4.4 OPTICAL SPECTRUM 

The o p t i c a l spectrum of n Carinae now consists of a multitude of 

emission l i n e s superin^rased upon a background continium. Detailed 

descriptions of the spectrum have been given by Thackeray (1953 b) and 

Gaviola (1953) , the most c h a r a c t e r i s t i c features being the numerous and 

very strong forbidden l i n e s due to quadrupole transitions of Fe I I . 

The emission l i n e s are found to be multiple (Gaviola 1953) consisting 

of 2, 3, o r more components with the red component considerably the strongest • 

(Thackeray 1953). A small number of l i n e s are sharp whilst others range-

from nebxilous to very nebulous. 
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The strongest l i n e by f a r i s Ha which gives n Car i t s v i s u a l 
o 

colour. Hie main component i s over 2 A wide, having a comparatively 

sharp v i o l e t edge and a nebulous red edge. The position of the Ha 

l i n e corresponds to a r a d i a l v e l o c i t y of +20 km s ^. Other components 

of Ha on average have r a d i a l v e l o c i t i e s of several hundred km s~^. The 

' other Balmer l i n e s are also present, the multiple structure, nebulosity 

and r a d i a l v e l o c i t i e s varying from l i n e to l i n e . 

The main components of {pe I I _ X4287, Fe iTj X4359 are found 

to be brighter than the main components of H0 although the integrated l i g h t 

of H3 ( l i n e s plus continium) forms the second brightest feature of the 

spectrum (Gaviola 1953). The bright metallic l i n e s show i n general a 

multiplet structure, with a continuous background. The main components 

have a v i o l e t s h i f t of about -28 km s ^, but the r a d i a l v e l o c i t y s h i f t s of 

a l l the components do not . f a l l within narrow l i m i t s . The near components 

often, have s h i f t s i n the range ±140-200 km s ^ ; those of the further 

components may l i e between ±250-350 km s ^. 

The forbidden l i n e s [N ILI ' E ^3 ' & ^3 ' have 

i d e n t i c a l r a d i a l v e l o c i t i e s to the major components of the hydrogen re

combination s e r i e s (Rodgers and Searle 1967) suggesting that they must 

originate i n the same regions of n Car. 

Changes i n the spectrum were observed by Gaviola (1953) during h i s 

1948 observations. He found that the general c o n t i n i ^ had become stronger 

with respect to the emission l i n e s ; that the sharp _He 1^ XX5876, 4471 l i n e s 

had p r a c t i c a l l y disappeared and that the [ N ] I I 3 , l^Ne I l T ] , | Fe l O l i n e s 

had faded i n i n t e n s i t y . His plates of 1949 showed that the spectrum was 

slowly coming back to 'normal', although the continuum remained enhanced. 

Rodgers and Searle (1967) observed si m i l a r fadings of | He I _ 

Ne I I I and Fe H I ^ i n the period between March 1964 and March 1965. 
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Gaviola has detected the early absorption spectrum (P-cygnl 

corresponding to F5 sx^Jergiant) measured on the early Harvard plates but 

p a r t i a l l y obscured by the present emission spectrum. 

. The strongest l i n e s i n n Car are accompanied by diffuse absorptions 

s h i f t e d to the v i o l e t by about 450 km s ^. The absorption components appear 
•f • • • • • 

only weakly on dense exposures and as with the emission components the 

v e l o c i t i e s are larger for the stronger members of the Balmer Series. 

Pagel (1969) suggests that, rather than being due to scattered 

radiation from a hot central s t a r , which has never been c l e a r l y i d e n t i f i e d 

v i s u a l l y , t±ie v i s u a l continiimi i s due to two photon emission by hydrogen 

in the 2s s t a t e . Apparently the spectral distribution and inte n s i t y of the 

continuum r e l a t i v e to Ha and c e r t a i n other emission l i n e s can be accounted 

for in t h i s way (see Pagel 1969 and references therein) . 

. Observations of the spectra from the different parts of the nebula 

are d i f f i c u l t to obtain because the l i g h t coming from the nucleus, especially 

in bad seeing i s too strong at distances of only a few seconds, but i n general 

the surrounding s h e l l shows the same kinds of l i n e s as the core but with 

different i n t e n s i t i e s , suggesting that the s h e l l shines by core radiation 

that has been scattered i n the s h e l l . This interpretation i s supported by 

absorption features i n t h e . s h e l l . 

According to Thackeray, the permitted l i n e s which are found to be 

polarized, are exclusively due to l i g h t from the n.ucleus being scattered by 

the s h e l l w h i l s t the unpolarized forbidden l i n e s a r i s e i n the halo or s h e l l 

i t s e l f . 

The p r i n c i p a l morphological conclusions to be drawn from the 

spectroscopic observations are summarized by Walbom, Blanco, Thackeray (1978) 

as follows : 

(1) The emission l i n e s from the central object have sharp cores, 

but there are diffuse absorption features shifted by about -450 km s ^ 

45 



r e l a t i v e to the emission. 

(2) The homunculus has diffuse emission l i n e s (widths up to 

nearly 800 km s •'^)with generally positive v e l o c i t y s h i f t s as high as 

+ 850 km s for the peinnitted l i n e s i n feature "h". There are also 

blue s h i f t e d diffuse absorptions as i n the central object. 

' (3) The emission l i n e s from the E2-5 condensations of the outer 

s h e l l are r e l a t i v e l y narrow and have negative velocity s h i f t s i n the range 

-100 to -200 km s""^. 

(4) The emission l i n e s from the outer s h e l l features NN̂  NS (Gaviola's 

'm') and ES (Gaviola's ' 1 ' ) have extremely complex disturbed p r o f i l e s 

extending to very high v e l o c i t i e s . 

(5) I n the c e n t r a l object and homunculus the intensi t y of 

Ha > \~N I I ] XX6548, 6583 but throughout the outer s h e l l [N IT] > Ha. 

4.5 INFRARED MEASUREMENTS 

• E t a Carinae i s the brightest object known at lOy and 20vi with the 

exception of objects within the solar system (Westphal and Neugebauer 1969). 

The steep r i s e of the v i s u a l continuum towards the infrared was 

o r i g i n a l l y observed by Rodgers and Searle (1967), and subsequent measxirements 

e.g. Neugebauer and Westphal (1968) , Westphal and Neugebauer (1969) , Sutton, 

Becklin, Neaigebauer (1974) and Robinson, Hyland, Thomas C1973) have confirmed 

the strength of the infrared continiijm i n T\ Carinae. 

The slope of the continuum i n the o p t i c a l and near infrared i s 

c r i t i c a l l y dependant on the correction made for d i f f e r e n t i a l extinction by 

i n t e r s t e l l a r dust. I n i t i a l l y , Neugebauer and Westphal corrected t h e i r data 

using a value of E^ ̂  = 0 .6 , with the v i s u a l absorption = 1-8 giving R = 3. 

They obtained an increase i n the slope of the continuum incompatible with 

that from a hot star, and i n any case d i f f i c u l t to explain. However, by 

comparing the r e l a t i v e i n t e n s i t i e s of [Te I I ] l i n e s i n the spectriam of 

n Car at d i f f e r e n t wavelengths, Pagel (1969) has obtained a value of Eg_^= 1.2, 

46 



which replaces the increase i n slope of the continuum towards the i n f r a 

red with a decrease, compatible with the continuum from a hot s t a r . 

The existence of the s i l i c a t e emission peak i n the 8-13 y range 

has been established by Robinson, Hyland and Thomas (1973). However, the 

lack of oxygen l i n e s i n the spectrtmn of n Car (Thackeray 1953 ; Rodgers 

"' and Searle 1967) , indicating a deficiency of oxygen poses a problem since 

s i l i c a t e emissivity peaks are only expected to be found i n the energy 

d i s t r i b u t i o n s of oxygen-rich s t a r s . Robinson, Hyland and Thomas suggest that 

the true oxygen deficiency i s only marginal and that the apparent deficiency 

a r i s e s due to oxygen atoms becoming bovind i n molecules and s i l i c a t e grains. 

The infrared continium i s now generally accepted as being due to 

thermal emission by grains (Westphal and Neugebauer 1969 ; Robinson, Hyland, 

Thomas 1973 ; Pagel 1969) as opposed to synchrotron emission Ce.g. McCray 

1967).Various single s h e l l , and multiple s h e l l models have been developed to 

account for the infrared energy' distribution (Apruzese 1975 ; Mitchell and 

Robinson 1978 ; Robinson, Hyland, Thomas 1973). Multiple s h e l l models are 

appropriate because, at each o p t i c a l maximum, matter which i s ejected and 

moves r a d i a l l y outward, eventually reaches a radius such that the temperature 

i s below the vaporization temperature of the grains, hence the formation of 

grains occurs and since there have been several o p t i c a l maxima, the dust grains 

are l i k e l y to be distributed i n the form of several concentric s h e l l s , 

(Robinson, Hyland, Thomas 1973). Invoking a model based on various d e t a i l s 

of the spectrum of n Carinae, and the assiomption that the infrared spectrum 

i s due to thermal re-emission from dust surrounding an ionized region 

Davidson (1971) portrays n.. Carinae as a very massive s t a r whose surface 

temperature i s about 30,000° K, photoionizing a compact H I I region which 

i s surrounded by dust. 

4.6 THE NATURE OF ETA CARINAE 

I n a detailed study of the present condensation process of s o l i d 

47 



material around n Car, Andriesse et a l C1978) interpret the l i g h t curve 

i n terms of a model of time evolution of the dust envelope, which accounts 

for the wavelength dependent extent of the infrared source. They show 

that n Car, a high luminosity s t a r (5 x l o ^ L ) with a mass of 160 M 
O 0 

has been losing mass since 1840 at the rate M = 8 x 10^ L^, which may 

•! account for the i n t r i n s i c fading by 1 magnitude since 1840, and also that 

since 1856 dust has been condensing from the circumstellar gas at distances 
14 

greater than' 3.7 x 10 m from the s t a r , i n i t i a l l y at. the rate . :. . -
- 4 - 1 

Md = 1 X 10 y presently at a somewhat higher rate. 

With a surface temperature of the order of 30,000° K (Davidson 

1971) n Carinae appears to be well above the main sequence. Hence 

Ti Carinae may be either a very massive star approaching the main sequence, 

or one which has perhaps evolved away from i t and become pulsationally 

xmstable. 

Since the process of contraction to the main sequence has a smaller 

time scale than that of evolving av;ay from i t , the l a t t e r hypothesis seems 

more l i k e l y and variations i n brightness, extensive envelope and mass ejection 

a l l suggest that the s t a r i s showing signs of i n s t a b i l i t y . Hence n Carinae 

may f a l l into, the category of s t a r s which are mildly, but not yet seriously 

unstable being much further along i t s evolutionary path than other known 

massive s t a r s , and possibly being beyond the point at which the core i s 

exhausted when 60-70% of the t o t a l hydrogen has been burned. I f the s t a r 

i s rapidly exhausting i t s supply of nuclear f u e l , and with i t s evolutionary 

state speeding up very rapidly, n Carinae may possibly undergo a supernova 

outburst (Biirbidge 1962) . 

Davidson (1971) supports t h i s view of Burbidge, although not 

neces s a r i l y predicting a supernova outburst, and suggests a hypothetical 

s e r i e s of events as follows : i n i t i a l l y the s t a r was as i t i s at present 

day, but without the circumstellar dust i t was 4th magnitude rather than 
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6th. Then some i n s t a b i l i t y caused the sudden ejection of material which 

formed a s h e l l , giving the appearance of a bright s t a r when the s h e l l had 

esqpanded to the point where most of i t s radiation was at v i s u a l wavelengths. 

As. dust grains began to form i t seemed to fade and when the expanding 

envelope became o p t i c a l l y t h i n for some form of scattering, but v i s u a l l y 

• opaque because of the dust, TI Carinae assumed i t s present appearance. 

Because n Carinae seems to be a member of a s t e l l a r association 

i n Carina, Gratton (1963) suggests that the s t a r i s a very young object 

and that the phenomena shown by i t could be those accompanying the formation 

of a (massive) s t a r or perhaps a group of s t a r s . 

As regards TI Carinae being i n the process of gravitational contrac-' 

tion, i t seems that very massive proto-stars are prone to become pulsationally 

unstable and that i n f a c t the true upper l i m i t to s t e l l a r masses may be set 

by the i n s t a b i l i t y of more massive proto-stars, which may e j e c t material 

or destroy themselves completely whilst moving towards the main sequence. 

I f t h i s i s the case, n Carinae may now be at i t s high luminosity phase and 

further evolution may lead to either a catastrophe or a minor re-adjustment, 

the inner p a r t contracting normally to the main sequence and the outer s h e l l 

being ejected (Burbidge, 1962). . 

Zwicky c l a s s i f i e s ri Carinae as a Type V Supemova, the only other 

analogous object i n the c l a s s being i n NGC 1058. However, with a difference 

of only 9 magnitudes between maximum and minimiam luminosity, as opposed to 

17 magnitudes i n a normal supemova, with a spectrum resembling that of 

normal novae, and with an absence of non-thermal radio emission, n Carinae 

cannot r e a l l y be c l a s s i f i e d as a true supernovae. Thackeray (1956) suggests 

that Ti Carinae belongs to a new c l a s s of supernova, that of 'ultra-slow 

supernovae' corresponding to the b i r t h of an expanding association - an 

event f a r r a r e r than an ordinary nova or supernova. 
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With a mciximum luminosity intermediate between that of novae 

and supernoyae, n Carinae may well be "representative of a small group 

of ejection variables that a t t a i n high luminosity", (Payne-Gaposchkin, 1957) 

The high luminosity, blue colour index and intermediate F-type spectra 

associates n Carinae with the group of Hubble-Sandage variables, (Warren-

Smith et a l 1978) the brightest i r r e g u l a r variables i n M31 and M33. Hence 

n Carinae may be an equivalent Hubble-Sandage Variable i n our own galaxy. 
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CHAPTER 5 

A DUST SCATTERING MODEL OF THE ETA CARINAE NEBULA 

5.1 THE DATA 

The Eta Carinae nebula was observed at the f/15 focus of the 

3.9m Anglo-Australian Telescope on 17th January 1978, by Scarrott and 

Warren-Smith. The data was reduced by Warren-Smith and interpreted by 

Warren-Smith,Scarrott, Murdin and Bingham (1979), henceforth referred to 

as Paper I . 

The polarization map of the Homunculus, corrected for an i n t e r 

s t e l l a r p olarization of 2 i 4 % a t position angle 108° (as given by Visvanathan 

1967) i s shown i n figure 5.22. Each vector represents the degree and 

position angle of the polarization at that point. Representative errors 

on the polarization are shown i n figiores 5.21 which show the. s p a t i a l 

v a r i a t i o n of polarization. The Stokes' parameters for each point on the 

map are l i s t e d i n Appendix 1, along with the polarized intensity, percent

age p o l a r i z a t i o n and position angle of polarization. Measvurements have 

been made using an integration bin of 0.7 x 0.7 arcsec with a separation 

of 0.7 arcsec. 

5.1.1 Seeing on the AAT 

The AAT i s susceptible to changes i n the seeing. Since the 

integration bins are of the order of the seeing disc Cv- 0.8 arcsec FWHM) , 

i t i s important that the seeing remained constant over the four exposures. 

(Only four exposures were necessary because the l a t e r a l extension of the 

Homunculus was no more than one g r i d width, so grids "out" were unnecessary) . 

P r o f i l e s of the same star from each plate i n x and y are shown i n figure 5.11, 

along with the standard deviation for each distribution. Since the integra

tion bin i s composed of 2 x 2 of these intensity bins a i s well within the 

required accuracy range, and the seeing i s constant over the four exposures. 
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PROFILES OF THE SAME STAR ON PLATES 1,2,3&4. 
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with the exception perhaps of plate 3. Plate 3 was found to be 

extremely noisy and hence was rejected i n the production of the polariza

tion map. The reduction technique was c a r r i e d out as i n Chapter 2 except 

that the f i l t e r i n g stage was necessarily omitted. I t was found that a 

smoother map was obtained using three plates without f i l t e r i n g , than using 

the set of four plates plus f i l t e r i n g (Warren-Smith, private communication). 

The errors, normally calculated during the f i l t e r i n g stage were now calculated 

as a function of noise on the plate. 

5.2 . THE POLARIZATION MAP 

The polarization map of the Homunculus, shown i n figure 5.22 i s 

discussed i n d e t a i l i n Paper 1. 

5.2.1 Geometry of the Homunculus 

The main feature of the generally centro-symmetric polarization 

pattern i s the asymmetry to the NW and SE where the polarizations are 35% 

and 75% respectively. 

The general s i m i l a r i t y between t h i s polarization pattern and that 

of the nebula Ml-92 (Schmidt, Angel, Beaver, 1978) has led-Warren-Smith 

et a l to postulate a s i m i l a r geometry. Ml-92 i s described as being "bipolar", 

that i s , e s s e n t i a l l y symmetric about an axis passing through two lobes and 

the c e n t r a l s t a r , also with an o p t i c a l l y thick equatorial dust torus. In 

the case of the Homunculus, t h i s torus i s considered to be liiminous. I f the 

nebula i s i n c l i n e d at 20° to the plane of the sky (Thackeray, 1961) , then to 

the N, where the torus i s before the nebula, i t w i l l manifest i t s e l f as a 

sharp drop i n polarization due to increased o p t i c a l depth and hence multiple 

s c a t t e r i n g e f f e c t s . This i s shown i n figures 5.21. To the S, where the 

ring i s behind the nebula, the r i s e i n polarization to the extremities of the 

nebula i s uniform, (see geometry i n figure 5.23) . Both the ring and n Car 

contribute to the scattered l i g h t . The asymmetry i n polarization i s explained 

i n terms of the scattering processes operating i n the Homunculus. 
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EFFECT OF LUMINOUS RING ON 
Rgure 5.21 PERCENTAGE POLARIZATION 
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5.2.2 Conclusions 

Warren-Smith et a l postulate that, l i k e with bipolar nebulae 

(Cohen and Ktihi,l977) , n Carinae originated i n a nova explosion i n which 

ein i n i t i a l l y spherical expanding envelope int e r a c t s with a disk. Ejection, 

free along the poles of the disk, i s constricted by swept-up disk material 

'• i n the d i r e c t i o n of the disk's equator. They explain the origin of the 

d i s k - l i k e circvmistellar cloud as an "ex-cretion" disk generated by overflow 

from the outer Lagronian points of a close binary s t a r and suggest that 

n Carinae belongs to a c l a s s of Hubble-Sandage Variables (Hubble and Sandage 

1953) intermediate i n magnitude between novae and supernovae. 

5.3 THE MODEL 

- The large polarizations measured i n the Homunculus are thought to 

be due to the scattering of l i g h t , from the central source, by dust grains. 

There i s substantial support for the existence of dust grains i n n Carinae 

(Pagel, 1969; Davidson, 1971; Westphal and Neugebauer 1969 ; Gehrz and Ney, 

1972). Other mechanisms capable of producing polarization such as Rayleigh 

s c a t t e r i n g and electron scattering can be ruled out due to the absence of the 
-4 

c h a r a c t e r i s t i c X component i n the continuum,characteristic of Rayleigh 

s c a t t e r i n g , cind because the o p t i c a l depth of electrons i s i n s u f f i c i e n t to 

produce the necessary electron scattering (Craine, 1974). The asymmetry i n 

the pcleirization about 90° could be produced by scattering where the 

grainsize 'v< X and where the polarization depends on the nature of the dust 

p a r t i c l e (characterized by a complex r e f r a c t i v e index) and a s i z e . 

Evidence for the existence of s i l i c a t e grains comes from the observa

tions of Neugebauer and Westphal (1968),and Robinson,Hyland and Thomas (1973) 

amongst others, who i d e n t i f i e d the lOp feature attributable to s i l i c a t e s i n 

the i n f r a r e d emission. Refractory grains, with melting points i n the range 

1500 K to 2000 K are obvious candidates for the components of d\:st which must 

withstand temperatures i n the range 200 K to 1500 K (Davidson 1971) as opposed 

55 



to v o l a t i l e substances such as ic e with melting points i n the range 

100 K to 200 K. 

Previous models of the Eta Carinae Nebula have consisted of 

extended spher i c a l cixcximstellar dust s h e l l s (Mitchell and Robinson,1978 ; 

Aprtizese 1975) based on measurements of infrared emission. Mitchell and 

Robinson fin d that a mixture of s i l i c a t e , corundvmi and iron grains s a t i s f y 

the observations, with the s i l i c a t e grains having a s i z e of . l y . 

Radiative t r a n s f e r calculations by Apruzese require rather larger 

p a r t i c l e s and i n a detailed investigation of the dust around n Carinae, 

Andriesse (1978) concludes that the dust consists of s i l i c a t e grains of 

radius l y . 

The present model of the Homunculus takes the geometry described 

i n section 5.2.1 with a s i z e distribution and seeks to reproduce the 

pol a r i z a t i o n produced by scattering on the major axis at the extremeties 

of the Homxanculus. At these scattering angles v i z . 110° to the NV7 and 70° 

to the SE, the po l a r i z a t i o n i s found to be 35% and 25% respectively (see 

figures 5.31 and 5.32). These asymptotic values are assumed to a r i s e 

where the nebula i s o p t i c a l l y thin and the scattering geometry i s not 

s i g n i f i c a n t l y cheinging. Between these regions and n Carinae, the polariza

tion drops off considerably due to the effects of increase i n o p t i c a l depth, 

changes i n scattering geometry and the presence of the equatorial ring. 

The dust i s assumed to consist of s i l i c a t e grains. 

5.4 METHOD OF COMPUTATICN 

The cingular scattering functions for the s i l i c a t e p a r t i c l e s are 

computed by Mie theory ( ilsing the formalism given by Wickramasinghe 1973) 

as a function of complex r e f r a c t i v e index 

m «= n - i k = / K - 2ia V c (5.1) 

where n corresponds to the r e a l (refractory) and k the imaginary (absorbing) 

part of the r e f r a c t i v e index, K i s the d i e l e c t r i c constant and a the • 
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conductivity of the p a r t i c l e material, and s i z e parameter 

X =» 2ir a/^ (5 2) 

^rtiere a i s the radius of the (spherical) grain and X the wavelength 

of the l i g h t . 

The normalized scattering functions, following Hanner (1971) are 

^, /S.(x,e,A)/ n(x) dx 
(e,x) = (5.3) 

n (X) dx 

where S^(x,e,X) are the amplitude functions defined by van der Hulst 

(1957) and the subscripts i = 1,2 represent the contributions perpendicular 

and p a r a l l e l . 

The percentage polarization i s given by 

p = ^1 " ^2 .100 (5.4) 

^ ^ ^2 

The accuracy of the integration routine (from the * NAG LIBRARY) 

has been checked by reproducing the curves from Hanner's paper, using her 

parameters. These curves are shown i n figure 5.41. 

5.4.1 Refractive Index 

S i l i c a t e minerals t y p i c a l l y have r e a l refractive indices i n the 

range 1.55-1.75. Inclusion of a small imaginary component i n the r e f r a c t i v e 

index w i l l reduce the amount of negative polarization and increase the 

p o s i t i v e p o l a r i z a t i o n compared with the corresponding curves for a pure r e a l 

r e f r a c t i v e index. The r e f r a c t i v e index used by Hanner was chosen, i . e . 

= 1.65 - 0.05i on her suggestion that the inclusion of a small imaginary 

component for s i l i c a t e may be more representative for models of grains than 

a pure r e f r a c t i v e index (Hanner, 1971). 
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Fgure5-41 MANNER'S CURVES 
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From calculations on i n t e r s t e l l a r c i r c u l a r polarization, Martin 

(1972) demonstrates that the wavelength of c i r c u l a r polarization i s 

s e n s i t i v e to the imaginary part of the complex re f r a c t i v e index of grain 

material. He suggests some possible grain materials including s i l i c a t e s , 

with n "v* 1.7 and k ranging from 0 to 0.3. A r e f r a c t i v e index, 

= 1.7 - 0.3i, was also chosen i n order to contrast " d i e l e c t r i c " 

behaviour with that from more "metallic" grains. 

5.4.2 Size d i s t r i b u t i o n s 

I t i s highly improbable that any distribution of dust grains w i l l 

c o n s i s t of grains of a unique s i z e only. A range of s i z e s i s more l i k e l y 

to occiu: from say .Oly to greater than l y , i n radius, with d i f f e r i n g cross-

section f o r scattering, and hence affecting the polarization d i f f e r e n t l y . 

I t i s therefore necessary to incorporate a s i z e distribution i n any scatter

ing model proposed. Varioiis s i z e distributions have been adopted by 

Wickramasinghe and Nandy (1973),in i n t e r s t e l l a r extinction studies,- but 

here/ the Greenberg d i s t r i b u t i o n used by Hanner i s ^ i n i t i a l l y considered, 

which i s of the form 

n(a) = exp -5 /a (5.5) 

with a^ = 0.25. Here n(a)da represents the number of grains per unit 

volume with r a d i i between a and a + da and the distribution i s integrated 

between x = 0.01 and x = 20, convergence gienerally being reached after 

about seven or eight terms, where x i s the s i z e parameter, equal to ^̂ ^̂ .\, 

X being the wavelength, with x = ^^^^X. Hence an integral of the form 

n (x) = exp 
-5/ 

o 

. 3' 

(5.6) 

i s a c t u a l l y evaluated, since the Mie functions are calculated i n terms of 
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X rather than a and since only a r a t i o i s involved, the same r e s u l t s 

are obtained. 

Rather poor agreement was obtained using t h i s distribution and so 

(or x^) was varied to find an optimum value for the constant. The 

in^jrovement was only marginal. 

A greater degree of freedom could be obtained by varying the power 

and so a new dist r i b u t i o n of the form 

n(x) exp (5.7) 

was investigated. 

The e f f e c t of varying the power a, for both r e f r a c t i v e indices i s 

shown i n figure 5.42, and i t i s cl e a r that the percentage polarization i s 

extremely s e n s i t i v e to a. The main d i f f i c u l t y i s that of obtaining the 
o o 

correct spacing between P(110 ) and P(70 ) at the r i g h t order of po l a r i z a 

t i o n . For m̂ , the best f i t s were obtained with 0.24 < < 0.27 and 

0.84 <a < 0.87. For there was a unique best f i t at x^ = 0.24,a = 0.69, 

I t can be seen that the r e f r a c t i v e index has a greater effect on a 
than on x . The two s i z e distributions o 

and 
n(x) 

n(x) 

exp 

exp 

.0.25 

0.24 

0.69 

-

are shown i n figure 5.43a to be compared with the distributions obtained 

using the standard Greenberg di s t r i b u t i o n (a =0.25) and t h i s distribution 
o 

optimized (a = 0.22 for m, and a = 0.26 for m̂ ) i n figure 5.43b. A l l o 1 o 2 
curves are normalized to an area of 1. 

Although the Greenberg distributions are somewhat different from 

59 



X 

LL O 

uo.nnzuDiod aCD|U33jay 

< 

o 
CM 
Lf) 
CD 
D 
or 

S 5 s 



UL o 

o 
< 
< > 

Lf) 

• t_ 

Ll 

0 r*!*? in <7i rr OOO 6 O 
(I M u II u t* 

6 p o 

=3 v8 
uoj4DziX)|od sED^uaojad 

II 
CD 

n o 
r 
II E 

o 
II 

CD 

CO 
O 

I 

C> 

II 

E 

10 
6 

6 

6 

»0 
6 

"0 O 

O 

i2 S 5 <R ,̂  
UOIjOZUDICXi a6D)U33J^ 



Rgure5.43Q NEW SIZE DISTRIBUTIONS 

I ax= 0-022 
c< = oe>b 

n aX = 0 021 
cX::0-65' 

O OOZ 0-Of O Ofe - 0 03 010 012 OI4 016 0(8 

ajzf (microns) 



CO z o 
3 
m 
cc 
f--
co 
Q 

LJJ 
N 
CO 

CD 

cr 
LU CD 
LU 
LLl 
Q: 
CD 

ui 
I — 

Ll_ 

a £ I 
_ ^ CD 

LT) Csl UO 
CM CNJ ONI 

C) O O 
II II II 
"b. ̂  ^ a D o 



the new d i s t r i b u t i o n s , they are a l l very similar i n the O.ly s i z e region. 

The new di s t r i b u t i o n s tend to include a greater number of both smaller 

and larger grains than the Greenberg distributions. 

5.5 RESULTS 

The r e s u l t s of the computations using various s i z e distributions 

are summarized i n Table 5.5A. 

TABLE 5.5A 

r' 

Percentage Polarizations obtained using various s i z e distributions 

. Distribution m = 1 .65 
1 

- 0.05i m = 1.7 -- 0.3i 

P(70°) P(110°) P(70°) P(110°) 

Greenberg-standard 23% - 16% 36% 38% 

Ciceenberg-optimized 31% 35% 34% 35% 

New d i s t r i b u t i o n 25% 36% 28% 34% 

OBSERVATIC»JS P(70°) = 25% P(110°) = 35% 

Using the new di s t r i b u t i o n s , i t i s possible to predict the variation 

of polarization with wavelength. This w i l l be the most important factor 

determining the c h a r a c t e r i s t i c s of the grain matericil since, as can be seen 

i n Table 5.5B, the two r e f r a c t i v e indices used predict very different 

polarizations at 70° and 110°. 
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TABLE 5.5B 

Variation of Polarization with wavelength 

Refractive Index X = .4 
y 

X = .7 
y 

P(70°) P(110°) P(70°) P(110°) 

m = 1.65-0.051 14% 14% 36% 52% 

m = 1.70-0.301 

3 . 

25% 27% 32% 41% 

5.5.1 E f f i c i e n c y Factors 

The e f f i c i e n c y factors for scattering (Q . ) , absorption (Q . ) 
sea a D S . 

and extinction (Q . = Q , + Q ) have been calculated, vising the ext aDS sea 

formalism of Wickreimasinghe (1973). They are displayed i n figures 5.51a and 

5.51b as a function of grain s i z e . The larger imaginary component i n the 

r e f r a c t i v e index (figure 5.51b) has the effect of smoothing the curves, 

otherwise, apart from the greater absorbing efficiency of m̂  over m̂ , the two 

graphs are very s i m i l a r . 

5.5.2 Cross-sections 

The t o t a l cross-sections for scattering (C ) , absorption (C , ) 
sea aDS 

and extinction (C ) are shown i n figures 5.52a, 5.52b, as a function 

of grain s i z e . The cross-sections are equal to the relevant e f f i c i e n c y 
2 

factor, multiplied by the geometrical cross-section, ira (van der Hulst, 1957) 

Thus o 'sea 

^abs 

C /ira' sea 

C ^ /ira' abs 

(5.8) 

(5.9) 

•'ext C ̂ /ira ext (5.10) 
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91-OlVl 
iSiiNn Aauaiiada)3(U)N 

i n 

2! 
D 
IT 



O CO 

QD LD O 
O CO 

CC 
h- O O 
CO I I 
— LD O 
a CD 

jjipq f_at\ s-""' 
(SiiNfi Aabaiiaau)3(b)N 

i 
IT) 
<U I— D 
cn 



CO i n o 
o c o 
o o 

CO I I 
>—LO O 
Q CD 

UJ II II 

s I s I s 
>.a>i q.mn 

(SiiNn AabaiiByd)3(d)N 
1^ 
ID 
iri 
Q) 
1_ Z3 
O l 
IT 



CO 

o 
1—1 
1 1 
(_) t 

1—1 
1 
1. 
t 
1 . 
/ 

XT
 

/ 
/ 
/ 
/ 

bJ / 

CJ 
UJ 
CO 

I 
CO 
CO 
o 
CC 
CJ 

o 

3 ^ ^ 
CD LD O 
I — . O CO 
CC o o 
CO I I 

LD O 
Q CD r - -

(SiiNfi Aybdiiaau)3iwt 

in 
ir> 

21 
cn IT 



Yet again, a large imaginary component i n the re f r a c t i v e index 

hcis the e f f e c t of smoothing the curves (figure 5.52b) and naturally a l l 

cross-sections increase with larger grain s i z e . 

I f the cross-sections are multiplied by the s i z e distribution, the 

maximum o f the curve w i l l indicate those grains giving the greatest c o n t r i -

bution to the scattering and absorption of the l i g h t , i . e . the most e f f i c i e n t 

poleirizers. These r e s u l t s cire shown i n figures 5.53 for m̂ , and figure 5.54 

for m̂ , f o r the two Greenberg distributions and the new distributions. 

Without doubt, i t i s grains of '\'.15vi which are mainly responsible 

for both s c a t t e r i n g and absorption. 

I n figures 5.55 and 5.56, the three distributions are compared for 

sc a t t e r i n g , absorption and extinction, with the area vinder each ciurve 

normalized to 1. The new distributions involve a greater population of 

larger grains than the Greenberg distributions, contributing to the cross-

sections. 

The graphs i n figxare 5.57, where the new distributions eire compared 

for s c a t t e r i n g cind absorption indicate that a larger imaginary component i n 

the r e f r a c t i v e index demands a greater population of larger grains for 

exti n c t i o n . 

However, the s i z e of grain giving the greatest contribution to 

sca t t e r i n g and absorption i s independent of the s i z e distribution and the 

r e f r a c t i v e index ; these only a f f e c t the details of percentage polarization 

i n that they determine the range of p a r t i c l e s i z e s and r e l a t i v e numbers. The 

graphs show,without doubt, the grains of .15y are chief l y responsible for 

the s c a t t e r i n g i n the Homunculus, irrespective of si z e d i s t r i b u t i o n . 

5.6 EMISSiaJ AT lOy 

Since good absorbers are good emitters, those grains with maximum 

absorption a t lOy w i l l be the most e f f i c i e n t emitters at lOy . Andriesse 

(1978) and Apruzese (1975) suggest that grains of size ly are responsible for 
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the loy emission. Using a r e a l i s t i c imaginary component i n the 

re f r a c t i v e index (caustad, 1963) for radiation at lOy, the absorption 

cross-section, multiplied by the new s i z e d i s t r i b u t i o n (a = 0.85) i s shown 

as a function of grain s i z e i n figure 5 . 6 . As proved e a r l i e r , the maximvun 

of n(a) X w i l l be independent of s i z e distribution i n any case. The 

curve i s shown to peak a t '^.1 grains, and i n f a c t the contribution of l y 

grains to the absorption cross-section i s negligible. 

5.7 ^ CALCULATION OF R 

Using the new s i z e d i s t r i b u t i o n s , R may be calculated as follows:-

*V = 2.5 log^Q e (5.11) 

where A^ i s the extinction and the op t i c a l depth at v i s u a l wavelengths. 

c \ n( 
J ' ext 

Since = no (a) da (5.12) 

where no i s the t o t a l number of p a r t i c l e s 

^ext " ( ^ ^ (5.13) 

where k i s a constant 

Now, 
V V ^°h0 " ^̂ B -V (5.14) 

where the EVsiabscripts correspond to the UBV system of colours. 

E = k B-V ^ext " ( ^ ^ - ^ext '̂ ^̂ ^ 

R = 
C n(a) da ext 

C t ^ext "^^^ ^ 

(5.15) 

(5.16) 

Using the calculated value of R, and Pagel's (1969) estimate of 

63 



. m„ Eg ^ = 1.2, estimates of may be obtained and hence of M̂ , the absolute 

v i s u a l magnitude of n Carinae, since = -12.7 - A^ (Paper 1 ) . The 

r e s u l t s are summarized i n Table 5.7A. Clearly the larger r e f r a c t i v e 

index gives a t o t a l l y u n r e a l i s t i c r e s u l t . 

TABLE 5.7A 

Results of Calculation of R 

R \ 

1.65-0.051 2.42 2.9 -15.6 

1.70-0.301 10.95 13.14 -25.8 

5.8 DISCUSSIOI 

The new d i s t r i b u t i o n of s i l i c a t e grains, characterized by a 

r e f r a c t i v e index of m = 1.65-0.051 used i n conjunction with the Mie 

formulae for l i g h t scattering by small p a r t i c l e s gives excellent agreement 

with the polarimetric measurements of Warren-Smith et a l (Paper 1) . This 

d i s t r i b u t i o n i s very s i m i l a r to those used i n i n t e r s t e l l a r extinction 

studies, the main difference l y i n g i n the f a c t that i t incorporates a larger 

number of smaller p a r t i c l e s . Since contributions by smaller p a r t i c l e s i n 

a given s i z e d i s t r i b u t i o n are r e l a t i v e l y more important to the polarization 

than to the extinction (Hong and Greenberg, 1978) , i t i s reasonable that 

the mean of the new s i z e d i s t r i b u t i o n should be 0.03y as opposed to 0.07y-

for the Greenberg d i s t r i b u t i o n . 
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Calculations of scattering and absorption cross-sections show that 

grains of s i z e .15y are the most e f f e c t i v e at v i s u a l wavelengths, while at 

lOy, grains of s i z e . l y are the most highly emitting. These r e s u l t s are 

independent of s i z e d i s t r i b u t i o n . Mitchell and Robinson (1978), from 

infrared studies have also obtained a s i z e of .ly for the s i l i c a t e grains 
.1 

i n n Garinae and hence the new s i z e d i s t r i b u t i o n characterizes one compon

ent of the grains i n n Carinae. 

The Greenberg d i s t r i b u t i o n i s a solution to the d i f f e r e n t i a l 

equation for grain growth and destruction. Since n Carinae i s a region 

of grain growth (see Davidson, 1971) a different distribution may indeed be 

expected. This leads to a value of R, the r a t i o of total-to-selective 

absorption, which i s s l i g h t l y l e s s than that of the i n t e r s t e l l a r medium. 

Determinations of R have ruled out grains characterized by a large 

imaginary component i n t h e i r r e f r a c t i v e index since R 5= 10.95 i s t o t a l l y 

outside the range delimited by Hong and Greenberg (1978) . ~ R = 2.4 however, 

agrees w e l l with t h e i r value when using an exponential distribution which i s 

nearly the form of the new d i s t r i b u t i o n . Therefore i t seems that the grains 

i n Carinae are d i s t i n c t l y " d i e l e c t r i c " as opposed to "metallic", the 

imaginary component i n the r e f r a c t i v e index being necessary, but small. 

5.9 CONCLUSIONS 

The polarimetric measurements of the Homunculus may be explained i n 

terms of the geometry discussed i n Section 5.2.1 by scattering from a 

di s t r i b u t i o n of s i l i c a t e grains characterized by a refractive index of 

m = 1.65-0.051. 

The most e f f e c t i v e scatterers seem to be grains of si z e .15y at v i s u a l 

wavelengths, w h i l s t a t lOy maximum infrared emission w i l l come from grains 

of s i z e .ly . These s i z e s are si m i l a r to those resulting from recent 

observations of the i n t e r s t e l l a r medium (see Chapter 3) and i t i s l i k e l y 

that the grains originating i n n Carinae w i l l ultimately form one component 

65 



of the i n t e r s t e l l a r grain mixture. 

Calculations of R have l e d to a value of My = -15.6 mag. for ri 

Carinae at maximum, which i s intermediate between those of novae and super-

novae. Therefore, i t does indeed seem that 1 Carinae, an ejection variable 

that has attained high limiinosity, may be classed as a Hubble-Sandage 

Variable, these being the brightest irregvilar variables i n other galaxies 

(Paper I ) . 

66 



References 

Aitken D K, Jones B, Bregman J D, Lester D F, Rank D M, 1977 Astrophys Joum 

217 103. 

Allen C W, 1973 Astrophysical Quantities (D.London, Athlone P r e s s ) . 

Andriesse C D, Donne B D, V i o t t i R, 1978 Mon.Not. R.Astr.Soc (in press) . 

Apruzese J P, 1975 Astrophys Journ. 196 753. 

Craine E R, 1974 Astrophys Joum. 191 105. 

Davidson K, 1971 Mon.Not. R. Astr.Soc. 154 415. 

Gehrz R D, Ney E P, 1972 Sky and Telescope 44 4. 

Banner M S, 1971 Astrophys Joum. 164 425. 

Hubble E, Sandage A, 1953 Astrophys. Joum. 118 353. 

Martin P G, 1972 Mon. Not. R. Astr. Soc. 159 179. 

Mitchell R M, Robinson G, - 1978 Astrophys Joum. 220 841. 

Naxgebauer G, Westphal J A, 1968 Astrophys Journ. 152 L89. 

Pagel B E J , 1969 Nature 221 325. 

Robinson G, Hyland A R, Thomas J A, 1973 Mon.Not.R.Astr. S o c , 161^ 281. 

Schmidt G D, Angel J R P, Beaver E A, 1978 Astrophys Joum. 219^ 477. 

Thackeray A D, 1961 Observatory 81 99. 

Warren-Smith R F, Scarrott S M, Murden P, Bingham R G, 1978 preprint. 

Westphal J A, Neugebauer G, 1969 Astrophys Joum. 156 L45. 

Van der Hulst H C, 1957 Light Scattering by Small P a r t i c l e s 

(New York, John Wiley & Sons). 

Wickramasinghe N C, 1973 Light Scattering Functions for Small Pcirticles 

(Adam Hilger, London). . 

Wickramasinghe N C, Nandy K, 1972 Rep.Prog. Phys. 15 157. 

Hong S S, Greenberg J M, 1978, Astron. & Astrophys,70 695. 

67 



•f 

CHAPTER;6 . 

A POLARIMETRIC INVESTIGATION OF THE CARINA NEBULA 

NEAR n CARINAE 

" I t would manifestly be impossible by verbal description 

to give any j u s t idea of the capricious forms and irregular 

gradations of l i g h t affected by the different branches and 

apE>endages of t h i s nebula nor i s i t easy for language 

to convey a f u l l impression of the beauty and sublimity of 

the spectacle i t offers when viewed i n a sweep, ushered i n 

as i t i s by so glorious and innumerable a procession of s t a r s , 

to which i t forms a sort of climax...." 

S i r John Herschel (1848) 

6.1 lyPTRODUCTION 

With an apparent diameter of about 2 degrees, the great Carina 

Nebula forms one of the most powerful laboratories available for i n v e s t i 

gating the early evolution of very massive s t a r s (Walbom, 1973) . This 

region, the most b r i l l i a n t spot i n the southern Milky Way i s the most 

prominent feature of what i s generally believed to be a s p i r a l arm or 

segment, stretching along the l i n e of sight to great distances. ' Several 

young c l u s t e r s are associated with the nebula which i n f a c t contains the 

strongest concentration of extremely early O stars known in the galaxy 

(Herbst, 1976). Also associated with the nebula are the radio continuum 

peaks known as Carina I and Carina I I . 

Walbom (1973) has shown that of the clusters associated with the 

nebula v i z . Triompler 14, Trumpler 16 and Collinder 228, Trumper 14 i s the 

most d i s t a n t at 3500 pc and i s an exceedingly young c l u s t e r whose brightest 
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member i s a. possible pre-or post - Wolf-Rayet star ; and that Trumpler 16 

and Collinder 228, both at distances of 2600 pc i n fact may belong to the 

same complex, the apparent separation being due to the dense obscuring lane 

superimposed on the HII region. 

I n general, the star s are the brighter s t a r s of spectral type 0, 

several o f them being amongst the hottest known, i . e . 03 stars with spectra 

showing l i n e s of ionized Helium, but not neutral Helium. Most of them 

appear to be Main Sequence objects and may be the most massive sta r s known 

(Walbom and Ingerson, 1977) . 

Utie positions of the radio peaks suggests some possible association 

of the radio with the o p t i c a l structure. The centre of Carina I coincides 

with the centre of a semi-circular rim on the edge of the very abrupt 

absorption lane to the north-west of the nebula (Gardner et a l , 1970) . 

Carina I I seems to be situated near the centre of a ring of nebulosity about 

3' arc i n diameter (2.4 pc) with a band of enhanced emission along i t s 

southern edge. Near t h e i r junction i s a well-defined patch of absorption 

about 1 pc wide which extends into the ring. Several rays are v i s i b l e 

outside the ring s t a r t i n g a t about 3' arc from the centre (Gardner et a l , 

1970) . The op t i c a l r i n g may be the r e s u l t of chance superpositions of 

bright and dark material, but the existence of Carina I I at i t s centre 

strongly suggests a physical structure (Walborn 1973). 

The brightest nebulosity does not seem to be associated with any 

of the v i s u a l l y brightest s t a r s and occurs i n a region where no 0-stars 

are yet known. Although the s t a r s of Trumpler 16 may be contributing to 

the general excitation of the nebula, i t i s possible that the exciting stars 

are hidden behind dust cocoons, which obscure the v i s i b l e l i g h t without 

greatly affecting the ionization, (Gardner et a l , 1970). 

The positions of the various features i n the nebula are indicated 

i n Figure 6.11 which superimposes on a photograph of Walborn's (1975) plate. 
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i n the l i g h t of SIX . . . 

6.2 OBSERVATIONS OF THE CARINA NEBULA 

6.2.1 Optical Studies 

The regions around the. radio peaks Carina I and I I are regions 

of high excita t i o n , (strong i n 0 I I I radiation) whilst the surround

ing nebulosity i s of low (strong i n 0 I I radiation) excitation 

(Faviikner, 1963). Monochromatic photographs of regions centred on 

Carina I and oil reveal a s i m i l a r appearance i n N I I and S I I , and 

i n Ha, Hg and 0 I I I . This i s due to the ionization structure since 

N I I and S I I are emitted by low excitation regions and _0 I I I _ 

by high excitation ones/ As a whole, t h i s part of the nebula i s of high . 

e x c i t a t i o n hence there are many 0 and few 0 ions so the appearance i s 

the same i n Ha, H3 and _0 » (Deharveng and Mancherat, 1975) - N I I . 

and S I I enhance the rims, globules and ring of nebulosity around Carina 

I I , revealing them to be regions of lower excitation than the surrounding 

nebiilosity. ^ 

Walborn's (1975) S I I and 0 I I I i n t e r f e r e n c e - f i l t e r photo

graphs of the northern part of the nebula reveal s t r i k i n g differences 

between the features enhanced i n the l i g h t of each f i l t e r . The most 

prominent feature i n S I I i s the ring structure associated with Carina I I , 

but of the several outer rays, only ridge E (see figures 6.1 and 6.36), seems 

to be s t r u c t u r a l l y associated, the others being prominent i n O I I I 

Walbom makes the following remarks aiaput individual features i d e n t i f i a b l e 

i n the copy of h i s photograph (figure 6.36) :-

Arc A - the gas seems to be twisted or h e l i c a l about a north-south 

axis ; 

Arc B - the two branches at i t s northern end are of quite different 

excitation , the outer one being brighter i n 0 I I I 
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the inner brighter i n • S I I and _N I l J and both being 

similar i n Ha ; 

Cloud C - sim i l a r to A, B and E i n that i t i s enhanced i n S I I and 

|N I I _ , while suppressed i n _0 I I I _ and Ha but i t i s 

r e l a t i v e l y more prominent i n O I and the red•continuum and 

hence bearing some resemblance to Cloud D ; 

Cloud D - diff e r e n t from the other features near the ring being 

r e l a t i v e l y suppressed i n S I I . and N I I and not 

p a r t i c u l a r l y prominent i n Ha or O I I I . Progressing through 

the Balmer s e r i e s from Ha to Hy , i t gradually brightens and 

i n _0 I _ and narrow-band red and blue continuum photographs 

appears as the brightest feature. I t i s also bright i n 0 I I ; 

hence i t may be of very low excitation and possibly i n part a 

r e f l e c t i o n nebula which may be l e s s heavily reddened than the 

r e s t of the ring ; 

Clouds . conspicuous i n S I I but only associated dust seen i n projec-

1, 2 and - tion i n 0 I I I . Cloud 1 has a billowy structure. Cloud 2 

3 i s more amorphous and Cloud 3 has a s p i r a l or looped form. 

They appear d i s t i n c t l y different from c l a s s i c a l bright rimmed 

globules. 

S p l i t t i n g of the Ha and _N I I _ X6584 lines.has been observed by 

Deharvehg and Mancherat (1975) and Louise (1972) using interference 

techniques with high angular and spectreil resolution. This occurs over 

a region equivalent to 11 p c with the strongest s p l i t t i n g occurring near 

n .Carinae (with r a d i a l v e l o c i t y differences of more than 50 km s ^) • 

S l i g h t l y weaker s p l i t t i n g occurs both i n the obscured regions and i n the 

bright nebulosity but i s not observed i n the northern region or i n the north

west absorbing lane. ' 

The only possible correlation between s p l i t t i n g and op t i c a l structure 
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. exists i n the region of the r i n g where strong s p l i t t i n g (more than 

40 km s ̂ ) is- observed at the centre and to the ...south-east of the 

r i n g on each side of the' absorption-patch, - ' Dn the western e d ^ of the 

r i n g , where'no s p l i t t i n g occurs, the velocity i s the mean between each 

component. Within the r i n g , r a d i a l v e l o c i t y differences between the two 

components of Ha and N I I are i n good agreement, but outside, i n some 

places, only one component i s observed fo r N I I whilst two are observed 

for Ha , the _N I I _ v e l o c i t y corresponding to the velocity or one or other 

of the Ha components. 

Deharveng and Mancherat i n t e r p r e t these results i n terms of two 

clouds emitting Ha , and only one, receding or approaching emitting N I I . 

Tjhe clouds must be i n d i f f e r e n t states of ionization (low excitation 

emitting Ha and _N I I _ » high excitation emitting Ha and 0 I I I ) and 

t h i s i n t e r p r e t a t i o n i s confirmed by the occurrence, of t h i s phenomenon i n 

a region where the structiire appears quite d i f f e r e n t i n N I I and _0 I I I _ 

The presence of these clouds reinforces the idea of Dickel (1974) of an 

expcindirig s h e l l model and Deharveng and Mancherat f i n d the centre of the 

expansion, which i s non-spherical, to be the peculiar object, h Carinae 

with an expansion v e l o c i t y of ^25 km s ̂ . 

Complex structure has also been found i n the i n t e r s t e l l a r Calcium 

I I ( H (X3958) and K (X3933) ) lines by Walborn and Hesser (1975) on 9 A 

mm ^ wide spectrograms of stars i n the Carina Nebula. The p r o f i l e s show 

large variations over small angular distances with as many as six components 

i n a single spectrum. A t o t a l v e l o c i t y range of 330 km s has been 

measured. Most of the stars observed are members of Tinimpler 16 and 

Collinder 228. Since stars associated with the outer parts of the nebula 

show only l i n e - o f - s i g h t calcium components, the additional high velocity 

components i n the inner region are very probably formed there, or i n i t s 

•' - immediate foreground. 

Walborn and Hesser postulate that these complex, high-velocity 
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i n t e r s t e l l a r l i n e p r o f i l e s represent a new kind of structure connected 

vd.th either, one or more of the outbursts of n Carinae, with the u l t r a 

v i o l e t r a d i a t i o n and s t e l l a r winds caused by the energy input to the 

surrounding medium o f the 03 stars, or with the b r i g h t o p t i c a l r i n g 

structure, where; i t seems that some energetic event has occurred or i s 

' occurring. 

Double nebularemission l i n e s (e.g. 0 I I XX3726, 3729) were 

also observed (Walbom and Hesser, 1975) but the nebular absorption featiire. 

He I X3889, observed i n the spectra of a l l stars i n the brighter regions 

of the Carina Nebula was found to be only single corresponding to the 

negative v e l o c i t y of the doublets. Hence Walborn and Hesser conclude that 

the p o s i t i v e - v e l o c i t y ionized material must l i e predominantly beyond the 

stars, and thus cannot give r i s e to an absorption feature i n t h e i r spectra. 

Relationships are, unclear between the Ca I I eind the nebular l i n e 

phenomena but the complex nebular l i n e p r o f i l e s appear to extend to much 

larger distances from the centre of the nebula than the calcium p r o f i l e s . 

6.2.2 Radio Observations 

The Carina Nebula has been observed at 85.5 MHz ( M i l l s , L i t t l e and 

Sheridan, 1956), 1400 MHz (Hindman and Wade, 1959), 1410 and 2650 MHz 

(Beard and Kerr, 1966), 5 GHz (Gardner and Morimoto, 1968), 6 m (Gardner, 

Milne, Mezger, and Wilson, 1970), 408 MHz (Shaver; and Goss, 1970), 30 MHz 

i n absorption (Jones 1973) and at 3.4m and 6 cm (Huchtmeier and Day, 1975) . 

The early observations did l i t t l e more than to v e r i f y the hypothesis 

that ordinary emission nebulae emit radio waves as a r e s u l t of t h e i r high 

electron temperatures by the process of free-free transitions ( M i l l s et a l 

1956) and to invoke the existence of several 0-stars i n order to maintain 

the i o n i z a t i o n of the nebula (Wade, 1959) . The half-power beamwidths at 

85.5 and 1400 MHz were of the order of 1°, that i s , approximately the 

diameter of the v i s i b l e nebula and hence appreciable ae r i a l smoothing 
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o b l i t e r a t e d any possible structxire i n the continuian maps. 

Beard and Kerr (1966) observed the nebvila at 1410 and 2650 MHz 

i n order t o t r y to detect synchrotron radiation from n Carinae. They 

found, however, no evidence f o r any non-thermal radiation. H i e i r results 

d i d produce a radio-contour Eap consisting of a maximum peak, due to 

emission from a part o f the nebula obscured by overlapping dust, and 

several sxibsidiary peaks, the secondary maximum being near the bright r i n g 

structure and the others corresponding to areas of high excitation on a 

photograph taken i n Ha. The 2650 MHz observations also indicate that the 

southern. side of the b r i g h t northern part of the nebula i s due to overlying 

absorption because the radio contours carry r i g h t across whereas the dark 

cireas f u r t h e r south are due to low exc i t a t i o n , because here the contoiirs 

show troughs. 

Hie primary and secondary maxima of Beard and Kerr (1966) were 

found by Gardner and Morimoto (1968) , using higher resolution at 5 CSz to 

be of s i m i l a r peak i n t e n s i t y and angular size and separated by some 10' arc. 

Carina I i s on the edge of the very abrupt absorption lane to the north-west 

of the nebula and Carina I I i s i n the centre of the o p t i c a l r i n g structure 

(Gardner e t a l , 1970). 

Comparison by Gardner et a l (1970) of the 5 GHz radio emission with 

the o p t i c a l emission reveals that f o r the outer regions there i s good general 

agreement.. To the north-west, near Carina I , because the radio contours 

come i n along the lane, i t seems that the absorbing matter i s connected with 

the i o n i z a t i o n and t h a t the sharp ionization boundary to the west of Carina I 

(where the i n t e n s i t y f a l l s by h a l f i n 1* arc) i s due to the absorption of 

the u l t r a v i o l e t r a d i a t i o n by dense matter i n the nebula, even though the 

i o n i z a t i o n boundary as revealed by the radio contours i s more nearly north-

south than the absorption edge on the plate. The other p r i n c i p a l region of 
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obscuration i n the nebula shows no evidence of any conniection between 

the radio contours and the absorption i n agreement with the results of 

Beard and Kerr. 

OSie results o f Gardner et a l (1970) and of Shaver and Goss (1970) 

also confirm that the radio spectrum of the Carina Nebula i s thermal and 

that the nebula i s o p t i c a l l y t i i i n down to 400 MHz. 

Recombination l i n e observations have been made by McGee and 

Gardner (1968) at 126a and 127a, McGee, Batchelbr, Brooks and Sin c l a i r 

(1969) a t 158a and 1990, Gardner, Milne, Mezger and Wilson (1970) at 1373 

and 109a and by Huchtmeier and Day (1975) at 109 a and 90a . 

The lines have been observed at both continuum peaks but around 

Carina I I , the p r o f i l e s have been found to be double (Gardner et a l (1970) , 

Huchtmeier and Day, 1975). Around Carina I I , the wide p r o f i l e s are a l l 

very s i m i l a r as regards the i n t e n s i t y of the two peaks and the velocity 

separation ; the narrower p r o f i l e s have smaller component separations and 

as Carina I i s approached, the p r o f i l e s become single peaked and gradually 

narrow u n t i l those around Carina I are t y p i c a l of the lines found i n other 

H I l regions. The mean r a d i a l v e l o c i t i e s for the regions with complex l i n e 

structure are found t o be equal to the r a d i a l v e l o c i t i e s of the remainder. 

Huchtmeier and Day i n t e r p r e t the clear separation of the l i n e 

components i n terms of an expanding " s h e l l " or of d i f f e r e n t clouds being 

expelled i n t o d i f f e r e n t directions, the approaching and receding parts 

forming two d i s t i n c t l i n e components. The d i s t r i b u t i o n of mean ra d i a l 

v e l o c i t i e s shows a difference of about 6 to 8 km s ^ between Carina I and 

Carina I I (-16 and -24 km s respectively) . Since the v e l o c i t i e s i n the 

molecular cloud i n f r o n t of the nebula are near the mean velo c i t y of the 

Carina I I complex, i t appears that the molecular cloud may be associated 

with t h i s source. However, the region of greater l i n e separation around 

the cluster.Trumper 14 seems to be associated with Carina I . 
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B y obtaining the d i s t r i b u t i o n s for r a d i a l v e l o c i t i e s greater than 

or equal t o +10 km s ̂ , and less than or equal to -50 km s ̂  (maximum 

l i n e separation being 44 km s ^) , Huchtmeier and Day f i n d two very similar 

d i s t r i b u t i o n s , both centred to the same position, southward of the continuum 

peak Carina I I , approximately on Trumpler 16. Hence the extreme velocities 

represent.the expelled clouds of the "expanding sphere" which are furthest 

away from and closest to us. Chance coincidence of two clouds along the 

l i n e of sight would not necessarily give coincident d i s t r i b u t i o n s for 

extreme v e l o c i t i e s . 

n Carinae, i f situated w i t h i n the nebula could be responsible for 

the expanding sphere but since the expansion ve l o c i t i e s seem to be highest 

away from the maximum density of ionized hydrogen (Carina I and Carina I I ) 

and away from the regions of maximum dust and molecule concentrations/ the 

dust may have been dispersed by s t e l l a r wind and radiation pressure, 

(Huchtmeier and Day (1975) ) from Trumpler 14 and 16 which may well be 

responsible f o r the observed phenomena as they are located i n areas of large 

l i n e separations. 

Observations of H2CO absorption at 4829 MHz (Gardner et a l 1973) 

and OH absorption at 1665 and 1667 MHz (Dickel and Wall, 1973) give absorption 

positions which form very similar d i s t r i b u t i o n s at the two frequencies. 

Both H2CO and OH molecules form two concentrations, both peaking near each 

other, i n the two dust lanes. The peak o p t i c a l depths fo r the OH concentra

tions are the same w h i l s t f o r the H2CO absorption, the o p t i c a l depth for the 

higher longitude component i s more than twice that of the lower longitude 

component. Both d i s t r i b u t i o n s have similar central v e l o c i t i e s , widths and 

p r o f i l e shapes and these, together with the association of the molecules with 

. the dust, suggest th a t the molecules are physically associated i n the dust 

clouds producing the o p t i c a l absorption lanes across the nebula (Dickel and 

Wall, 1974). 
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Comparison of the OH o p t i c a l depths with a map of visual 

absorption (Dickel, 1974) shows excellent agreement between the Av (visual 

absorption) contours and the OH op t i c a l depths, thus supporting the 

hypothesis of Dickel and Wall (1974) that the OH and H2CO molecules are 

physically associated with the dust. Subtraction of possible foreground 
•t • . • " • 

absorption clea r l y -leaves much absorption near the nebula remaining, and 

since t h i s absorption has the same position, shape,and extent as for the 

molecules, i t seems l i k e l y that the dust and molecules are actually 

associated w i t h i n the nebula (Dickel, 1974). 

Dickel (1974) interprets the results of the observations of H2CO 

and OH absorption i n terms of an expanding shell containing concentrations 

of dust, neutral hydrogen and molecules, surromding the ionized hydrogen, 

with a centre of expansion mid-way between Carina I and Carina I I and an 

e^^cinsion v e l o c i t y of 7 km s ̂ . 

The d i f f e r i n g expansion ve l o c i t i e s of Dickel, and Dehaveng and 

Maucherat are not incompatible because each set of observations refers to 

a d i f f e r e n t region ; tha t i s , the molecular observations refer to the 

outer, approaching, neutral regions) and the HII observations refer to the 

inner ionized gas, (Deharveng and Maucherat, 1975; . However, the 

expansion centres are d i f f e r e n t and Deharveng and Maucherat favour an 

expansion with non-spherical symmetry i n contrast to Dickel's model invoking 

spherical symmetry. 

30 MHz observations of the Carina Nebula (Jones 1973) reveal the 

presence of a strong non-thermal source i n fro n t of the nebula. This i s 

presvmiably a supernova remnant which has escaped detection at higher 

frequencies due to increasing contrast at low frequencies between the non

thermal source and the thermal emission of the nebula. The 30 MHz position 

i s 14' arc to the east of n Carinae. 
The results of the Aerial V sky survey (Seward et a l , 1976) have 
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i d e n t i f i e d an X-ray source i n the same region as SNR 287.8 - 0.5 and 

i t i s possible that the X-ray source may be associated with the radio 

supernova remnant since t h e i r positional errors both overlap, n Carinae 

l i e s w i t h i n the error box of the X-ray source which also includes the 

r i n g of o p t i c a l filaments. Kinematic measurements of the o p t i c a l emission 

from w i t h i n the r i n g reveals that the Ha and H3 lines are composed of 

two components due to high-velocity and low-velocity gas, the high v e l o c i t i e s 

being consistent with the supernova remnant hypothesis ( E l l i o t t , 1979). 

Therefore, according to E l l i o t t , i t seems l i k e l y that the X-ray and radio 

features r e f e r to the same object which displays the high velocity gas,and 

hence t h a t the r i n g i s the o p t i c a l counterpart of the radio and X-ray 

remnants. 

The s p l i t t i n g of the N I I _ and Ha l i n e s , the complex i n t e r 

s t e l l a r Ca I I lines and the double radio l i n e p r o f i l e s a l l indicate that 

the Carina Nebula i s undergoing some sort of in t e r n a l a c t i v i t y . This 

a c t i v i t y i s interpreted i n terms of an expansion which, i n the case of 

Deharveng and Maucherat has n Carinae as the centre with an expansion 

v e l o c i t y o f ̂  25 km s ̂  assuming non-spherical symmetry, and i n the case 

of Dickel has a centre midway between the radio continuum peaks. Carina I 

and Carina I I and an expansion ve l o c i t y of 7 km s ̂  assuming spherical 

symmetry. I n general, a l l phenomena seem to be associated with either 

the r i n g structure with Carina I I at i t s centre, n Carinae or the stars of 

Trmpler 16. The f a c t that a radio supernova remnant and an X-ray source 

which may or may not be associated with each other have also been located 

i n t h i s p a r t of the nebula poses many i n t r i g u i n g questions and makes further 

investigation of t h i s region a necessity. 

6.3 ANALYSIS OF THE DATA 
An area 8' x 8' arc of the Carina Nebula around n Carinae was 
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observed at the f/15 focus of the 1.0m SAAO telescope during Jvme and 

July 1978 by Scarrott and Warren-Smith, using the Durham polarimeter and 

the 4 cm electronographic image tube. Eight plates were obtained (four 

each for "grids i n " and "grids out") and these were emalysed according to 

the procedure outlined i n Chapter two. A b r i e f description of the output 

and input data involved during each stage of the reduction follows. 

6.3.1 D i g i t i z a t i o n 

D i g i t i z a t i o n of the eight plates converts the recorded densities 

on the plates to i n t e n s i t i e s i n the form of a 512 x 512 matrix, part of 

which i s shown i n figure 6.31. Here, the i n t e n s i t i e s have been integrated 

over.3 x 3 pixels and each i n t e n s i t y range i s represented by a symbol. 

' ' corresponds .to the lowest i n t e n s i t y range, i . e . clear plate.followed 

by ' 1 ' , '2', etc. up to '9', then through the alphabet, u n t i l '*' 

represents the brightest portions of the plate. Each symbol represents 

a contour i n t e r v a l of 25 i n t e n s i t y u n i t s . The f a i n t e r regions of the 

plate correspond to the dust lanes, and the brightest regions to the 

brightest stars on the plate. 

5.3.2 Clear Plate Subtraction 

The clear plate i n t e n s i t i e s on both sides of the plate (the 

d i g i t i z e d portion of the plate i s larger than the exposed area) are 

averaged to give a single trace down either side of the plate. These 

are shown i n f i g i i r e 6.32 where '.' represents the average clear plate level 

on the. left-hand side of the exposed region and ' + ' that on the right-hand 

side. These two traces are composed of "smoothed" i n t e n s i t i e s where 

certain points have been rejected as being inaccurate. The numbers give 

the values of these i n t e n s i t i e s and t h e i r errors. A linear interpolation 

of these two numbers i s subtracted across the plate. The asterisk '*' 

represents the mean of the average in t e n s i t y of the l e f t and right-hand 

sides of the plate before the data has been smoothed. 
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6.3.3 Photocathode Correction 

By the construction of a "photocathode map" of i n t e n s i t i e s i t 

i s possible to obtain the r e l a t i v e s e n s i t i v i t y of each point on the 

photocathode. These s e n s i t i v i t y factors are used to correct the data, 

., point by point, for any changes i n the photocathode s e n s i t i v i t y . 

6.3.4 Sky Si±)traction 

Since the whole f i e l d of the polarimeter was f i l l e d by the nebvila, 

leaving no regions of sky on the plate, the i n t e n s i t y of the f a i n t e s t part 

of the diist lane was assumed to give a reasonable estimate of the sky 

i n t e n s i t y . Histograms of these regions were obtained f o r each plate (those 

f o r p l a t e 4, "grids out" being shown i n figure 6.33), the mean value f o r 

each was subtracted o f f , as sky i n t e n s i t y , from the data. 

6.3.5 E- and F-Factors 

Since I I = (J6/F)'E2. 

12/F = 15. £2 . 

13 = CI8/F),(£'3/E') 

I4/F = I7.e|(see Figure 2.41) 

graphs of I I v 16, I2 v I 5 , I3 v I8 and I4 v 17 w i l l give gradients Gl, 

G2, G3, G4 where 

F l = /G1/G2 

and F2 = /G3/G4 

with . F = /F1 X F2 

The r e l a t i v e s e n s i t i v i t y factor between left-hand and right-hand grids i s 

calculated i n t h i s way. 

Graphs of I I + 12/F v I3 + I4/F, I I + I2/F v I5 + I6/F and 

I l + 12/F V 17 + I8/F w i l l give the r e l a t i v e exposure between Plate 1, and 

8o 
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P l a t e s 2, 3 and 4 ( i . e . E l , E2, E 3 ) . 

E - and F-factors may also be calculated on a point-by-point 

b a s i s and the width of the frequency distributions i s a measure of the 

accuracy with which the clear plate and sky signals have been subtracted, 

since over a plate the E- and F-factor should be constant. Figure 6.34 

shows t y p i c a l distributions indicating that the sky and clear-plate signals 

have been subtracted with s u f f i c i e n t accuracy. 

6.3.6 Calculation of the Stokes' Parameters 

Itowanted components of the data having been removed,the data i s 

now " f i l t e r e d " as b r i e f l y outlined i n Section 2.4.4. ( f u l l d e t a i l s given 

i n Warren-Smith's t h e s i s ) . On the calculation of the Stokes' Parameters, 

using a l e a s t squares f i t to the sine curve each point i s weighted with i t s 

e r r o r . ^ 

The i n t e n s i t i e s have been integrated over 5" arc x 5" arc with a 

spacing o f 5" arc and the complete map i s shown i n figure 6.35 where each 

vector represents the degree and orientation of the polarization at that 

point. 

Figure 6.36 shows part of the map superimposed on the |^ I l J 

photograph of Walbom (1975) . The superposition i s achieved by matching 

the reference stars on the plate with stars on the photograph. 

6.3.7 Errors 

Representative errors (those fot polarizations i n the region of 

clouds C and D) are shown i n figures 6.37a and 6.37b where the f r a c t i o n a l 

p o l a r i z a t i o n error, and the error on the angle are plotted against the 

polarized i n t e n s i t y . Since the errors are inversely proportional to the 

t/size of the signal, i . e . theyintensity, i t i s r e a l i s t i c that the errors 

should decrease with increasing polarized i n t e n s i t y . 

6.4 THE POLARIZATION MAP 

The main structure i n the polarization pattern occurs within the 
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Figure 6.35 POLARIZATION MAP (North up: East to left) 
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Figure 635 Polarization map of Carina Nebula 
superimposed on the [SH] photograph of 
Walborn (1975) North is up, East to the left 
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peculiar r i n g , where clouds C and D are about 8% C± 2%1 polarized at 

position angle 45° Capproximatelyl. 

A large area of the map consists of nearly horizontal vectors 

o f about 2% polarization. The regularity of t h i s feature, especially 

I n the southern region of the map i s much disturbed by the effect of 

the numerous stars i n the f i e l d . 

There i s some small evidence for the existence of 45° vectors 

of about 6% polarization running along the edges of the dust lane to 

the south-west of n Carinae. 

The presence of clouds 2 and 3, cind of clouds A and E , do not 

seem to a f f e c t the polarization pattern. There are no measurements 

i n the region of cloud 1 or cloud B, or in the centre of the pecviliar 

ring structure. 

6.5 DISCUSSION 

,' The horizontal vectors represent polarization of i n t e r s t e l l a r 

o r i g i n ; subtraction of t h i s component - 2.4% at position angle 108° 

(Visvanathan 1967) - y i e l d s very small polarizations over the map, 

except i n the region of clouds C and D. However, a map of the 

polarized i n t e n s i t y , which i s more meaningful than the polarization, 

since now only the polarized regions are registering, shows that 

s i g n i f i c a n t amounts of polarized intensity are present in cloud E when 

the i n t e r s t e l l a r component has been subtracted (see figiire 6.38) . The 

polarized i n t e n s i t y along the edges of the dust lane i s i n s i g n i f i c a n t . 

A general feature of the polarized intensity map i s the existence 

of several d i s t i n c t segments of independent centro-symmetric patterns. 

There seems to be no single source responsible for the polarization 

of t h i s region of the Carina Nebula. 

Clouds C and D seem.to be r e f l e c t i n g the l i g h t from n Carinae. 

These are both low excitation clouds and the r e s u l t s confiirm the sugges-
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Figure 5.38 Fblarized intensity map of Carina Nebula 
superimposed on the [SH] photograph of Walborn 
(1975) North IS up, East to the '.eft 
The interstellar polarization has been removed 
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tion of Walborn 01975) that they are i n part r e f l e c t i o n nebulae, 

associated with, n Carinae. J t i s possible that these clouds are 

also r e f l e c t i n g the l i g h t from s t a r s nearby, and the vague existence 

of a semi-cirsular pattern of vectors associated with cloud C i s 

suggestive of a soTorce hidden somewhere behind cloud D. 

No single source can be responsible for the polarization of 

cloud E. The western part of cloud E may well be r e f l e c t i n g the l i g h t 

from n Carinae. The polarization eastwards i s suggestive of a source 

somewhere to the north of HD 303308. The vectors j u s t north of cloud 

E suggest a source northwards of cloud E . Therefore multiple sotarces 

must be responsible for the polarization of cloud E . 

The general lack of uniformity i n the polarization pattern of 

the ri n g structure, r a i s e s the question as to whether or not the ring 

i s indeed a physical feature of simply the r e s u l t of chance super

positions of cloud along the l i n e of sight (Walborn 1975). 

I t i s possible that cloud E i s more deeply embedded in the 

nebula than clouds C and D, which may be at the forefront of a three-

dimensional "rim" structure, and hence the contribution of l i g h t from 

n Carinae i s negligible or small compared with that of st a r s i n the 

immediate v i c i n i t y of cloud E . 

Tiie most westerly portion of the arc to the south of cloud E 

may be r e f l e c t i n g the l i g h t from n Carinae, but eastwards, the pattern 

centres on a source i n the v i c i n i t y of HD 303308. 

I t i s d i f f i c u l t to draw conclusions about clouds A and B, since 

there are only a few measurements i n these regions but there i s a 

suggestion that the vectors associated with the cloud between C and A 

are generally perpendicular to a radius vector drawn from n Carinae. 

Over the r e s t of the f i e l d the polarized intensity i s negligible 

and there are no p a r t i c u l a r features discernible i n the polarized 

intensity'map 
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Very few of the observations of the.Carina Nebula s p e c i f i c a l l y 

embrace the ring structure. Dickel's 0.9741 observations involve large 

regions of the nebula ; those of Walbom and Hesser C1974) do not include 

the ri n g structure. Both Gardner et a l (1970) and Huchtmeier and Day 

(1975) observe double recombination l i n e p r o f i l e s being wide and very 

s i m i l a r i n intensity, but the resolution of the observations makes i t 

impossible to associate a p a r t i c u l a r p r o f i l e with a particular cloud. 

Deharveng and Maucherat (1974) have observed the spectral s p l i t 

ting of the N I I and Ha l i n e s of part of the ring structure. They 

find that N I I s p l i t t i n g occurs i n cloud BCand the westerly portion 

of cloud E, i n addition to the c e n t r a l regions of the ring.Cloud D, 

being of low excitation i s not observed i n N I I . The most easterly 

regions of cloud E and the arc below cloud E are interpreted i n terms 

of a receding cloud, w h i l s t the southern part of cloud A i s interpreted 

i n terms of an approaching cloud. 

The only possible correlation between these and the polarization 

r e s u l t s i s that the N I I s p l i t t i n g occurs i n regions.where the polariza

t i o n may be attributed to r e f l e c t i o n of the l i g h t from n Carinae. 

Deharveng and Maucherat propose n Carinae as the centre of the i r 

"expanding sphere" and thetefore i t i s not unreasonable that n Carinae 

i s also responsible for the polarization of cloud C and part of cloud E. 

The r e s u l t s of Deharveng and Maucherat seem to suggest that cloud E i s 

r e a l l y a multiple cloud structure and i n view of t h i s , i t i s reasonable 

that more deeply embedded clouds should have a different soiurce of 

illumination. 

6.6 CONCLUSIONS 

Clouds C and D are polarized by r e f l e c t i o n of the l i g h t from 

n Carinae, and possibly that from s t a r s in the v i c i n i t y . Multiple 

sources are necessary to explain the polarization of cloud E, but i t 
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seems t h a t cloud E i s a multiple cloud structure, the ^jost westerly 

clouds being associated with, the n Carinae - cloud C and D complex. 

•H^re i s no apparent c e n t r a l source i n t h i s region, and I t i s 

l i k e l y t h a t n Carinae and the 0-stars a l l contribute to the general 

e x c i t a t i o a -

However, i t must be noted that observations made with a broad 

band V - f l i t e r have been superposed on an S I I photograph. There

fore, features enhanced i n S I I are not necessarily those enhanced 

i n V and so a detailed correspondence between the polarization map and 

the photograph cannot be expected. . Hence i t i s important to obtain 

further p o l a r i m s t r i c meastarements of t h i s region of the Carina Nebula-

with very narrow-band f i l t e r s i n order to make some definite conclusions 

about the various relationships between n Carinae, the ring structure, 

and the 0-stars of Trumpler 16. 
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GENERAL CONCLUSIONS 

From polarimetric measurements i t has been possible to obtain 

information regarding the nature of the dust grains i n n Carinae and the 

rela t i o n s h i p between n Carinae and the Carina Nebula, 

•i Assuming that n Carinae has a bipolar structure, one component of 

the dust has been found to consist of a siz e distribution of s i l i c a t e grains 

of e f f e c t i v e s i z e O . l y and r e f r a c t i v e index m = 1.65-0.05i. 

Clouds i n the Carina Nebula have been found to be r e f l e c t i n g the 

l i g h t from n Carinae, hence associating n Carinae with the Carina Nebula. 

I t i s , however, important to meike further investigations at different 

wavelengths. . Although o p t i c a l polarization i s very sensitive to the siz e of 

grains giving r i s e to the scattered radiation, spectro-polarimetric data i s 

necessary i n order to consider grain mixtures and place further constraints 

on models. 

As regards the observations of the Carina Nebula, i n a.region 

s t r i k i n g for i t s changing appearance i n different wavebands i t i s extremely 

important to unite spectral and s p a t i a l polarimetric observations. The 

present r e s u l t s are mainly preliminary. 

Spectro-polarimetry i s therefore the next step i n completely defining 

the nature of the dust grains i n n Carinae and also the nature of the 

relationships between the various unusual features of the Carina Nebula, 

i n the v i c i n i t y of x] Carinae. 

I n n Carinae "we have a s t a r f i t f u l l y variable to an astonishing 

extent and whose fluctuations are spread over centuries, apparently i n no 

s e t t l e d period and with no regularity of progression.... I t s future career 

w i l l be a subject of high physical interest" ( S i r John Herschel) . 
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APPENDIX 

RESULTS OF THE ANALYSIS OF THE POLARIMETRIC DATA FOR THE HOMUNCULUS 

" ' s " IP P e 
2 1 4 . S O , I b S ^ . S O 3 7 4 . 6 1 - 6 0 . 7 9 1 1 6 . 0 4 3 0 . 9 6 " 2 2 . 0 7 
2 l 0 . b u l u 9 . b u ^ V l . ^ O b 4 . 0 i - b 3 . 4 7 o 4 . l l ' ^ ^ - ^ ^ 
^ I b . ' ^ O l o V . b O Z 0 7 . 7 U o O . o c - O l . d 2 o 9 . U V ^J»df -^imf/* 
1 9 O . O 0 1 7 1 . 5 0 4 6 . 0 0 - O . O O 6 . 8 2 9 . 0 6 1 9 . 7 4 C ^ . c 7 
1 9 8 . b U 1 7 1 . O 0 7 6 . l o - 5 . a 0 < j . o d O . J O l J . 2 b . 0 ^ 
2 0 0 . 5 0 1 7 1 . b O l l J . 3 - > J . 1 9 l J . b 4 3 . 9 1 2 . 3 e . J 7 
2 0 2 . 5 0 1 7 1 . b u I b O . o l 1 1 . 3 2 1 8 . 6 9 ^ ^ . 0 3 1 ^ ' ? ^ 
i 0 4 : 5 0 1 7 1 . b O 2 y 2 . 4 i 1 3 . 0 7 4 3 . 3 1 4 3 . 2 4 1 7 . 2 4 3 0 . 6 0 
2 C 6 . b 0 1 7 1 . b O 0 4 7 . 0 4 l i : ^ . 1 0 7 6 . 2 9 l ^ o . l O 2 2 . 4 2 ^ ^ ' ^ ^ 
2 0 6 . 3 0 1 7 1 . b O lulV.V^ b u 0 . 9 1 1 3 5 . 7 o 6 1 8 , 9 6 ^ 2 . 0 8 7 . 5 8 
2 1 0 . b O 1 7 1 . 5 0 1 6 9 . . . 7 1 7 4 3 . ^ 6 3 . 7 8 7 ^ 5 . 4 7 o 9 . o 7 O . I D 
2 1 2 . 5 0 1 7 1 . 5 U 9 / 7 . 7 0 2 o 8 , 7 2 - 6 7 , 9 8 3 0 1 . 8 2 j u . a 7 4 7 
2 1 * * . 5 0 1 7 1 . 5 0 o 2 2 . < : . 3 1 2 3 . 2 1 - 1 3 3 . 5 0 l d 7 . 3 8 0 U . O 6 - 2 3 . 8 3 
2 1 6 . 5 0 1 7 1 . 5 0 ^ + 2 0 . 3 5 o 3 . 2 9 - 1 1 2 . 5 0 1 2 4 . 5 7 ^"^'^"^ 
2 1 8 . 5 0 1 7 1 . 5 o 2 ^ 0 . 9 5 2 u . o y - i J 2 . 5 2 0 0 . 1^ f ^ ' ^ ^ 
1 9 4 . 5 0 1 7 3 . 5 0 « * 6 . 9 4 O . o O 8 . 3 2 .^'^'j* w- 1^ 
1 9 6 . 5 0 • 1 7 3 . 5 0 6 ^ . 5 9 - 2 7 . 9 6 7 . 7 9 2 9 . 0 4 ^ « ^ . 7 6 bf; • 2 2 
1 9 8 . 5 0 1 7 3 . 5 0 1 1 9 . - 1 / . 4 C 1 1 . 9 2 21 . 1 5 1 7 . 6 4 7 ^ . 0 0 
2 0 0 . 5 0 1 7 3 . 5 0 l o b . 4 9 - 1 0 . ^ 3 1 5 . 6 6 1 8 . 9 9 J^' 
2 0 2 . 5 U 1 7 3 . 5 0 2 4 3 . ^ 1 - 1 . 5 3 2 3 . 1 3 2 o . l 8 9 . o 2 4 ^ . 8 9 
2 0 4 . 5 0 1 7 3 . 5 0 4 < + 0 , 4 5 1 3 . 4 5 D 6 . 4 U 5 7 . C I 1 2 . 9 4 3 6 . 1 8 
2 0 6 . 5 0 1 7 3 . 5 0 a^'+.^l 9 0 . ^ 0 1 I C . O O 1 4 2 . 7 2 1 5 . 9 0 <̂ =>-'̂ <>_ 
2 0 8 . 5 0 1 7 3 . 5 0 2 0 9 9 . l-t. 4 1 9 . 9 1 1 1 7 . 6 9 <:foo. 0 9 2 0 . ( C 
2 1 0 . 5 0 1 7 3 . 5 0 2 6 7 U . 3 0 6 2 0 . 3 D 1 O . 3 D O 2 U . 5 O ^f''^^ .^'f^ 
2 1 2 . 5 0 1 7 3 . 5 U i u 9 o . 5 0 3 0 7 . 4 0 - 1 2 5 . 3 1 ^ 3 1 . 9 o ^^'^l ~ . U ' ^ ^ 
2 1 4 . 5 0 1 7 3 . 5 0 9 2 1 . - i O 1 2 ' * . = J 4 - 1 5 4 , 0 3 1 9 6 . 3 o '^]^'=>4 " ^ ^ ' ^ V 
2 1 6 . 5 0 1 7 3 . a O 5 4 3 . 1 5 3 4 . 9 8 - 1 2 5 . 4 3 l o u . 2 * : ^ 3 . 9 7 - o 7 . 2 1 
2 1 8 . 5 0 1 7 J . 5 0 3 5 0 . 1 4 - l ' = ' . ^ b - 9 3 . o O cC' 
1 9 4 . 5 0 1 7 5 . 5 0 fc^.ob - 1 2 . 9 2 5 . 9 9 - 1 ^ . 2 5 ^ u . 6 4 7 7 . 5 o 
l y 6 . 5 0 1 / 5 . 5 0 1 7 6 . 4 9 - 4 2 . 4 0 - 2 2 . 0 3 ^ 7 , 3 5 f 7 , ^ 6 ^ ^ ' - ^ 
1 9 6 . 5 0 1 7 5 . 5 0 ^ 8 ^ . e 7 - 3 9 . 7 1 2 o . 5 4 4 7 , 7 o l o . 7 t o ^ 3 . 1 3 
2 0 c . 5 0 1 7 6 . 5 0 3 4 9 . 2 2 - 4 ^ . 4 4 2 9 . 5 7 5 2 . 5 5 1 5 . 0 6 ' ^ . 6 8 
2 U 2 . 5 0 1 7 6 . U O ^ ^ 0 . 0 2 - ^ 8 . 3 1 2 H . 1 4 . 7 . 2 1 6 . ^ 4 o 9 . 7 6 
2 o f : ? U 1 7 5 . 5 0 7 0 . . 6 / - 6 . 2 2 5 1 . 0 0 5 1 . 3 8 6 . 7 2 4 6 . 4 6 
2 0 0 . 5 0 1 7 5 . 5 0 i 5 c ^ . 3 6 6 0 . u 2 1 1 . o 2 51 . 3 3 o . ^ 9 
2 0 8 . 5 u 1 7 5 . 5 U 3 3 U 6 . 7 4 7 r t . l 7 1 1 2 . 9 u 1 ^ 7 . o 7 3 . 9 i : i^ ,^ '^^ 
2 1 4 . - 0 1 7 5 . 5 0 1 2 7 2 . o 7 8 7 . 7 6 - 1 1 1 . 7 0 1 4 ^ . O o 1 1 . l o - ^ 5 . 9 2 
2 1 O . 5 0 1 7 5 . 5 0 o 3 o . o i - 2 1 . 4 5 - l C o . v 2 1 0 9 . 0 5 1 7 . 0 7 - ^ O . o d 
2 1 6 . 5 0 I 7 t 3 . 5 0 f 2 1 . ' + 2 - 2 5 . 8 ^ - 9 0 . 4 y > ' + . i U c,^ - b ^ . S , / -
f 9 4 . l o 7 7 . 5 0 0 ^ . 3 1 - 2 6 . 6 4 3 . 4 0 2 7 . 0 5 3 2 , U 9 8 0 . 4 0 
1 9 2 . l o 1 7 7 . 5 0 2 7 0 . 0 3 - o 7 . 3 9 1 7 . 5 9 o v . 8 4 2 5 . 4 0 6 2 . 7 1 
1 9 a . 5 0 1 7 7 . 5 0 5 1 9 . 7 2 - i 0 o . 2 < i j o . 7 7 1 1 ^ . . 0 6 - : ; 1 . 5 7 ^ . y ^ . 

l o S 5 0 7 7 . 5 0 C t l . u 3 - 1 1 3 . 7 7 3 5 . ^ 7 1 1 9 . 1 1 1 8 . C I t l . 3 9 
2 0 2 . 5 0 1 7 7 . 5 0 « L 4 . 4 9 - 7 ^ . 7 7 o 9 . ^ ^ 0 2 . 7 7 1 0 . 0 4 _ 7 b . 7 ^ 
P i l a . ' O 1 7 7 . 3 0 l o ' * ^ , / c l - D O . O O - o l . ^ : ^ ; t ; 4 . 1 3 3 . 9 U - 7 5 . 4 i i 
H i : ^ 1 7 7 : 5 U 0 3 . 7 . 7 . 3 ^ . . 4 7 1 7 . . . . 3 . 2 . 0 7 l u . 9 5 1 4 . 3 3 
2 1 4 . 5 0 1 7 7 . 5 0 2 2 1 U . 5 b ^ 1 5 . 2 0 ^^ .1 ̂  ^ l o . 9 o V . 0 ^ ^ ^ ' ^ ' ^ 
f J - U 7 7 . b 0 7 4 ^ . 7 8 - 1 7 . 1 7 - : . 9 . o o o 2 . 0 8 o . . « -^VV^ 

S O 1 7 7 . 5 6 4 0 0 . * t 2 - 3 0 . D l - S 2 . 7 2 o 0 . 9 7 1 6 . <i J - o U . C r f 
I9l\%0 79 b i 0 0 . 5 3 - 1 0 . u o - 0 . U 5 l o . O o 2 3 . 4 3 - 8 9 . 9 ^ 
10^ n 179 L.U 2 ^ 5 . ^ 9 - 0 0 . 2 7 6 . 3 5 o 0 . 8 5 2 0 . - ^ 9 too.Oo 
1 9 6 1 5 0 7J 5 0 : o S : 2 ^ - l l l / b l y . ^ 7 1 1 ^ . ^ 1 2 4 . . 0 6 6 . 0 7 125.lo 1 7 9 . 6 0 0 9 3 . 6 0 - 1 1 9 . 9 4 1 9 . 1 3 1 2 1 . 4 0 1 7 . o l fc5.47 
i o - 5 0 1 7 S . 5 0 1 2 3 6 . 7 4 - 1 5 3 . 7 5 14 , 0 0 . 1 5 4 . 3 9 1 1 . 9 6 6 7 . ^ 0 
2 S r . 5 0 7 9 . 5 0 J ^ l o . 5 5 1 2 ^ . 2 9 ^ o . 3 1 l o l . 0 . . 0 0 . 2 9 

7 , i^ iT 'tTl 4 J . 2 6 - 1 1 . ^ ^ ^ - . 4 0 1 2 . 1 7 ^ 6 . o ^ ^ C 4 . 1 : y 
1 9 . . 0 0 1 8 1 . 0 0 4 ^ . 2 0 W . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ j ^ ^ . ^ 
1 9 6 . 5 0 l r 3 l . 5 0 l o t . . b 3 

89 



1 9 6 . , 6 0 l a i . . 5 0 2 2 0 , b O - 3 V . 7 1 - 3 
2 0 0 . bO 161 . , S O 6 0 6 . b o - 9 0 . . 2 4 - 1 4 
2 U 2 < . 5 0 I d l > 5 u 17 2 V . . - i v o . 4 6 -4b 
2 0 4 . . b O 1 8 1 . >bO 4 17 0 , ( J 3 - 1 8 3 . b l - 2 3 9 
2 1 4 . . 6 0 16 1 ,t>0 2 6 2 1 . 5 4 1 2 4 . 2 4 6 8 
2 1 6 . 6 0 1 8 1 , 6 0 i 2 / t i . . b 3 3 . 8 6 11 
2 1 6 . 5 0 1 til , • 5 0 ° d b V . 6 8 1 . , 2 2 2 
1 9 6 . . 5 0 l o 3 . 6 0 t 7 , . 6 0 0 . 6 6 - 0 

5 0 1 8 6 . , 5 0 1 4 V . 2 6 - 1 3 , 1 9 —3 
2 0 0 . , 5 0 . 1 o 6 . 6 0 U l o . b6 - / 3 . 7 4 - 2 9 
2 0 2 . . oO 1 8 3 . 6 0 1 7 < i 6 . o l - 1 31 , 7 6 - 1 I V 
2 0 4 . . 5 0 l 8 - > . . 6 0 J 4 6 6 , i ; 4 - 7 3 . , V 2 - 2 7 6 
2 0 o . . 5 0 1 d 6 • 6 0 J f c 4 6 . . 2 v 1 3 3 . 6 4 - 2 4 7 
2 0 o . . 6 0 1 8 J , 6 0 J 6 4 0 . . V 2 2 4 o . 3 9 - 5 7 
2 1 0 . 5 0 1 y j . . 5 0 2 71 7 . 6 7 2 1 0 . , 1 8 - 5 7 
2 1 2 . , 6 0 1 8 6 . 6 0 21 0 0 . b b l - ) 3 . . b 9 31 
2 1 4 . , 6 0 . 1 8 6 . 5 u I 7Mb , 3 5 1 0 3 . 3 0 1 2 
2 1 6 . 6 0 lt>6. , S O 1 6 1 7 , * L V - 1 1 . . 2 4 o 2 
2 1 6 . , 6 0 1 6 o • s o 1 2 7 V . . 1 6 - 1 2 . 6 1 5 2 
1 9 6 . 5 0 1 8 5 . 6 0 6L>, O b 1 . 7 8 - 1 
19 8 . 6 0 1 8 6 . 6 0 1 b o . . 7 2 - 1 3 . , 6 0 - 1 2 
2 0 0 . 6 0 1 i j 5 . 6 0 4 b 1 . - 4 b . 1 2 - 2 7 
2 0 2 . , 5 0 1 ot>, . : ^0 1 6 1 7 . 7 1 - 6 b . . 1 0 - 1 1 3 
2 0 4 . , 6 0 1 8 5 . 5 0 2 J 1 1 . c O 60. 6 4 - ^ 7 0 
2 C 6 . 5 0 , ' 1 8 t . . , 5 0 2 6 4 4 . Ob 2 3 9 . 4 ^ : — t ;b3 
2 c a . , 6 0 1 8 6 . S O 1 V 3 1 . D 2 2 3 1 . 4 c - 1 3 1 
2 1 0 . 6 0 1 8 6 , , 6 0 1 3 6 1 . . 0 6 1 4 6 . 7 b - 2 7 
2 1 2 . 6 0 i . b 5 . , 6 0 1 2 7 2 , 0 2 9 6 . . 6 2 7 
2 1 4 . , 6 u i a s . 5 0 I 4 5 o , ob 1 2 2 . . 3 1 2 6 
2 1 6 . 6 0 1 o 6 . , 6 0 1^:71 , 0 0 4 3 . 2b 6 3 
2 1 6 . . 6 0 1 8 6 . 6 0 1 I b v , 7 6 3 V . 7 7 6 4 
l y o . 6 0 1 8 7 . .6 3 6 2 . 6b - 1 , 1 4 0 
1S»C5. 6 0 I b 7 . , 6 0 1 o v , 00 - 1 7 . 6 9 - l b 
2 0 0 . 5 u 1 8 7 . 6 0 4 4 o < . 8 6 - 1 3 , , c O - 4 1 
2 0 2 . 6 0 1 8 7 . o o V a o , b4 - 7 . , 4 1 - b 6 
2 0 4 , , 6 0 1 8 7 . 6 0 1 c O o , b 6 . 1 2 - 1 7 4 
2 0 t ; . . 5 0 1 U 7 . 6 0 16 7 '+. 7 V 2 0 6 .32 - 1 d 6 
2 0 b . 6 0 1 8 7 , , 6 0 1 2 1 5 . 2 3 l o l , 4 9 —0 2 
2 1 G . 6 0 1 8 7 . . i s O V 7 v , o 7 12"+. 3 7 -cO 
2 1 2 . bO 1 8 7 . ,6^ 1 1 4 , . , b 2 1 3 v , 1 ^ — 4 
2 1 4 . 5 0 1 8 7 . , 5 0 1 2 b c , 40 161 , . 4 6 1 8 
2 1 c . . t>C 3 o 7 . 6 0 1 O b o . . 2 1 u 7 , 6 7 6 0 
21 d . 6 0 1 6 7 . , ' J O fci 7 , I V 1 , 1 4 4 1 
1 9 o . 5 0 18s i . 5 0 6 V , 10 0 . . 4 3 - 4 
1 9 o . 6 0 la-y . 6 J 1 7 b . I V - 1 4 , . U V - 1 6 
2 0 O . 6 0 1 8 ^ . . 6 0 J 3 V . 41 1 . .2 1 -44 
2 0 2 . . SO , 6 0 b 6 7 . ^'c - U , oO - 7 4 
2 0 4 . 60 1 8 * * . .60 1 0 2 b . b V 7 o , , 6 2 - V b 
2 0 6 . 5 0 1 8 V , 6 0 i 1 4 b . 6b 1 6 2 . 1 u - 1 0 7 
20t> . 6 0 1 8 S , . • 6 u o 4 1 1 -a'. . 7 6 . —o2 
2 1 0 . 3 0 1 6 V . 5 0 V 0 3 . . 17 :̂  I . V 4 - 1 b 
2 1 2 . 6 0 1 bV. , 6 0 1 ̂ 4 1 . V4 1 6 v , b o 2 0 
2 1 4 . . 6 0 1 8 V . 3 0 1 3 0 4 . 7 o i 6 V . oO 4 4 
2 1 o . 6 0 l a v . • 5 0 VI* b . 7 7 V b , 8 b 4 1 
21< i . 6 0 1 8 V , . 6 0 . 41 I . <JO 1 ^ . 3 6 1 4 
l 9 o . 6 0 I V 1 . 5 0 40 . 4 2 - 0 , 9 9 .J 

6 0 1 V I . , 6 0 1 ^ 1 . 4 j — 4 . . 7 I -CL 1 
2 0 0 . 6 0 I V I , 6 0 2 6 J , 1 0 - b . 0 1 — 2 0 
2 0 2 . 6 u I v l 44,:; . .iV 1 2 . .0 V - 4 2 
2 0 4 , 6 0 1 V I , . 6 0 b 7 4 . l b • 4 b , I 7 - o 4 

3 6 
19 
00 
15 
71 
8 b 
6 9 
4 7 
9 6 
4 0 
0 0 
2 2 
6 1 
11 

9 7 
2 2 
3 6 
71 
>vO 
5 6 
6 6 
d o 
2 4 
4 7 
2 4 
o 9 
9 5 
4 4 
61 
7 i 
4 4 
9 4 
6 9 
41 
v o 
4 6 
3i? 
9 3 
3 3 
b 4 
2 0 
4 9 
bb 
3 7 
9 a 
b v 
71 

40 
oO 
Ob 
3 d 
9 6 
l b 
9 6 
3 y 
19 
o l 
93 

l o 

3 9 
V l 

I v u 
3 0 1 
1 3 0 

1 2 
3 
O 

1 3 

1 7 7 
2 8 4 
2 8 1 
2 o 2 
2 1 8 
1 3 7 
1 0 4 

3 4 
6 3 

2 
l b 
6 6 

1 2 6 
2 7 6 
3 7 0 
2 6 b 
1 4 8 

9 6 . 
1 2 4 

6 8 
9 3 

1 

2 6 
4 3 
6 4 

1 9 4 
2 7 6 
161 
l^h 
1 3 v 
1 6 2 

8 6 
4 D 

4 
21 
4 9 
7H. 

1 2 2 
18 6 
l04 

9 3 
l o l 
1 6 6 
1 0 3 
24 

3 
2 2 
2 7 
44 
8 0 

d 5 
3 6 
6 4 
6 1 
1 3 
4 6 
14 
7 2 
7 8 
41 
5 4 
9 6 
4 7 
9 3 
0 3 
4 3 
0 4 
5 9 
7 8 
3 6 
51 
6 1 
3 7 

1 I 
6 6 
3 2 
4 0 
81 
9 4 
9 6 
3 3 
4 8 
bO 
6 9 
2 b 
1 2 
5 o 
6 3 
0 ^ 
19 
6 2 
4 2 
0 6 
3 9 
2 8 
4 6 
7 2 
3 0 
3 b 
b b 
7 6 
2 2 
oO 
•ib 
1 1 
3 4 
12 
3 9 
2 0 
2 3 

1 8 
16 
11 

7 
4 
0 

. 0 
1 
9 

1 6 
1 0 

6 
7 
7 
8 
6 
5 
2 
4 
O 

11 
1 1 

9 
I 1 
1 4 
1 3 
1 0 

7 
« 
5 
7 
2 

1 6 
9 
6 

1 2 
1 6 
1 4 
12 
1 2 
1 1 

7 
6 
7 

12 
1 4 
1 1 
1 I 
l b 
l b 
1 0 
1 2 
1 2 
1 1 

6 
7 

l b 
1 0 
V 

1 1 

.05 
. 2 1 
,37 
,23 
, 9 6 
. 9 8 
,3b 
,07 
,i:3 
,31 
,30 
,29 
.32 

6 7 
.02 
I J 6 
. 9 6 
.o3 
20 

, 6 1 
,30 
,6b 
.69 
,90 
.6 

7 9 
.98 
,63 
6b 
.43 
,64 
,3o 
.63 
. 7 6 
.54 
,09 
, 5 1 
,94 
- bb 
18. 
.06 
94 
.o3 
.43 
16 

. b 7 
,73 
.92 

7 
,64 
3b 
,98 
. bV 
, b 6 
,23 
20 
,'t. 2 
o2 
V9 
,90 

•67. 

- 6 3 
8 , 

3 6 . 
3 3 

- 2 0 , 
- 8 1 
- 7 9 , 
•ca. 
• 5 2 
- 3 0 , 
- 1 
- 7 
b 
3 . 

6 4 
51 

- 2 0 
- 6 6 . 
• 7 4 , 
- 6 8 
- 3 9 
- 2 4 , 
• 1 4 
- 6 

2 
• 5 . 

2 5 
3 2 
7 0 , 

-00 
- 6 4 
- 4 7 
- 3 2 
•21 
- 1 3 
-4 
- 0 

3 
1 9 . 
3 2 

- 4 2 
• o b 
- 6 7 
- 4 6 . 
- 2 6 . 
- 1 7 
- 1 3 

7 
1 1 
16 

• i 3 
"r ̂  
• D O 
• d 7 
•2b 

5 8 
5 4 
£ 5 
7 8 
6 5 
C4 
5 4 
2 7 
6 6 
Ic. 
9 6 
5 2 
81 
5 2 
71 
5 u 
4 2 
4 b 
7 3 
5 2 
41 
9 6 
18 
7 3 
9 0 
8 2 
4 3 
2 3 
8 9 
5 8 
3 V 
1 6 
9 u 
0 9 

0 0 
0 4 
5 9 
6 4 
9 4 
4 3 
12 
7 3 
1 7 
7 3 
7 0 
2 d 
6 4 
6 3 
7 0 
o 5 
7 3 
74 
71 
3 2 
b 3 
16 

2 b 
Oo 

9o 



2 J 8 . 5 0 1 6 7 . 6 0 6 0 . C 6 1 9 . 6 4 0 . 4 4 1 9 . 5 4 ^ ^ ' ^ - ^ 
2 1 0 . 6 0 1 6 7 . 6 0 9 c . o 9 2 5 . o o - 7 . 4 3 2o . 4 o ^ o . 7 b -t> • y 
2 1 2 . 5 0 1 6 7 . 6 0 V 2 , b 7 2 / . l o - 4 . 0 7 2 7 . 4 b '^X'?? " t ^ ' I t 
2 1 4 . 6 0 1 6 7 . 6 0 6 b . o 2 I 0 . Ob " - 1 2 . b O 6 . 3 3 * | 7 . 8 o ~f^-"'^'^ 
2 0 4 . 6 0 1 6 9 . 6 0 6 b . 3 b d . v O 1 2 . 1 4 l b . O b ^ d . 0 3 ' ^ ^ Z " " 
2 0 6 . 6 0 1 6 9 . 5 0 1 1 1 . 2 b 3 6 . 2 b 3 . 6 2 3 6 . 4 6 o l . 6 c 2 . 6 6 
£ 0 6 . 6 0 1 6 9 . 6 0 1 9 1 . y 2 6 9 . 7 7 - 0 . 0 8 6 9 . 7 7 J 6 . 3 6 - 0 . 0 3 
l l O . b O 1 6 9 . 6 0 2 6 1 . 2 2 V 3 . 7 1 - 9 . 0 1 9 4 . 1 4 3 7 . 4 7 " ^ ' ^ b 
2 1 2 . 5 0 1 5 9 . 6 u 2 4 b . 4 : J 8 4 . 7 7 - 1 7 . 9 8 d o . 6 b 3 6 . l o " • 
i l 4 . 6 0 1 5 9 . 5 0 1 7 2 . 6 0 4 7 . 7 b - 2 7 . 2 7 6 4 . 9 9 3 1 . 8 6 '^'^/'f 
2 1 6 5 0 1 6 9 . 6 0 o 2 ' ' . b 9 1 7 . 7 2 - 1 4 . 9 0 2 3 . 1 6 2 6 . 0 0 ' ^ ' ' . 0 3 
! 0 2 . 6 C 1 6 1 . 5 0 9 4 . 0 3 1 4 . 9 3 0 . 0 3 1 4 . 9 3 i e > - d 7 O . O b 
2 0 4 . 5 0 1 6 1 . 6 0 l b 9 . 4 l 4 5 . 4 6 3 3 . 1 1 i^'fi t^*-;! \ i ' Vu 
i 0 b . 6 0 l o l . 5 0 2 2 6 . 2 3 6 6 . 2 7 2 7 . b O 7 1 . 8 7 ^ 1 . 4 9 1 1 . 3 8 
2 0 6 . 6 0 1 6 1 . 6 0 2 V 4 . 9 6 1 1 4 . 6 9 1 4 . l o 1 1 6 . 5 b o 9 . 1 6 - , . 5 2 
2 1 0 . 5 0 1 6 1 . 6 0 3 1 0 . 4 6 1 1 4 . 2 6 - 6 . 14 1 1 4 . 3 9 • ^ ^ • " ^ ' I ' f t 
i l i 6 0 1 6 1 . 6 0 2 V b . o 7 1 1 0 . 6 3 - 3 3 . 7 5 1 6 . 3 o 6 V . 0 9 - 6 . 4 7 
I l 4 . 5 0 1 6 1 . 5 0 , c : 4 4 . o i 9 1 . 2 6 - 4 3 . 1 4 1 O 0 . 9 3 4 l . ^ 6 " - •« ;0 
21o.b0 1 6 1 . 6 0 1 6 0 . 4 2 6 5 . 6 o - ^ 4 . 1 3 o D . 2 l t^'A^ 
2 1 c . b O 1 O - 1 . 6 0 o 6 . l l 2 3 . 0 3 - 2 0 . 0 4 d O . 5 3 4 b . 8 V " - ^ . 3 2 
f J c . 6 0 1 6 3 . 6 0 6 0 . 2 9 1 2 . 3 0 1 1 . 0 2 . o . 6 2 2 6 . . 4 2 0 . 5 3 
2 U 2 . 6 0 l o b . 6 0 1 6 3 . 1 2 2 o . o o > > 1 . 7 3 - ^ i * ^ ^ H ' t l t ? 5 P 
| 0 4 . 6 0 l u 3 . 5 0 2 4 6 . 6 4 7 2 . o l 4 9 . 7 2 6 7 . 9 2 3 5 . 7 9 1 7 . 2 2 
2 0 b . b U 1 6 3 . 6 0 3 0 2 . 2 5 9 1 . 7 9 4 6 . 0 8 0 2 . 2 o 0 0 . 6 0 1 3 . 0 8 
2 0 8 . 5 0 1 6 3 . 6 0 o 3 ^ . b b 1 1 2 . 2 1 1 8 . o 9 l l o . 7 b t ' l l 
2 1 0 . 6 0 1 6 3 . 6 0 3 0 7 . 9 7 1 2 2 . c 4 2 . 6 4 l ^ ^ . ^ J f ' ^ ' ^ O 0 . bO 
2 1 2 I 5 O l b 3 . 6 0 2 7 7 . 0 3 1 0 3 . , 6 - 2 7 . 0 0 1 0 / . 4 0 J 8 . / 7 - 7 . 2 8 
2 1 4 6 0 1 6 3 . 6 J 2 3 6 . 7 6 8 v . 2 7 - 6 4 . 0 4 1 0 4 . 3 o 4 0 . o O " l ^ - o O Vll.to I b O . b O 2 0 7 . 2 6 0 4 . 8 5 - 6 7 . 4 3 8 6 . o 3 4 1 . 7 9 . 7 o 
^ i S 5 0 6 3:2o t o 9 . 6 3 2 0 . 2 0 - 3 2 . 7 7 3 8 . 5 2 3 6 . 1 7 - 2 9 . 1 4 
2 0 0 . 6 0 b 6 6 0 7 1 . b J 5 . 2 4 11 . 3 9 1 2 . 5 4 1 / . 4 V ^ 2 . 6 6 
2 0 2.10 1 6 6 . 6 0 1 3 4 . 3 6 l v . 7 3 2 2 . 9 5 3 0 . 2 7 2 . . b d 2 4 . b 6 
2 0 4 . 5 0 l o b . 6 3 2 J 9 . 2 b 6 0 . 9 6 4 7 . 6 ^ ^ 7 . 2 7 -^.^ * } f ^ 7 
2 0 f c ! 5 0 I b 6 . b 0 3 3 6 . b 6 9 d . 9 1 4 3 . 2 7 , 1 0 7 . 9 b o l . b b 1 1 . 8 1 iStAo l c 6 . 6 0 3 7 7 . 7 7 1 6 4 . 0 8 2 2 . 4 0 1 3 b . 9 4 3 6 . V b 4 . 7 4 
2 1 0 . 6 0 1 6 6 . 6 0 3 2 7 . 1 7 1 2 4 . 2 o - O . V o ^ ^ - ^ ^ ^ ^ ' ^ . ^ 7 ,-7 
2 1 2 . 6 0 I b 6 . b 0 2 7 3 . 6 4 9 7 . 1 6 - 2 4 . 8 2 1 0 0 . 2 7 o b . o b -7 , IJ 
I 4 . 6 0 1 6 - : 6^ ^ b O . b o 7 9 . 6 0 - c 3 . 3 v 1 0 l . o 7 o c . 2 U - l v . 2 6 

i j S i l S l o ^ i l l i l i o l 1 ^ : 1 4 1 :3o 1 : : ^ 

m B'ti ^ \ ^ ^ 

m - H i H i i i t . w m 

2 0 4 . 5 0 I b V . b O 2 0 1 . 4 d .^g l l l . o 2 ^ c . l 9 1 6 . 1 0 
2 0 6 . 6 0 l O V . b O * * f = ' . 7 o f ' l ' l 9 6 o o . 4 0 7 . 8 3 
2 0 6 . 6 0 1 6 9 . b O 6 1 4 . 1 2 ^ ^ i - ^ . ^ f o b . 6 0 3 4 . 2 2 - 0 . 2 6 
, , . . 3 0 l o . . b O b o 4 . o 9 . b b . 4 . . o ^ ^ ^ ^ ^ ^ ^ ^ ^ 
2 1 2 . 6 0 1 6 V . 6 U 

91 



, 5 0 
i 5 0 
, 5 0 
, 5 0 
, 5 0 
, 5 0 

2 0 o , 5 0 
^ 0 6 . 5 0 
2 1 0 . 5 0 
2 1 2 . 5 0 
2 1 4 . 5 0 
2 1 6 . 5 0 
2 1 6 . 3 0 
1 9 0 . 5 0 
2 0 0 . 3 0 
2 0 2 . 5 0 
2 U . • 5 0 
2 0 6 . 5 0 
2 0 o . 5 u 
2 1 0 . 5 0 
2 1 2 . ; J O 
2 1 . . 5 0 
2 1 6 . 5 0 
2 1 6 . 5 0 
1 9 0 . 5 0 
2 0 0 . 5 0 
2 0 2 . : 
2 0 4 . 
2 0 o . 
2 0 8 . 
2 1 0 . 
£ 1 2 . 
2 1 4 . 5 0 
2 1 6 . 5 0 
2 1 6 . 5 0 
1 9 O . 5 0 
2 0 0 . 5 0 
2 0 2 . 5 0 
2 0 4 . 5 0 
2 0 u . 5 0 
2 0 6 . 5 0 
2 1 0 . 5 0 
2 1 2 . 5 0 
2 1 4 . 5 0 
2 1 O . 5 0 
2 1 o . 5 0 
2 0 0 . 5 0 
2 0 2 . 5 0 
2 0 4 . 5 0 
2 0 6 . 5 0 
2 0 6 . 5 0 
2 1 0 . o u 
2 1 2 . 5 0 
2 1 4 . 5 0 
2 1 t . . 5 0 . 
2 1 c . 5 0 
2 0 4 . 5 0 
2 0 6 . 
2 J o . 
2 1 0 . 
2 1 2 . 
2 1 4 . 

1 9 1 
1 91 
1 9 1 
1 9 1 
1 9 1 
1 9 1 

. 5 0 
5 0 

, 5 0 
5 0 

. 5 0 

. 5 0 
.0 

. 5 0 
, 5 0 
- S o 
. 5 u 

1 9 1 . 5 0 
1 9 3 . 5 0 
1 9 3 .50 
1 9 3 . - 5 0 

1 9 3 . 3 0 
1 9 3 . 5 0 
1 9 3 . 6 0 
1 9 3 , 5 0 
1 9 J . 5 0 
1 9 3 . 5 0 
1 9 3 . 5 0 
1 "̂ 6 . b O 
1 9 5 . 5 0 
1 9 5 . 5 0 
1 9 5 . 5 o 
I - J b . 5 u 
1 9 5 . 5 0 
1 ^ 5 , 5 0 
1 9 5 . 3 0 
1 9 5 , 3 0 
1 9 5 , b o 
1 9 5 . 5 0 
1 9 7 . 5 0 
1 V 7 . 5 0 
1 9 7 . 5 0 
1 9 7 . 5 0 
I v 7 . b 0 
1 9 7 . 5 0 
i 7 . 5 
1 9 7 . 6 0 
1 9 7 . 5 0 
1 9 7 . 5 0 
1 9 7 . 5 0 
1 9 9 . 3 0 
1 V 9 . 5 0 
i s / ' - ' . b O 
1 9 9 . 5 0 
1 9 9 . 5 0 
1 9 . 5 0 
1 9 V . 5 0 
1 ̂ S> .50 
1 V 9 . 5 0 
1 9 9 . 5 0 
2 0 1 . 5 0 
2 0 1 . 5 0 
2 0 1 . 5 0 
2 0 1 . 5 0 
2 0 1 . 5 0 
2 0 1 . b o 

039 . 5 1 
6 15.35 
0 3 6 . 2 9 
5 o o » Zc: 

1 O ' » o . 9 7 
6 o 9 . . 1 
2 v 7 , 3 o 

6 4 . o 9 
2 4 2 , 0 5 
4 3 5 , 9 4 

• 3w6.6 4 
0 U 2 . o 7 
4 0 8 . 2 J 
. o 9 . 5 9 
u b o . ̂ -j 
7 5 4 . 4 7 
5 3 0 . 0 7 
2 7 0 . 2 5 

OO 
1 9 4 . o 9 . 
. 2 5 . 3 0 
i > 0 0 . 4 4 
5 1 0 . V O 
0 . 1 . 2 7 
5 4 2 . 0 ^ 
5 0 9 . 7 0 
5 2 2 . 0 7 
5 * i 3 . 1 . 
2 3 o , 7 7 

. J , 74 
1 0 . , O * : 
2 7 0 . 9 3 
3 o o . a o 
Soo.76 
. 3 1 . 9 1 
. 0 0 . i _ 9 
J 9 6 . 5 1 
3 o o . 0 1 
3 3 o . 1 0 
1 5 7.40 

. O . 0 6 
iyb . 60 

1 5 6 . b 9 
1 9 2 . 2 1 
2 12 . O b 

. £ . 0 6 . 1 0 
1 7 u . ^ i 
I Z 4 . o 5 

6 o . . 4 
. 7 . i:6 
0 . . 4 3 
o l . 4 4 
7 4 . 5 . 
6 6 . 4 4 
;:>4. 4 5 

1 2 7 . 3 o 
7 3 , 1 9 
o O , o 9 

l l o , 2 0 
1 4 9 . 8 9 

9 7 . 6 3 
1 2 . 9 7 

I . 4 2 
11 . 0 6 
3 7 . l o 
6 9 . 1 1 
9 2 - 6 8 
8 2 . 6 0 
p 9 . o O 
8 J . 3 0 

1 0 O . 7 7 
0 9 , 4 1 
3 0 , 6 0 

1 , 6 5 
1 0 . 1 8 
o 2 . 7 4 
8 7 , 3 9 
7 9 . 7 9 

1 1 2 . 0 8 
1 2 9 . 1 0 
1 0 2 , 5 2 

8 2 . 0 2 
1 1 4 . 3 4 

5 1 . 7 9 
4 . 2 3 
4 . 3 2 

4 0 . 7 3 
o 8 . 7 2 
o 5 . 2 9 

1 0 0 . 3 3 
i l 7 . 7 2 

9 . . 8 7 
7 9 . 7 0 
9 5 . 3 1 
3 0 . 0 5 

5 . 6 3 
1 6 . 7 4 
3 4 . 5 7 
5 0 . 5 6 
4 o . 1 7 
b y . 2 o 

00 . 4 3 
4 0 . 9 3 
2 o . 1 0 

8 . 3 0 
1 0 . 7 3 
I I . 1 4 

6 . 7 3 
1 3 . b 3 
1 6 . 0 5 
1 2 . 1 3 

- 7 2 . 3 0 
- 3 2 . 5 9 
- 1 0 . 8 2 

- i l . o 2 
3 4 . 3 5 
4 4 . 9 9 
2 0 .toO 

- 1 4 . 4 2 
— 4 o . o 5 
- 7 2 . 8 4 
- 7 0 . 9 8 
- 5 1 . 7 3 
- 3 2 . 3 9 

- 1 . 3 3 
1 5 . 7 4 
5 6 . 5 7 
4 7 . 8 6 
2 8 . 0 7 . 
- 7 . 7 4 

—30 . 6 3 
- 7 9 . a 8 
- 7 7 . 0 5 
- . 5 . 8 2 
- 3 0 . 5 7 
- 1 4 . 8 4 

21 . 4 6 
5 5 . 4 1 
7 1 . 8 3 
3 4 . 6 a 
- 2 . 2 1 

- 1 6 . 9 2 
- 5 2 . 6 9 
- o 7 . 9 7 
- 4 9 . 4 7 
- 2 7 . . 4 
—4 . 4 2 

. 1 3 . 8 8 
2 8 . 18^ 
4 8 . 2 1 
l o . 2 6 
- 7 . 6 2 

- l o . OO 
- 2 9 . 8 2 
- 2 2 . 
- 1 . . 7 7 

- 1 . 4 7 
3 . 9 9 
5 . 5 4 
7 . y . 
4 , 6 3 

- 6 . 3 . 
- 1 0 . 1 0 

- 6 . O 1 
- 1 . 4 7 

0 . 1 2 
- 0 . 7 2 

1 4 6 . £ 3 
8 0 . 1 1 
o l . 8 5 

1 2 2 . 4 1 
1 5 9 . 4 . 
1 0 7 . 4 9 

2 4 . 5 2 
1 4 . . 9 
4 7 . 9 5 
O l . 7 7 
9 9 . 0 7 

l O o . 1 4 
0 6 . 7 3 
6 9 . c 1 
9 0 . 8 7 

1 2 1 . 2 5 
8 4 . 3 1 
. 1 . 5 2 

7 . 9 2 
J 2 . 2 8 

1 0 1 . 5 7 
1 l o . 5 1 

9 2 . 0 1 
1 1 - 1 . 1 8 
1 2 9 . 9 5 
1 0 4 . 7 4 

9 ' s . 6 5 
1 3 5 . 0 3 

6 2 . 4 4 
4 . 7 / 

1 7 . 4 7 
7 0 . 5 8 
9 o . 6 6 
6 1 . 9 1 

1 0 4 . 0 1 
1 1 7 . 3 0 

9 3 . 8 8 
6 4 . 5 3 

1 0 6 . 8 1 
b o . 16 

9 . 4 8 
2 o . *:<9 
4 b . 6 0 
5 5 . 3 / 
4 6 . 4 8 
5 9 . 2 2 
aO . c 1 
41 . 3 0 

2 8 
4 9 
11 
C 4 

•d . 2 0 
6 1 

1 6 . 0 5 
1 2 . 1 5 

Z7. 
9 

1 6 . 
1 J . 
1 
l b 

1 7 . 4 7 
1 3 . 0 2 

9 . 7 2 
1 2 . 4 2 
1 4 . 5 1 
1 5 . 5 9 

8 . 2 5 
1 7 . 1 0 
1 9 . 8 1 
1 7 . 9 3 
1 6 . 6 2 
1 / . 0 2 
1 8 . 1 7 
14 . c 2 
1 3 . 9 1 
I 0 . 0 7 
1 5 . 6 7 
1 3 . 3 6 
1 2 . 0 7 
1 6 . 5 6 
2 0 . 0 0 
2 3 . 2 8 
1 8 . 0 1 
2 1 . 4 6 
2 b . 9 7 
2 0 . 5 5 
1 9 . C 9 
2 5 . 6 1 
2 4 . 3 2 
1 0 . 9 2 
l o . 7 0 
2 6 . 0 5 
20 . 7 6 
2 I . 3 4 
2 4 . 0 0 
^ b . 5 9 
2 4 . 0 0 
2 1 . y O 
2 9 . 8 3 
2 2 . b b 
2 0 . 5 7 
2 6 . 2 9 
2to . 7 b 
2 8 . 6 1 
2 2 . 0 6 
2 6 . 4 9 

• 2 4 . 6 8 
. 2 3 . . . 

21 . o 5 
1 4 . 2 9 
3 4 . 0 7 
2 3 . 3 4 
1 9 . 9 b 
1 8 . 2 5 
2 4 . 1 5 
2 2 . 3 2 

, 3 2 
, 4 9 
, 8 8 

• 1 4 . 7 7 
• 1 2 . 0 0 
- 5 . 0 4 

7 . 5 3 
9 i 9 7 

1 2 . 3 7 
2 9 . 0 3 

- 4 2 . 2 0 
• 3 6 , 
- 3 1 . 
- 2 2 
- 1 4 . 3 9 
- 1 0 . 7 1 
- 0 . 5 5 

4 . 9 9 
1 3 . 11 
1 7 . 
2 1 . 

- 3 6 , 
- 3 5 
- 2 5 , 
- 2 0 , 
- 1 4 , 

- 7 . 6 3 
- 3 . 2 0 

5 . 9 1 
1 6 . 8 9 
1 0 . 0 7 
l o . 9 8 

- 1 3 . 7 8 
- 3 7 . 8 4 

, 2 7 
. 3 5 
. 5 0 
, 6 5 
. 0 7 

16 

, 2 9 
. 2 6 
. 9 8 
, 8 1 
. 9 3 
. 7 0 
. 9 3 

- * i 4 , 
-2^ 
- 1 6 

- 7 , 
- 1 

4 , 
9 . 7 4 

1 3 . 4 2 
1 5 . 6 3 

- 2 c . 7 7 
, S 3 
, 3 9 
, 0 7 
, c 7 

- 2 1 . 
- 2 0 
- 1 2 , 

- 8 , 
- 0 . 7 1 

2 . 2 6 
3 . 8 5 
8 . 4 o 

1 4 . 5 6 
5 9 

2 1 . 1 1 
2 2 . 3 0 
- 3 . 1 1 

U . 2 1 
- 1 . 7 0 

- 1 

92 



•ACKNOWLEDGEMENTS 

I would'like to thank Dr. S M Scarrott for h i s encouragement, 
assistance and xmceasing moral guidance offered at a l l times, and also 
for h i s provision of the data. I would also l i k e to express my apprecia
t i o n to Dr. R G Bingham of the Royal Greenwich Observatory for h i s t i r e l e s s 
enthusiasm and encouragement. 

Professor B Bransden i s thanked for making the f a c i l i t i e s of the 

department readily available, as i s the Durham University Standing 

Committee f o r Research Awards for the provision of the studentship. 

Brian Lander and the s t a f f of the Computer Unit are also thanked for th e i r 

patience and help. 

F i n a l l y , I would l i k e to thank Mrs. Mellanby for her excellent 

typing and my landlady, Ms. S M Byrne, for her patient transcription of 

my diagrams. 

SECTION 

93 


