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ABSTRACT 

An attempt i s made to model the d i s t r i b u t i o n o f cosmic ray 

electrons and magnetic f i e l d i n the galaxy such t h a t agreement i s 

reached w i t h the observed continuum r a d i a t i o n . 

A new composite map of g a l a c t i c s p i r a l s t r u c t u r e has been obtained 

by combining the model of Georgelin, based on observations of H I I 

regions, w i t h the map of n e u t r a l hydrogen outside the s o l a r c i r c l e of 

Verschuur. Using models which r e l a t e the g a l a c t i c magnetic f i e l d and 

r e l a t i v i s t i c e l e c t r o n d i s t r i b u t i o n t o t h i s s t r u c t u r e , p r o f i l e s o f the 

synchrotron r a d i o emission along the g a l a c t i c plane are p r e d i c t e d f o r 

30° 4 •£ *330°. These are compared w i t h the observed p r o f i l e a t 150 MHZ 

corrected f o r thermal emission, l o c a l sources and e x t r a g a l a c t i c back­

ground. The way i n which the s p i r a l arm compression, produced by 

density waves, f a l l s - o f f w i t h height above the plane i s obtained using 

magnetohydrodynamic shock theory. The f a l l - o f f In e m i s s i v i t y w i t h 

height above the plane i s f i t t e d t o the observations o f Landecker and 

W i e l e b i n s k i . 

D e t a i l e d comparison w i t h observation gives preference f o r a 

uniform d i s t r i b u t i o n of electrons i n the disc of the galaxy. There i s 

evidence t h a t the observed'magnitude of the g a l a c t i c magnetic f i e l d i n 

the neighbourhood o f the sun i s more t y p i c a l of an i n t e r a r m than an 

arm region. A magnetic f i e l d which, i n the galaxy as a whole, can be 

decomposed i n t o random and r e g u l a r components of approximately equal 

magnitude, i s i n d i c a t e d . The observed l a t i t u d e d i s t r i b u t i o n c f b r i g h t ­

ness temperature a t 150 MHZ may be understood i f the e m i s s i v i t y 

d i s t r i b u t i o n w i t h height above the plane has an equivalent h a l f w i d t h 

of 2.75 k i l o p a r s e c s , h a l f w i d t h at h a l f maximum of 2 k i l o p a r s e t a and 

extent of about 10 k i l o p a r s e c s at the sun. This t h i c k disc or halo 

decreases i n extent towards the g a l a c t i c centre and increases i n extent 



towards the edge of the galaxy. 

The two closed galaxy models proposed by Peters, Rasmussen and 

Westergaard are both discussed i n connection w i t h the cosmic ray 

e l e c t r o n component. Both models are found t o be i n c o n s i s t e n t w i t h , i n 

one case, the observed p o s i t r o n f l u x and, i n the other, w i t h the 

observed continuum emission. 



( i ) 

PREFACE 

The work presented i n t h i s t h e s i s was c a r r i e d out during the 

period 1974-77 w h i l e the author was a research student under the 

supervision of Dr. John L. Osborne i n the Physics Department of the 

U n i v e r s i t y of Durham. 

Some o f the work reported here was c a r r i e d out i n c o l l a b o r a t i o n 

w i t h Dr. J.L. Osborne, but most of the research and a l l c a l c u l a t i o n s 

are of the author. 

Parts of the work are published as f o l l o w s : 

French D.K. and Osborne J.L. 1976 Nature 260 372 

French D.K. and Osborne J.L. 1976 M.N.R.A.S. ^77 569-582 

Br indie C. French D.K. and 
Osborne J.L. 1977 Proc. 15th I n t . Cosmic 

Ray Conf. Vol. 2 p.386 



( I t ) 

CONTENTS 

Chapter 1 Introduction 1 

Chapter 2 Coemic Ray electrons 

2.1 Observations of the Cosmic Ray Electron Component 6 
2.2 Energy loss processes 6 
2.3 Electron Sources 9 
2.4 Propagation of Electrons i n the Galaxy 12 
2.5 Comments on a Closed Galaxy Model for Cosmic Ray 23 

Propagation. 

Chapter 3 The Galaxy and the I n t e r s t e l l a r Medium 

3.1 Introduction 30 
3.2 Structure of the Galaxy 30 
3.3 Properties of the I n t e r s t e l l a r Medium 36 
3.4 The Galactic Magnetic Field 38 
3.5 The Hydrostatic Equilibrium of the Galactic Disc. 46 

Chapter 4 Galactic Spiral Structure 

4.1 Introduction 51 
4.2 Observations of Galactic Spiral Structure 51 
4.3 Conclusions regarding the observed Galactic Spiral 57 

Structure. 
4.4 Density Wave Theory of Spiral Structure 58 
4.5 Origin of Galactic Spiral Structure. 68 

Chapter 5 Observations of the Continuum Radiation. 

5.1 Introduction 71 
5.2 150 MHZ P r o f i l e 72 
5.3 408 MHZ P r o f i l e 72 
5.4 Corrections to the observed p r o f i l e s 72 
5.5 Corrected Profiles 80 
5.6 Comparison with other derived p r o f i l e s 80 

Chapter 6 Models of the Galactic Continuum Radiation. 

6.1 Introduction 86 
6.2 The Structure of the Galactic Magnetic Fie l d . 86 
6.3 Electron d i s t r i b u t i o n 92 
6.4 Method of Calculation 94 



I 

( i i i ) 

Chapter 7 Results from the Continuum Models 

7.1 The Halo Problem 103 
7.2 Previous work 109 
7.3 Results o f the 2-D Model Calcu l a t i o n s no 
7.4 Results o f the 3-D Model Ca l c u l a t i o n s 115 

Chapter 8 The D i s t r i b u t i o n of Cosmic Ray e l e c t r o n s and 
magnetic f i e l d i n the Galaxy. 

8.1 Conclusions regarding the d i s t r i b u t i o n of el e c t r o n s 132 
and magnetic f i e l d i n the plane o f the galaxy. 

8.2 Conclusions regarding the d i s t r i b u t i o n o f electrons 134 
and magnetic f i e l d above the plane of the galaxy. 

8.3 The spur emissions 135 
8.4 The Closed Galaxy Model 136 

Appendix I Synchrotron Theory 

1.1 Basic Theory f o r a monoenergetic e l e c t r o n i n a 140 
uniform magnetic f i e l d . 

1.2 Emission from a power law d i s t r i b u t i o n of 142 
electrons i n a uniform magnetic f i e l d . 

1.3 Emission i n an i s o t r o p i c magnetic f i e l d . 144 

1.4 The P o l a r i s a t i o n of synchrotron r a d i a t i o n . 144 

Acknowledgements 146 



1 

CHAPTER 1 

I n t r o d u c t i o n . 

The g a l a c t i c continuum r a d i a t i o n i s the meeting place o f r a d i o 

astronomy and cosmic ray astrophysics. Through observations of the 

continuum r a d i a t i o n important i n f o r m a t i o n can be obtained on the g a l a c t i c 

magnetic f i e l d and the cosmic ray e l e c t r o n d i s t r i b u t i o n . I n recent years 

cosmic ray electrons have come t o play an i n c r e a s i n g l y important r o l e i n 

cosmic ray physics by v i r t u e of the f a c t t h a t t h e i r d i s t r i b u t i o n through­

out the galaxy i s mirrored i n the continuum emission and t h a t t h e i r 

s i t e o f o r i g i n i s known t o be the galaxy. Also o f importance i s the 

p o s i t i o n component which o f f e r s a unique o p p o r t u n i t y f o r the a p p l i ­

c a t i o n of propagation models o f p a r t i c l e s i n the galaxy as the p o s i t r o n 

source spectrum i s c a l c u l a b l e as they are thought t o be of e n t i r e l y 

secondary o r i g i n . 

Electrons were once thought t o be the main c o n s t i t u e n t of the 

primary cosmic rays. I n the 1930's cascade theory q u a n t i t a t i v e l y 

developed by Bhabha and H e i t l e r (1934) and by Carlson and Oppenheimer 

(1937) was able t o e x p l a i n the observations ( j u s t then established) t h a t 

the t o t a l i n t e n s i t y o f cosmic r a d i a t i o n passes through a maximum at an 

a l t i t u d e o f about 20 km. i f the primary r a d i a t i o n was taken t o be 

electrons w i t h a p a r t i c u l a r energy spectrum. At about the same time the 

east-west asymmetry of the t o t a l r a d i a t i o n , Johnson and Barry (1939), 

i n d i c a t e d t h a t the primary r a d i a t i o n was mainly p o s i t i v e l y charged. This 

led many t o conclude t h a t perhaps the primary r a d i a t i o n was p o s i t r o n s 

although others considered protons more l i k e l y . I t was q u i c k l y r e a l i s e d 

however, f o l l o w i n g balloon experiments by Schein et a l (1940, 1941), t h a t 

the primary r a d i a t i o n was mainly protons and the electrons i n the 

atmosphere were of secondary o r i g i n . I t was not u n t i l the e a r l y s i x t i e s 

t h a t e l e c t r o n s were p o s i t i v e l y i d e n t i f i e d i n the primary r a d i a t i o n by 

E a r l (1961) and Meyer and Vogfi (1961). 

1978 J 
9t-TI0» 
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I n 1935 Jansky observed non t e r r e s t r i a l r a d i o emission continuously 

along the g a l a c t i c plane which peaked i n the d i r e c t i o n of the g a l a c t i c 

centre and showed a minimum i n the a n t i c e n t r e d i r e c t i o n . This r e s u l t e d 

i n the inescapable conclusion t h a t the Galaxy was a source of intense 

r a d i a t i o n at frequencies of of a few tens ofmegahertz. Following t h i s 

i n i t i a l discovery, the radio emission from the galaxy has been mapped at 

many frequencies. The most recent f u l l - s k y map i s t h a t presented by 

Landecker and Wt&letrinski (1970) at 150MHz. The o r i g i n of the g a l a c t i c 

r a d i o emission remained obscure f o r many years f o l l o w i n g i t s discovery. 

Jansky suggested t h a t i t was merely long-wavelength s t e l l a r emission. 

This was r a t h e r u n s a t i s f a c t o r y as the sun showed no such r a d i o emission. 

Whipple and Greenstein (1937) suggested t h a t the observations r e f e r r e d 

t o the Rayleigh-Jeans t a i l o f a blackbody d i s t r i b u t i o n of 30°K dust. This 

was dismissed by Reber (1940a) who f a i l e d t o observe the 'cosmic n o i s e 1 

at 3300 and 900 MHz. which on the Whipple-Greenstein model should have 

been very intense. Reber 1940b i n t e r p r e t e d h i s fluxes as a r i s i n g from 
4 % thermal bremsstrahlung i n a hot T g = 10 K dense (ne = 1 cm ) gas. 

This i n t e r p r e t a t i o n was consistent w i t h h i s measurements at 163, 900 and 

3300MHz. but was i n c o n s i s t e n t w i t h Jansky's e a r l i e r lower frequency 

measurements which required an electron temperature of 1.5 x 10"* K. 

However, Reber (1944) i n t e r p r e t e d secondary maxima i n the d i s t r i b u t i o n 

along the g a l a c t i c plane at 163 MHz. as being the d i r e c t i o n s t a n g e n t i a l 

t o s p i r a l arms and concluded t h a t spir a l arms ex i s t e d i n the d i r e c t i o n s 

of Cygnus, Cassiopeia and Canis Major. This was the f i r s t use made of 

the g a l a c t i c continuum r a d i a t i o n i n mapping the s t r u c t u r e of the galaxy. 

Further progress could not be made i n the use o f the continuum r a d i a t i o n 

u n t i l i t s t r u e nature had become c l e a r . A l f v e n and Herlofsun (1950), t o 

ex p l a i n the p o s s i b i l i t y o f the existence of a popul a t i o n o f r a d i o s t a r s , 

suggested t h a t the emission might o r i g i n a t e from cosmic electrons trapped 

i n the magnetic f i e l d s of such s t a r s r e s u l t i n g i n synchrotron emission. 



I n 1952 Shklovskii put forward the synchrotron mechanism for explaining 

the emission from the Crab nebula and t h i s was quickly v e r i f i e d by 

polarisation measurements. This opened the door for a synchrotron 

interpretation of the galactic continuum emission. Kieperheuer i n 1950 

had generalised the Alfven-Herlofson idea by f i l l i n g the galaxy with 

electrons laced by a magnetic f i e l d to explain the continuum emission 

but i t wasn't u n t i l the confirmation of Shklovskii's ideas on the Crab 

nebula that t h i s synchrotron explanation was accepted. Following 

Kiepenheuer1s work Shklovekii 1952, through an analysis of the Bolton 

and West fold (1950) 100 MHz. survey, concluded that the galaxy must 

possess an almost spherical, structureless halo or corona of radio 

emission. Over the last decade the existence of such a radio halo has 

been hotly debated (see chapter 7). 

M i l l s (1959) showed that correlations existed between the radio 

continuum and the s p i r a l arms of the galaxy and pointed the way to the 

modelling of the galaxy to obtain the observed continuum features. I t 

is interesting that t h i s was i n fact f i f t e e n years a f t e r i t had f i r s t 

been suggested by Reber (1944). 

The galactic continuum emission presents the observational l i n k 

between the cosmic ray electrons and magnetic f i e l d i n the galaxy through 

the synchrotron mechanism. The way i n which the electrons and magnetic 

f i e l d are d i s t r i b u t e d i n the galaxy to produce the galactic radio 

emission i s also capable of shedding some l i g h t on the structure of the 

galaxy. In t h i s thesis the d i s t r i b u t i o n of cosmic ray electrons and 

magnetic f i e l d i n the galaxy are considered i n the l i g h t of recent radio 

continuum observations. This also involves a comprehensive discussion 

concerning the global structure of the galaxy. 

Chapter 2 reviews the present observational si t u a t i o n as regards 

cosmic ray electrons and looks at t h e i r propagation i n the galaxy. 

Obviously when considering various electron d i s t r i b u t i o n s i t i s important 

that they are physically r e a l i s t i c and are possible d i s t r i b u t i o n s r e s u l t i n g 

from our present knowledge of the primary electron source d i s t r i b u t i o n . 



Chapter 3 discusses the galaxy and i n t e r s t e l l a r medium concentrating 

on those factors that are of importance i n modelling the synchrotron 

emission. The galactic magnetic f i e l d i s discussed i n considerable 

-detail whereas a discussion of the observational and theoretical aspects 

of s p i r a l structure i s l e f t u n t i l chapter 4. 

Chapter 5 presents the observations of the continuum emission 

against which the models are compared. Also discussed i n t h i s chapter 

is the way i n which the observed data are reduced to the correct form for 

the comparison. 

Chapter 6 outlines the way i n which the various models have been 

constructed and the calculations carried out whereas chapter 7 presents 

the results from the various models. In chapter 7 the halo problem i s 

also discussed i n the l i g h t of the present and past work. 

Chapter 8 discusses the various conclusions that can be reached, i n 

the framework of such models as those presented i n chapters 6 and 7, on 

the structure of the galactic magnetic f i e l d and on the d i s t r i b u t i o n of 

cosmic ray electrons. 

This thesis therefore setB out to model the magnetic f i e l d s and 

electron i n t e n s i t i e s throughout the galaxy in. the framework of the 

the o r e t i c a l l y expected and observationally observed s p i r a l structure such 

that agreement can be reached with the observed galactic continuum 

radiation. 
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CHAPTER 2 

COSMIC RAY ELECTRONS 

2.1. Observations of the Cosmic Ray Electron Component. 

Ce r t a i n t y about the presence of an e l e c t r o n component i n the 

primary cosmic r a d i a t i o n was established by 1950 through the i n t e r p r e t ­

a t i o n of the newly observed r a d i o continuum i n terms of synchrotron 

r a d i a t i o n emitted by high energy electrons r a d i a t i n g i n a magnetic 

f i e l d , Kiepenheuer (1950). Cosmic electrons were not d i r e c t l y 

observed u n t i l the e a r l y 1960's when balloon f l i g h t s made t h i s p o s s i b l e . 

Observations were made almost simultaneously by Earl (1961) and Meyer 

and Vogt (1961). During the past decade observations of the e l e c t r o n 

spectrum have been made over the energy range of a few KeV. t o almost 

lOOOGeV. w i t h an accuracy comparable to tha t of the observations of 

the nuclear cosmic ray components. Figure 2.1 summarises the observed 

e l e c t r o n spectrum over the f u l l energy range i n comparison w i t h the 

spectrum of protons ( s o l i d l i n e ) . Simultaneously, the charge composition 

of these primary electrons i s determined by e i t h e r using magnetic spectro­

meters or the earth's magnetic f i e l d as a magnetic analyser. Figures 2.2 

and 2.3 summarise our present knowledge of the e +/e r a t i o and the 

absolute f l u x of the e +. The r a t i o s of primary electrons/protons (observed 
V + -

t o be approximately 100) and e /e give important evidence as to the way 

i n which cosmic rays propagate w i t h i n the Galaxy (see s e c t i o n 2.4). 

In t h i s t hesis the e l e c t r o n spectrum best f i t t i n g Figure 2.1 i s used and 

i s taken to be; 

2.2 Energy Loss processes. 

Unlike the nuclear component of the cosmic rays, cosmic electrons 

lose energy f a i r l y r a p i d l y during propagation due to t h e i r i n t e r a c t i o n 

I 

( 80 - 3 o * m - 6. SA. 
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w i t h .magnetic and r a d i a t i o n f i e l d s as w e l l as w i t h matter. 

2.2.1. Inverse Compton S c a t t e r i n g . 

This i s r a t h e r a misnomer as the i n t e r e s t i n g i n t e r a c t i o n i s 

Thomson s c a t t e r i n g , i . e . the i n t e r a c t i o n of photons on f r e e e l e c t r o n s . 

In the Thomson approximation the e l e c t r o n loses l i t t l e energy i n each 

c o l l i s i o n . For e l e c t r o n energies E £ E L S (mc?) where £ i s the average 

energy of the photons i n the frame of the Galaxy, the energy loss i s 

given by; » 'fc \ 
(Jl\ * j y , / J U * '° f*. cxlM.t") 2.1 
[JtJx c 3 Vmc / 

-ay t where tf-^ sr 6.fc*/0 Cm i s the Thomson cross-section and y ^ i s the 

energy d e n s i t y of photons ( i n eV/cm ) . For e l e c t r o n energies greater 

than E . the Klein-Nishima cross-section must be used. For the t r 

case of cosmic ray electrons there are two photon f i e l d s which need to 

be considered: the photons from s t a r l i g h t , J p ^ * 0> £ » SeV and those 

from the u n i v e r s a l blackbody radiationfy^S Q.1.SI\//CH?T£9 /o""3eVi These give 

r e s p e c t i v e l y values of 80GeV. and 2X10^GeV. f o r the t r a n s i t i o n energy, 

E , corresponding t o j f ' s , the electron's Lorentz f a c t o r , of 10^ and 
t IT • 

i o 8 . 

2.2.2. I o n i s a t i o n LOBS. 

When a charged p a r t i c l e passes through matter i t loses energy by 

e x c i t i n g and i o n i s i n g atoms. For r e l a t i v i s t i c electrons the i o n i s a t i o n 

loss i s almost constant, showing only the r e l a t i v i s t i c increase of the 

Bethe-Block expression:-

This i s the expression f o r n e u t r a l hydrogen: the energy loss becomes 

somewhat l a r g e r i f Helium i s present and l a r g e r by a f a c t o r of 3 or 4 i n 
3 

ionised hydrogen, n^ i s the number de n s i t y of hydrogen atoms per cm . 
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2.2.3. Brerasstrahlung Loss. 

Bremsstrahlung, which i s a german word meaning 'braking r a d i a t i o n 1 , 

i s Che r a d i a t i o n emitted by a de c e l e r a t i n g charged p a r t i c l e . When a 

r e l a t i v i s t i c e l e c t r o n passes close to a nucleus i t emits photons and 

loses energy, Bethe and H e i t l e r (1934). This energy loss may, i n a 

good approximation, be considered as a continuous energy loss p r o p o r t i o n a l 

to the e l e c t r o n energy. I n atomic hydrogen 

(i 
This i s s l i g h t l y modified i n the case of an ionised medium, Blumenthal 

and Gould (1970). 

2.2.4. Synchrotron Radiative Loss. 

Re f e r r i n g to Appendix I equation 1.6; 

= J** H± x C K£/ U) c/j 

This represents the power emitted by an e l e c t r o n of energy E r a d i a t i n g i n 

a magnetic f i e l d w i t h perpendicular component H^. I n t e g r a t i n g t h i s 

equation over a l l frequencies r e s u l t s i n the r a t e of energy l o s s ; '. 

where B and & e are defined i n appendix I . 

Upon i n t e g r a t i o n t h i s gives: 

2.4 

where {C s2*b$-%f0 S* (microgauss) . GeV. i f E i s expressed i n GeV. 

and Hj_ i n fKG. 

The time required f o r the e l e c t r o n to lose h a l f of i t s energy E q by 

e m i t t i n g synchrotron r a d i a t i o n i s : 

and t h e r e f o r e an e l e c t r o n w i t h E Q = 3GeV. trapped i n an e f f e c t i v e f i e l d 

of 10^4G w i l l r a d i a t e h a l f i t s energy i n approximately 3 x 10 7 years. 
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Figure 2.4 shows the way i n which the various energy loss mechanisms 
vary w i t h energy. Also p l o t t e d i s the energy loss due to escape from 
the propagation region assuming an escape l i f e t i m e of 3.3 X 10** years. 

2.3 Electron Sources 

The sources of electrons must be g a l a c t i c as the energy loss by 

i n t e r a c t i o n s w i t h the black-body r a d i a t i o n v i a the inverse Compton 

process excludes electrons from f i l l i n g e x t r a g a l a c t i c space (Fazio 

et a l . 1966). 

As i n the case of the nuclear components, the e l e c t r o n component 

i s made up of p a r t i c l e s d i r e c t l y accelerated i n sources and of p a r t i c l e s 

which are secondaries r e s u l t i n g from i n t e r a c t i o n s of cosmic ray n u c l e i on 

the i n t e r s t e l l a r medium. 

2.3.1. Secondary Electron Sources. 

At very low energies, 0.1 to 20 MeV., the observed e l e c t r o n 

energy spectrum and f l u x may be e n t i r e l y due to the knock-on source: 

the production of cosmic e l e c t r o n s by Coulomb i n t e r a c t i o n s of cosmic 

rays w i t h n e u t r a l hydrogen atoms or f r e e ambient e l e c t r o n s . The spectrum 

of knock-on electrons was f i r s t c a l c u l a t e d by Abraham et a l . (1966) and 

was found to be of the f orm g / ^ ) 2 S Itf*, " ' ) el e c t r o n s . « S. Y^) 

i n i n t e r s t e l l a r space f o r energies of 3 to 20 MeV. As only r e l a t i v i s t i c 

n u c l e i produce r e l a t i v i s t i c knock-on e l e c t r o n s , the e f f e c t s of s o l a r 

modulation on the knock-on source i s almost n e g l i g i b l e . Hurford e t a l . 

(1974) have extended these c a l c u l a t i o n s to lower energies and conclude 

th a t the knock-on source can account f o r the e l e c t r o n f l u x up to 15MeV., 

i f s o l a r modulation does not suppress the e l e c t r o n f l u x by more than a 

f a c t o r of approximately 3. 

The evidence f o r the presence of positrons below 3 MeV. i s not w e l l 
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established and the p r e s e n t l y known upper l i m i t s of the p o s i t r o n f l u x 

do not r e q u i r e any p a r t i c u l a r sources such as the r a d i o a c t i v e decay of 

n u c l i d e s , such as **C, ̂ N, ^ 0 and ^ 0 , as discussed by Ramaty et a l . 

(1970) and Verma et a l (1969) to be considered. I t should be noted 

th a t MeV. electrons appear to be emitted by the planet J u p i t e r , 

Teegarten et a l . (1974) and may c o n t r i b u t e t o the low energy f l u x of 

electrons a t the earth and t h a t the observed e l e c t r o n spectrum may i n 

p a r t be of planetary o r i g i n . The planetary p a r t i c l e s are expected 

to c o n s i s t e x c l u s i v e l y of negatrons. 

As one moves towards energies above lOMeV. the1T-/4-€decay 

source becomes i n c r e a s i n g l y important. Here electrons are produced by 

c o l l i s i o n s of high energy protons w i t h the i n t e r s t e l l a r gas, leading to 

the production of IT- mesons and subsequent TT-^l-e decay of the charged 

pions. The producing protons have roughly one order of magnitude higher 

energy than the r e s u l t i n g e l e c t r o n s and hence c a l c u l a t i o n s of the source 

spectrum are not handicapped by a lack of knowledge of the proton spectrum 

due t o a poorly known amount of s o l a r modulation. The requirements f o r 

c a l c u l a t i n g the e l e c t r o n source spectrum are a knowledge of 

(a) the proton f l u x and energy spectrum, 

(b) the production cross-section f o r pions, 

( c ) the density of the i n t e r s t e l l a r gas. 

Early c a l c u l a t i o n s were c a r r i e d out by Ramaty and L i n g e n f e l t e r (1966) and 

Perola et a l . (1967) and a computer ana l y s i s has r e c e n t l y been c a r r i e d out 

by Ramaty (1974). Figure 2.5 shows the e l e c t r o n and p o s i t r o n production 

spectra i n i n t e r s t e l l a r space o r i g i n a t i n g i n theTT-y>c-e source as c a l c u l a t e d 

by Ramaty. I t should be noted from t h i s f i g u r e t h a t a t a l l energies the 

f r a c t i o n of positrons „ i s ̂ 0 . 5 . Hence the observations of approx-

imately 907. of negatrons a t E>500MeV. c o n s t i t u t e s the proof f o r a major 

primary source c o n t r i b u t i o n to the e l e c t r o n f l u x . 
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2.3.2. Primary Electron Sources 

I t i s known that many g a l a c t i c as w e l l as e x t r a g a l a c t i c objects 

contain h i g h l y r e l a t i v i s t i c e l ectrons but l i t t l e i s understood about the 

d e t a i l s of the a c c e l e r a t i o n process. I t i s g e n e r a l l y thought t h a t the 

major source of cosmic ray electrons must be supernovae, supernovae 

remnants and pulsars. Dickel (1974) has compared the observed i n t e g r a t e d 

l u m i n o s i t y of the galaxy a t 400MHz. w i t h t h a t expected from supernovae 

occuring 1 i n every 50 years. He f i n d s t h a t the c a l c u l a t e d monochromatic 

l u m i n o s i t y from a l l supernovae electrons i s 1.4 times the apparent observed 

l u m i n o s i t y of the galaxy based on Baldwin's (1967) determination. This 

would indeed suggest t h a t supernovae are a major source of primary cosmic 

ray e l e c t r o n s . 

One important clue as to the a c c e l e r a t i o n mechanism f o r electrons 

may be gained from the primary e l e c t r o n / p r o t o n r a t i o . I n f i g u r e 2.6 i s 

shown the abundance r a t i o o f protons to electrons i n terms of energy, 

r i g i d i t y and Lorentz f a c t o r . 

The observation of electrons (3-12 MeV.) and protons (15-80 MeV.) 

emitted i n a sol a r f l a r e of July 7 1966 by the I . M . P . I I I s a t e l l i t e ( C l i n e 

and Macdonald 1968) i n d i c a t e d t h a t these components have s i m i l a r power law 

spectra i n r i g i d i t y w i t h a d i f f e r e n t i a l exponent of approximately 3 and 
_2 

t h a t the e l e c t r o n to proton r a t i o i s 10 f o r the same equivalent r i g i d i t y 

i n t e r v a l . This i s s i m i l a r to the s i t u a t i o n as shown i n f i g u r e 2.6 suggesting 

t h a t perhaps i n a l l explosive a c c e l e r a t i o n processes of cosmic rays the 

spectra of protons and elec t r o n s are s i m i l a r i n r i g i d i t y scale w i t h an 
_2 

i n t e n s i t y r a t i o such t h a t n /n * 10 . Several a c c e l e r a t i o n mechanisms 
e p 

have been considered (Ginzbvrg and Syrovatski 1964, Hayakawa et a l . 1964). 

Unfort u n a t e l y most encounter d i f f i c u l t i e s i n e x p l a i n i n g observations. 

I f both protons and elec t r o n s were accelerated by a shock wave from a 

supernova explosion, they should end up w i t h about the same v e l o c i t y . 

Therefore, a t the same energy, i f they have a power law spectrum, t h e i r 
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Figure 2.6: The abundance r a t i o of protons t o electrons as a f u n c t i o n of 
r i g i d i t y ( 1 ) , energy (2) and Lorentz f a c t o r (3) i n i n t e r s t e l l a r 
space (Apparao and Daniel 1976) 
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i n t e n s i t y should be i n the r a t i o (m^/mp) , where o i s the power law 

index. For / = 2.6 t h i s y i e l d s e/p = 10~ 6 which i s much lower than 

observed. 

I n pulsar models u s u a l l y the same energy i s imparted t o protons and 

electrons and hence e/p = 1. This i s much l a r g e r than the observed r a t i o . 

Recently Apparao and Daniel (1976) have proposed t h a t the e x i s t i n g 

observations on cosmic ray electrons and protons between a few hundred 

MeV. and about lOOOGeV. can be w e l l understood i n a model where:-

(1) p a r t i c l e s are accelerated i n a mixed mechanism i n v o l v i n g both 

be t a t r o n and Fermi a c c e l e r a t i o n processes w i t h i n j e c t i o n a t a r e l a t i v e l y 

lower temperature, (as the Fermi mechanism favours protons w h i l e the 

be t a t r o n mechanism favours electrons i t i s possible by a s u i t a b l e mixing 

of the two to o b t a i n the required r a t i o of electrons to p r o t o n s ) . 

(2) p a r t i c l e s then escape i n t o i n t e r s t e l l a r space from the source region 

i n a r i g i d i t y dependent fashion and (3) the apparent excess of protons 

over e l e c t r o n s and i t s dependence on energy r e s u l t from a combination of 

e f f e c t s due to i n j e c t i o n , a c c e l e r a t i o n and modulation i n the source r e g i o n 

and i n the s o l a r system. 

The a c c e l e r a t i o n models required to o b t a i n the observed primary e/p 

r a t i o are obviously f a i r l y complex and a t present not w e l l understood. 

2.4 Propagation of Electrons i n the Galaxy. 

The r e l a t i v e abundance of Li,Be and B w i t h respect t o C,N,0 and 

F n u c l e i i n the cosmic r a d i a t i o n i s higher by more than f i v e orders of 

magnitude than the corresponding u n i v e r s a l abundance r a t i o . The general 

explanation f o r t h i s anomalous abundance of l i g h t elements (L n u c l e i ) i s 

t h a t they are produced by the nuclear fragmentation of heavier n u c l e i 

such as carbon, n i t r o g e n , oxygen and f l u j r i n e (M n u c l e i ) , i n nuclear 

i n t e r a c t i o n s w i t h the matter i n the i n t e r s t e l l a r medium. (H,He and D n u c l e i ) 

Any theory of the o r i g i n and propagation of cosmic rays should be able t o 
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account not only f o r the presence of the l i g h t n u c l e i but also f o r t h e i r observed 

r e l a t i v e abundances. Figure 2.7 shows the observed L/M r a t i o versus energy up 

to nearly 100 Gev. At low energies, up to say 2Gev. the r a t i o appears to be 

f a i r l y constant a t approximately 0.23. Shapiro and S i l v e r b e r g (1968) haye 

c a l c u l a t e d the average amount of matter traversed by cosmic rays r e q u i r e d to 

create the observed abundance of l i g h t elements. Using a slab approximation, i n 

which a l l the cosmic rays traverse the same amount of matter, they found t h a t the 

slab thickness needed was 4.0^o,5 g.cm-^. The decrease of the L/M r a t i o a t high 

energies may be a t t r i b u t e d t o an energy dependent leakage path length from the 

galaxy. I n the f o l l o w i n g propagation models consistency of the i n f e r r e d L/M r a t i o 

w i t h 0.23 i s demanded. 

Before discussing propagation models f o r the galaxy as a whole, mention 

must be made of the e f f e c t s the s o l a r wind has on the lower energy p a r t i c l e s 

( i . e . below a few GeV.) The modulation of cosmic rays i s produced by the 

magnetic s c a t t e r i n g of the cosmic ray p a r t i c l e s i n the many kinks and 

i r r e g u l a r i t i e s i n the i n t e r p l a n e t a r y magnetic f i e l d t h a t are being convected 

outwards by the solar wind. The cosmic ray d e n s i t y i s expected t o approach 

the i n t e r s t e l l a r l e v e l a t some distance from the sun greater than t h a t of the 

ea r t h . This expected v a r i a t i o n of the modulated cosmic ray d e n s i t y w i t h 

r a d i a l distance from the sun i s known as the ' r a d i a l g r a d i e n t ' , although 

i t i s probably a complex f u n c t i o n of p a r t i c l e energy and time during the 

sola r c y c l e . Calculations based on measured i n t e r p l a n e t a r y magnetic 

f i e l d v a r i a t i o n s , Parker 1963, 1965 and J o k i p i i 1971, suggest t h a t the 

modulation f a c t o r , by which the observed p a r t i c l e i n t e n s i t y must be 

m u l t i p l i e d , has the form exp (-M(t)/Rp) f o r r i g i d i t i e s between 0.5GV. and 

5GV., where M i s a time dependent constant and fi i s the r a t i o of the 

p a r t i c l e v e l o c i t y to the v e l o c i t y of l i g h t . Observations are best 

represented w i t h a value of M = 0.4 t o 1.0 GV. (Biswas et a l . 1967, Gloocker 

and J o k i p i i 1967). For lower r i g i d i t i e s the observations suggest t h a t the 

modulation i s fi dependent. The e f f e c t s of sol a r modulation upon a modulation i s 

p a r t i c u l a r model f o r the e q u i l i b r i u m e l e c t r o n spectrum w i l l be considered 

i n the l a s t s e c t i o n of t h i s chapter. 
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Models f o r the propagation of electrons must be set up t o enable 

the e q u i l i b r i u m spectrum t o be c a l c u l a t e d from the source spectrum. 

Aa p a r t i c l e propagation on a small scale i n the galaxy i s obviously 

very complex the p a r t i c l e s are u s u a l l y t r e a t e d i n bulk and t h e i r 

propagation described i n the d i f f u s i o n picture.(Ginzberg and S y r o v a t s k i i 

1964). 

al * 
represents the d i f f u s i o n of ele c t r o n s w i t h sources and sinks i n three 

dimensions. n(?,t,E) i s the p o s i t i o n , time and energy dependent cosmic 

ray d e n s i t y and q ( r , t , E ) i s the source f u n c t i o n . Dal/3 l c p i s the s p a t i a l l y 

and d i r e c t i o n a l l y independent d i f f u s i o n c o e f f i c i e n t corresponding t o the 

mean fr e e path, 1, i f the d i f f u s i o n i s i s o t r o p i c . E i s the r a t e of energy 

loss of an e l e c t r o n i n i n t e r s t e l l a r space. For electrons the energy 

loss processes may be regarded as being continuous but f o r the case of 

protons c a t a s t r o p h i c loss must be considered. This would be taken i n t o 

account by i n t r o d u c i n g the extra term n/T onto the l e f t hand side of 

equation 2.5, where T i s a time c h a r a c t e r i s t i c of the ca t a s t r o p h i c loss 

process. 

Equation 2.5 may be s i m p l i f i e d , i n the so c a l l e d homogeneous model, 

by r e p l a c i n g the d i f f u s i o n term by n/T , where T i s a c h a r a c t e r i s t i c l i f e t i m e 

of the e l e c t r o n s . For Che e q u i l i b r i u m s i t u a t i o n equation 2.5 reduces t o : 

IP**) - n / r - £ ( f n ) = O 2.6 
which has very simple s o l u t i o n s f o r the two regions of energy where the 

energy loss dominates and where the escape term dominates. For a source 

spectrum of the form q(E)=q QE and energy losses of the Form E=kE , 

corresponding t o synchrotron and inverse Compton loSBes (see sections 2.2.4 

and 2.2.1), one obtains the f o l l o w i n g s o l u t i o n s . 

For E « E . - I 
cr 

n(E) = Tfi q Q E corresponding t o 
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the s i t u a t i o n where the escape term dominates and f o r 

*(£) - fa£-—_ 
£ / f t - l ] corresponding 

-to the energy loss term dominating. This shows t h a t a t h igh energy 

one expects a steepening of the e l e c t r o n spectrum by one as compared 

w i t h the spectrum a t lower energies. I n the above approximation since 

k£ 1 0 " ^ (GeV.s.)"* the break i n the spectrum i s p r e d i c t e d t o be a t 

approximately 200 GeV. At present the e l e c t r o n observations, however, 

are not accurate enough t o enable t h i s break t o be recognised, i f present. 

An n/Tfi term may also be introduced i n t o equation 2.5 f o r the case 

of a propagation region w i t h r e f l e c t i n g boundaries. This term now 

approximates t o the s i t u a t i o n where the boundaries are p a r t i a l l y r e f l e c t i n g 

and the electrons have a constant p r o b a b i l i t y of escaping. The s o l u t i o n 

of equation 2.5, w i t h the n/T term included, i s approached by use of the 

Green's f u n c t i o n s o l u t i o n leading t o (Ramaty 1974) 

oJ its) ltlkwyt)J) 
where the iB taken over the s p a t i a l extent of the source d i s t r i b u t i o n 

and where Q,E andtf are defined by:-o 
£ * 

i\ I * 
where D i s the d i f f u s i o n c o e f f i c i e n t a t some f i x e d energy E . o o 

3* HI 

Using the coordinate system and source region as shown i n f i g u r e 2.8 and 

s e t t i n g D=lc/3 f o r /Z/<a equation 2.10 has the s o l u t i o n 

2.10 
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Figure 2.8: Geometry used i n the various d i f f u s i o n models. The source 
region l i e s w i t h i n Z= -l> where n, -I cm""* and the boundaries 

h , 
of the propagation region are a t Z=_ a w i t h i n which n =0. 
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where (-) or (+) correspond to absorbing or r e f l e c t i n g boundaries a t 

Z=- a and D^ and Dj_are the d i f f u s i o n c o e f f i c i e n t s p a r a l l e l and 

perpendicular t o the Y-axis. This form of s o l u t i o n i s usef u l only 

f o r - % - £ |, i . e . f o r times short compared w i t h the c h a r a c t e r i s t i c 

time f o r p a r t i c l e s to reach the boundary. For longer times the 

f o l l o w i n g s o l u t i o n s converge r a p i d l y : 

. / - j L _ ) / _ L - ) , , t «p[- i~<r+t±-*si. 
2.12 

The upper terms r e f e r r i n g t o a r e f l e c t i n g boundary and the lower terms t o 

an absorbing boundary. Assuming the source f u n c t i o n to be time 

independent and a separable f u n c t i o n of energy and p o s i t i o n i t may be 

w r i t t e n as: 

where q(E) depends on the production mode of the electrons and ^ ( r ) 

i s assumed i n the simple case t o be 

^U) s I f o r a l l X and Y and /Z/<b 
s O otherwise 

and are assumed equal. 

S u b s t i t u t i n g i n equation 2.7 one obtains 

*t*. e) * f » £&} t /'- f -_*L-_ 1 
f id) L 2 eLe)Tt(e') J 

where ?(*) s ^ j \ <f(1.A.**) f R ) 

represents the age d i s t r i b u t i o n f u n c t i o n of the e l e c t r o n s . 

Therefore using equation 2.12 i n equation of 2.14 

2.13 

2.14 

**~( I fro*)* 7 r / (4.o*)< J J 
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Here the e r r o r f u n c t i o n i s defined to be e r f (u) = § (-x?)cl»c 
O 

The corresponding s o l u t i o n f o r longer times compared w i t h the time f o r 

the electrons to reach the boundary i s 
COS 

2.16 I o I ir « 1 U | / I St' 

I HE • |*os| /*w) s«n t\ 
( **• J l $ i n l ( * / ( Z J 

From sec t i o n 2.2 and f i g u r e 2.4 i t i s apparent t h a t HOT e l e c t r o n s of a 

few GeV. the dominant energy loss mechanisms are Compton losses, i n the 

Thomson regime, and synchrotron losses and t h e r e f o r e £ e - k £ 
-fe„ % , -lb/ 

where k = $%I0 »L + 10 / / ^ ( s t a r l i g h t ) + ( b l a c k b o d y ) ) ( G e V g } - l 

2.17 
3 

where Hj^ i s i n Gauss and i s i n ev/cm . 

Applying 2.17 to equatior 2.8 leads to 

kE£c 

_ n 

and i f the source i s assumed to be a power law given by q(E) - AE 

equation 2.13 may be w r i t t e n i n the form 
i t t e 

- f t ^ 
. . . . . . . . g 

2.19 

Here D has been taken as energy independent making 7f s from 

equations 2.8 and 2.9. I f T i s also energy independent 

n (E, z) = A £ ^Jeti-hee) (-e/rt) P(e, z) 
o 

This equation enables the e q u i l i b r i u m spectrum f o r electrons t o be 

determined once the source spectrum and P(0) have been decided upon. 

For the absorbing boundary case T e=«© but f o r the case of an exponential 

age d i s t r i b u t i o n , i . e . P (0) = 1, which corresponds to the s i t u a t i o n 

discussed f o l l o w i n g equation 2.6, and f o r the r e f l e c t i n g boundary case, 

T g needs to be determined such t h a t the models reproduce the observed L/M 

r a t i o . For the absorbing boundary case the s i t u a t i o n f o r reproducing the 
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L/M r a t i o i s more complex and w i l l be discussed l a t e r . 

Therefore considering the production of L n u c l e i i n more d e t a i l 

( L i n g e n f a l t e r 1971): the e q u i l i b r i u m d e n s i t y of isotope j r e s u l t i n g 

from the fragmentation of Isotope i w i t h e q u i l i b r i u m d e n s i t y n^ can be 

w r i t t e n as 

ft. [£) r £ ad^. i\. {£) ffl/fl e>/> c d\ &) e*p (-S /7e) 

where tf*^ and ff-^ are the fragmentation cross sections.of Isotope 1 i n t o 

isotope j and the t o t a l breakup of isotope j r e s p e c t i v e l y . The f i r s t n^ 

term i s the hydrogen de n s i t y i n the production region taken t o be constant 
-3 * 

at 8 1 cm i n t h i s work. The n^ term occurs, however, i n the 

expression n^* C cT j j which gives the r a t e of a t t e n u a t i o n of isotope j 

per u n i t time and here one should use an e f f e c t i v e value f o r which 

takes i n t o account the f a c t t h a t the n u c l e i w i l l have spent a f r a c t i o n of 

the time outside the production region. I n general n^* w i l l be a f u n c t i o n 

of c9 and n h*=(n h(©)) e f f e c t i v e w i l l be less than n^. One can see the 

e f f e c t of t h i s on the r e l a t i o n between the L/M r a t i o and the e q u i l i b r i u m 

e l e c t r o n spectrum by r e w r i t i n g equation 2.20 i n the form 
aO 

nLLe) » *kceL„ t „ 0 0 fowl- («kie))e#. o) t^(-9/\)9le) 2.21 

where <5"^ i s the e f f e c t i v e cross-section f o r the production of a l i g h t 

nucleus by a heavy nucleus and T. i s the fragmentation l i f e t i m e of l i g h t 
Li 

-3 

n u c l e i i n a medium w i t h n^= 1cm ( f o r a mean f r e e path against fragmentation 

of lOg.cm" corresponding t o S"^z/iO tn hurts , 7Z & * /0 tf*1*)-

Equation 2.19 can be w r i t t e n i n a s i m i l a r way t o equation 2.21. 

where the source f u n c t i o n AE'^has been w r i t t e n as n^c p - * n c r 

where^"p-e i s some e f f e c t i v e cross-section f o r the production of electrons 

of energy E per cosmic ray nucleus of the same energy. For the exponential 

age d i s t r i b u t i o n P(fc» = 1 and ( 1 ^ ( 0 ) ) e f f . = n h and t h e r e f o r e 2.21 becomes 



«I1 

2.23 

For the r e f l e c t i n g boundary s i t u a t i o n the electrons w i l l be d i s t r i b u t e d 

u n i f o r m l y throughout the confinement region and, except f o r very small 

values o f & , i . e . about the time f o r d i f f u s i o n t o the boundary, (n^(©)) 

e f f . = b n, and from equation 2.16 P(©) = b/a and t h e r e f o r e the i n t e g r a l 
a n 

i n equation 2.21 becomes . 

ft ^ - ( 4 * 
o 

where i s the escape l i f e t i m e a p propriate f o r a r e f l e c t i n g boundary. 

Because the L/M r a t i o i s f i x e d ^ 
[± * i f , k t k ± + j . )" T » - f r« 
( t l t J a. I «• t l - t ; A / t 

At low energies the e f f e c t i v e age of cosmic ray e l e c t r o n s f o r the 

exponential case i s T g w h i l e f o r the r e f l e c t i n g case i t i s b/a T g r which 

i s equal to T . Thus a t low energies the two cases p r e d i c t e x a c t l y the 

same secondary e q u i l i b r i u m e l e c t r o n spectrum. T g f o r the exponential 

age d i s t r i b u t i o n may be determined from equation 2.23 using e f f e c t i v e 
values f o r < ? ~ a n d T_ obtained from cross-section measurements. (Ramaty LM L ) -3 6 For n h = 1cm" and f i x i n g r ^ / ^ =0.23 T e= 3.3 x 10 years. Figure 

2.9 shows a graph of e q u i l i b r i u m density/source f u n c t i o n against energy f o r 

the exponential age d i s t r i b u t i o n w i t h T g = 3.3 x 10^ years, and f o r the 

r e f l e c t i n g boundary case f o r a=200 pc..and b=100 pc. w i t h T
e r

= & « 6 x 1°^ 

years. As discussed above both these models are c o n s i s t e n t w i t h the 

observed L/M r a t i o of 0.23. 

The treatment of the exponential age d i s t r i b u t i o n and the r e f l e c t i n g 

boundary case given above i s s i m i l a r t o t h a t appearing i n Ramaty (1974). 

Several e r r o r s appearing i n h i s treatment have been corrected p a r t i c u l a r l y 

those i n connection w i t h the agreement w i t h the observed L/M r a t i o . 

Solutions t o the equations f o r the age d i s t r i b u t i o n s have also been 
expressed i n more convenient forms. 
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gure 2.9: E q u i l i b r i u m density/source f u n c t i o n versus energy f o r an 
exponential age d i s t r i b u t i o n w i t h Tfi = 3.3 X 10^ y r s . ( ) 
and f o r a r e f l e c t i n g boundary ( ) w i t h a/b = 2 and T -

6 
6.6 X 10 y r s . Both these models are consistent w i t h the 
observed L/M r a t i o of 0.23. 
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Before continuing w i t h the absorbing boundary case i t i s worth 

considering the e f f e c t s of an energy dependent l i f e t i m e as i n f e r r e d 

from the gradual decrease of the L/M r a t i o w i t h i n c r e a s i n g energy 

( f i g u r e 2.7). 

I f the escape l i f e t i m e i s expressed as T (E)= T,(E./E) 

equation 2.18 reduces t o 

L - L , 7 2.2 i f 

r a t h e r than equation 2.19. 

Using q(E) + • 1.266 X 10 
6 

17 sr .GeV cm 

(Ramaty 1974) s b the source spectrum f o r secondary positrons and using 

equation 2.24 i t i s possible to see the e f f e c t s of an energy dependent 

l i f e t i m e on the e q u i l i b r i u m spectrum of p o s i t r o n s . Figure 2,10 shows 

the e q u i l i b r i u m spectrum f o r p o s i t r o n s i n the case of an exponential 

has very l i t t l e e f f e c t on the e q u i l i b r i u m spectrum i n the region of 

present measurements. 

Returning to the case of an absorbing boundary: i t i s necessary 

to c a l c u l a t e the mean f r e e path, 1, tha t s a t i s f i e s the observed L/M r a t i o 

so t h a t t h i s can be s u b s t i t u t e d i n equation 2.15 or 2.16 and the e q u i l i b r i u m 

spectrum determined using equation 2.19. To o b t a i n the c o r r e c t value f o r 

1 one can use a treatment due to Ptuskin (1972). Figure 2.8 shows the 

s i t u a t i o n under c o n s i d e r a t i o n . As before the source region i s confined 
_3 

to a region w i t h h a l f w i d t h of b= 100 pc. w i t h gas density n. = 1cm 
h 

The absorbing boundary i s placed at a distance of 5kpc. from the plane. 

From work by Baldwin (1976) t h i s i s thought t o be the s o r t of height 

above the plane a t which the e m i s s i v i t y has f a l l e n t o zero (see l a t e r 

chapters f o r f u r t h e r d i s c u s s i o n ) . 

age d i s t r i b u t i o n f o r various values of b . In a l l cases E^= 2GeV. 

and = 3.3 x 10 6 y r s . From the observations i n f i g u r e 2.7 i t i s 

thought t h a t P i 0.3. As can be seen from f i g u r e 2.10 such a value of £ 
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Figure 2.10i E q u i l i b r i u m p o s i t r o n spectra f o r an exponential age d i s t r i b u t i o n 
f o r various values of £* as defined i n the t e x t . — Q- ot 

Qt 0> \ , — £s0.5. The observations are 
B u f f i n g t o n e t a l . (1975) and Fanselow e t a l . (1969). 



21. 

Following Ptuskin (1972), the propagation of n u c l e i may be considered 

to s a t i s f y a one-dimensional steady s t a t e d i f f u s i o n equation w i t h allowance 

f o r fragmentation: 

2.25 

where 0*> i s the t o t a l i n e l a s t i c cross-section f o r a nucleus i , 

i s the cross-section f o r the production of a nucleus i from 

a nucleus k, q^ i s the source d e n s i t y of n u c l e i i and the summation i s over 

a l l n u c l e i heavier than type i . Equation 2.25 has a s o l u t i o n of the form 

a£ = £ * . k r f c 2 2 6 

where the c o e f f i c i e n t s a., are determined by recurrance formulae and are 
l k J 

l i n e a r combinations, q^. These c o e f f i c i e n t s appear i n the s o l u t i o n of a 

system of the type. 

and the s o l u t i o n has the form ^ MfilL ̂ iS^t - fi. 

k-.i 
F^(z) i s determined from 

where the l a s t term expresses the s i t u a t i o n of the sources being w i t h i n b 

of the g a l a c t i c plane. From the conditions of c o n t i n u i t y of F, and Jf, 

a t b and F k=0 a t the boundary ( i . e . a t Z=a=5kpc.) 

2.28 

By considering the two groupsof n u c l e i , L and M, ra t h e r than the i n d i v i d u a l 

n u c l e i Ptuskin obtains approximate values f o r the cross-sections <7"= 190 mb., 
M 

(T'= 132 mb. and (TT„ = 80mb. L LM 
With q 

ML=0 and using equations 2.26 and 2.27 
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and t h e r e f o r e ^ - / * I ^ f l " 1 ^ 2 * 2 9 

>=>T V *V.« / 

s u b s t i t u t i n g X = o'^C and combining equations 2.28>2.29 
0 

gives 

/ +• <r„ -<rL NL 

in ™n 

Using the values f o r the cross-sections given above, a = 5000 pc., 

b= 100 pc. and w i t h N^/N^ = 0.23^ = 9.74 x 10~ 5mb - 1 corresponding t o 
28 2 -1 

a d i f f u s i o n c o e f f i c i e n t D = 2.92 X 10 cm s and a mean f r e e path 

1 = 0.95 pc. Figure 2.11 shows the way i n which 1 va r i e s w i t h a. 

Therefore t o o b t a i n the e q u i l i b r i u m spectrum f o r an absorbing boundary a t 

5kpc. from the plane w i t h 1=0.95 pc. equation 2.15 or 2.16 needs t o be 

solved f o r ?(&) and then equation 2.19 evaluated w i t h T = and feel/300 
e 

-1 

My GeV. i f we assume H = 3fG. Figure 2.12 shows the v a r i a t i o n of 

e q u i l i b r i u m density/source f u n c t i o n w i t h energy f o r various values of Z, 

height above the plane.ForZ=0 the graph shows two changes i n slope of a 
h a l f ; one a t approximately lGeV. and the other a t about 3000GeV. 

2 
For E<E^=D/a k«1.2 GeV. the p a r t i c l e s are l o s t by escape through the 

2 

boundary a t <t , f o r E>E1 and E<E2=D/b k*2900GeV. the p a r t i c l e s are l o s t 

due t o energy losses before reaching the boundary a t a and f o r E>E^ the 

p a r t i c l e s are l o s t due t o energy losses before reaching the boundary a t 

b, i . e . they are confined t o the source r e g i o n . For Z>b a continuous 

increase i n slope i s seen once the energy i s greater than E^. Figure 

2.13 shows the r a t e of f a l l - o f f of the e l e c t r o n density a t various energies 
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Figure 2.11i The mean free path, 1, as a function of the 
height of the absorbing boundary above the plane. 
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height above the plane f o r the case of an absorbing 
boundary at 5 kpc. f o r various energies; 1 GeV, 
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w i t h height above the plane. For e l e c t r o n s of a few GeV. i t can be seen 

t h a t t h i s f a l l - o f f i s approximately l i n e a r i m p l y i n g t h a t the energy 

losses are r e l a t i v e l y unimportant and t h a t the electrons are l o s t mainly 

by escape through the boundary a t A. . Recently Owens and J o k i p i i (1977) 

have described a one-dimensional d i f f u s i o n model f o r the g a l a c t i c halo 

i n which they i n c l u d e the possible convection of p a r t i c l e s out of the 

plane by a g a l a c t i c wind, Ipavich 1975. For an absorbing boundary at 

5kpc. they f i n d t h a t the convection has very l i t t l e e f f e c t on electrons 

w i t h energies of a few GeV. Therefore the d e n s i t y of electrons i n t h i s 

energy range, t o a good approximation, may be considered t o f a l l l i n e a r l y 

w i t h height above the plane. Propagation of e l e c t r o n s away from the 

plane i n a model such as t h i s w i l l be a p p l i e d i n chapters 6 and 7 to a 

three dimensional model f o r the continuum r a d i a t i o n . 

Bulanov and Dogel (1974) have considered the s i t u a t i o n of d i f f u s i o n 

w i t h absorbing boundaries but w i t h an energy dependent d i f f u s i o n 

c o e f f i c i e n t . For D(E)=D (E/Eo) w i t h ^ 4 < . l they f i n d t h a t the spectrum 

corresponding t o the same regions of propagation as p r e v i o u s l y discussed 

i n the case of constant d i f f u s i o n c o e f f i c i e n t . 

2.5 Comments on a Closed Galaxy Model f o r Cosmic Ray Propagation. 

(French and Osborne 1976) 

I n c o n t r a s t t o the models of cosmic ray propagation already presented, 

Rasmussen and Peters (1975) have presented a model accounting f o r the 

observed elemental composition of cosmic rays i n which the p a r t i c l e s do 

not escape from the confinement region but are e v e n t u a l l y absorbed by 

meson producing i n t e r a c t i o n s w i t h the i n t e r s t e l l a r gas ( t h e closed galaxy 

also shows two breaks, w i t h index changing from 

The breaks now occur a t 

: 
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model). A l l protons r e s u l t from the s p e l l a t i o n of heavy n u c l e i and the 

observed l i g h t element abundance i s accounted f o r by invoking a l o c a l 

source which c o n t r i b u t e s about 15% of the i n c i d e n t nucleons. A f l u x 

of p o s i t r o n s i s produced from the decay of mesons generated by the 

i n t e r a c t i o n s of the cosmic ray n u c l e i w i t h the i n t e r s t e l l a r gas. 

Figure 2.14, which i s adapted from a f i g u r e of Orth and B u f f i n g t o n 

(1975) shows the p o s i t r o n i n t e n s i t y c a l c u l a t e d by them f o r a d i f f u s i o n 

model w i t h an exponential age d i s t r i b u t i o n w i t h Tfi= 3 X 10^ years and 
2 

X q = ^ f ) c T e = 4g./cm ( t h e leaky box model). For the case of no escape 

from the Galaxy, as i s appropriate t o the closed galaxy model, the 

c a l c u l a t i o n of the p o s i t r o n e q u i l i b r i u m i n t e n s i t y i s simple. From the 

observed e q u i l i b r i u m f l u x of nucleons Orth and B u f f i n g t o n o b t a i n 
QLt) - io~'H E~* X*tik (m~*.9Am\ s"'. §<t1~!)/s 

as the r a t e of production of positrons of energy E GeV. where i s 

the e f f e c t i v e mean d e n s i t y of the i n t e r s t e l l a r gas traversed by the 
-3 

cosmic rays i n nucleons cm . For the steady s t a t e , when the p o s i t r o n 

i n t e n s i t y has reached i t s e q u i l i b r i u m value H(E), the d i f f u s i o n equation, 

w i t h no escape term, i s 

• 2 

where E = bE +aE i s the r a t e of energy l o s s , the f i r s t term corresponding 

to synchrotron and inverse Compton losses and the second t o bremsstralung. 

The s o l u t i o n of t h i s equation i s N(E) = q QE ^ T - ' ) ( E b + a ) - 1 . 

Using b = 1.0 X l O - 1 6 GeV.s"1 and a = 8 X 1 0 ~ 1 6 n h GeV.s - 1. 

To compare t h i s w i t h observations the modulation of the i n t e n s i t y by the 

i n t e r p l a n e t a r y magnetic f i e l d has t o be included. The form of the 

modulation, as discussed i n the previous B e c t i o n , f o r E>lGeV. i s thought 

to have the form exp(-E m o^./E). The value of the modulation parameter, 

E ,, has been obtained i n a number of ways. The form of the i n t e r s t e l l a r mod 

e l e c t r o n spectrum can be deduced from the non-thermal r a d i o background 

spectrum (Goldstein et a l . 1970). This spectrum can then be normalised 
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B u f f i n g t o n e t a l . (1975). 
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to the observed e l e c t r o n i n t e n s i t y above lOGeV. where modulation can be 

assumed t o be n e g l i g i b l e . A l t e r n a t i v e l y , the modulation can be deduced 

from comparison of the observed and predicted i n t e r s t e l l a r energy spectra 

of n u c l e i of secondary o r i g i n , such as helium-3 and deuterium (Ramaty and 

L i n g e n f e l t e r 1968). Care must be taken, however, t o avoid c i r c u l a r 

arguments i n which the secondary spectra are pr e d i c t e d assuming t h a t the 

leaky box model i s c o r r e c t . 

The leaky box model spectrum i n f i g u r e 2.14 was obtained using 
-3 

Emod = G e V * a n (* n h S l c m ' Curve A i s the c a l c u l a t e d p o s i t r o n 

spectrum f o r the closed galaxy model f o r the same values of these parameters. 

The observations f i t the former curve but show t h a t e i t h e r a lower value of 

n^ or a higher value of E m Q ( j 1b required by the closed galaxy model. I t 

i s not unreasonable to reduce n^ as a value near u n i t y would imply t h a t 

cosmic rays are confined close t o the plane of the galaxy w h i l e a much 

l a r g e r confinement volume i s n a t u r a l f o r the closed galaxy model. Curve B 

i s obtained by f i x i n g E
m 0 ( j = 0.4 GeV. and va r y i n g n^ t o give a weighted best 

f i t t o the observations. The optimum value i s n^ = 0.027 cm . implying 

t h a t the confinement volume extends t o about twenty times the scale height 
of the gas above the plane and t h a t the l i f e t i m e o f cosmic rays i n the galaxy 

9 
i s about 5 X 10 years. There i s some u n c e r t a i n t y i n the value of E ,. 

mod 
I f we take an extreme view and regard i t as a f r e e parameter we can o b t a i n 
the j o i n t optimum values f o r n^ and ̂ m Q ^ The best f i t i s curve C which 

-3 

has ri^ = 0.1cm . and E m o d = 2.3 GeV. I t i s not pos s i b l e t o r u l e out a 

modulation as la r g e as t h i s , a t l e a s t down t o lGeV, although the non-thermal 

r a d i o background would favour a smaller value. 

Independent evidence i s provided by the g a l a c t i c gamma ray emission above 

lOOMeV from around the a n t i c e n t r e d i r e c t i o n . Dodds et a l . (1975) have shown 

that i f nuclear cosmic rays f i l l e d the disk w i t h t h e i r l o c a l i n t e r s t e l l a r 

d e n s i t y out to the edge of the galaxy ( a t a distance from the g a l a c t i c 

centre, R, of 20 t o 30 kpc.) t h e i r i n t e r a c t i o n s w i t h the observed n e u t r a l 

hydrogen would produce twice as many gamma-rays as observed. Agreement w i t h 
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observations i s obtained i f , f o r instance, the cosmic ray i n t e n s i t y 

decreases w i t h R as exp-((R-10)/2.44kpc.), i n p r o p o r t i o n t o the mass 

density, or i f the i n t e n s i t y remains constant out t o a boundary a t R=/2kpc. 

and i s zero beyond i t . . This type of behaviour i s u n l i k e l y f o r the closed 

galaxy model, which favours a large confinement volume w i t h a uniform 

cosmic ray i n t e n s i t y . The gamma-rays are produced by cosmic ray n u c l e i 

i n the 1-lOGeV. energy range. E m o d=0.4GeV was assumed i n d e r i v i n g the l o c a l 

i n t e r s t e l l a r i n t e n s i t i e s of n u c l e i used by Dodds e t a l from those observed 

at the e a r t h . I f the l a r g e r modulation of Curve C were a p p l i e d , the 

i n t e n s i t y would be greater and the discrepancy i n the gamma-ray f l u x would 

be increased by a f u r t h e r f a c t o r of two. As pointed out by Ramaty and 

Westergaard (1976) the increase i n the i n t e r s t e l l a r e l e c t r o n d e n s i t y would 

r e s u l t i n an increase i n the observed gamma-rays through e l e c t r o n bremsstralung. 

I t would r e s u l t i n about 50% of the g a l a c t i c gamma-ray emission a t photon 

energies greater than 100 MeV. being due to Bremsstralung i n t e r a c t i o n s . 

I t t h e r e f o r e seems t h a t although the closed galaxy model can be 

reco n c i l e d w i t h the observed p o s i t r o n f l u x as shown i n f i g u r e 2.14 there 

are d i f f i c u l t i e s i n making i t agree a t the same time w i t h the observed 

gamma-ray f l u x . 
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CHAPTER 3 

THE GALAXY AND THE INTERSTELLAR MEDIUM 

3.1 I n t r o d u c t i o n 

This chapter introduces some p r o p e r t i e s o f the galaxy and the i n t e r s t e l l a r 

medium t h a t are p e r t i n e n t t o the discussions i n f u t u r e chapters. Discussion 

of s p i r a l s t r u c t u r e i s l e f t u n t i l the next chapter as t h i s r equires a more 

i n depth treatment a s ^ i t i s the basis f o r the synchrotron models developed 

i n chapters s i x and seven. 

3.2 Stru c t u r e of the Galaxy 

3.2.1 Mass 

The matter of the Galaxy i s i n the form of s t a r s , dust and gas 

d i s t r i b u t e d mainly i n a f l a t d i s c . The t o t a l mass of the Galaxy i s 2 x l o " 

solar masses). The greatest f r a c t i o n of the matter i s i n i t s 

approximately l o " s t a r s . The t o t a l mass of gas i n the form of atomic 
9 tut • 

hydrogen, estimated from the 21 cm. emission, i s about 5 x 10 HQ . 

I n a d d i t i o n there i s molecular hydrogen, helium and heavier elements, which 

may b r i n g the mass of gas up to 10% of the t o t a l mass of the Galaxy. 

3.2.2. P o s i t i o n o f the Sun 

The sun l i e s w i t h i n 12pc. of the g a l a c t i c plane. The centre of 

the galaxy i s i n the c o n s t e l l a t i o n S a g i t t a r i u s a t 265.6 R.A., -28.9 dec. 

I t s distance can be found by esti m a t i n g the distance of RR l y r a e v a r i a b l e 

s t a r s i n the c e n t r a l condensation (Arp 1965). The u s u a l l y accepted value 

of 10 kpc w i l l be used throughout t h i s t h e s i s . I t should be noted, 

however, t h a t r e c e n t l y Oort and Plaut (1975) have obtained the value 8.7 

- 0.6 kpc from RR l y r a e s t a r s and Crampton and Georgelin 1975 have obtained 
o 

9 kpc from the observation of d i s t a n t H E regions a t 90 from the g a l a c t i c 

centre. I n f a c t the models developed i n l a t e r chapters are not very s e n s i t i v e 

to the value taken as most of the parameters scale w i t h i t . 

The p o s i t i o n of the sun r e l a t i v e t o the g a l a c t i c s p i r a l s t r u c t u r e w i l l 
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be discussed i n great d e t a i l i n the next chapter and i n the chapters 

d e s c r i b i n g the various models. I t i s obviously o f great importance 

as t o whether our l o c a l environment i s t y p i c a l of an arm or i n t e r a r m 

r e g i o n . 

3.2.3 The D i s t r i b u t i o n of Stars 

Figure 3.1 displays a cross-section of the galaxy showing contours 

of mass d e n s i t y i n s t a r s i n u n i t s of the smoothed d e n s i t y near the sun. 

The diameter of the disc i s about 30 kpc. and the sun i s thus a t 2/3 of the 

radius from the centre. The black dots on the f i g u r e i n d i c a t e p o s i t i o n s 

of g l o b u l a r s t a r c l u s t e r s p r o j e c t e d onto the plane through the sun and the 

g a l a c t i c centre. These, the old e s t s t e l l a r systems, form a roughly s p h e r i c a l 

halo of radius 15 kpc. The surface d e n s i t y of a l l s t a r s p r o j e c t e d onto 

the g a l a c t i c plane i s s t r o n g l y peaked towards the g a l a c t i c c e n t r e. (For 

c l a r i t y the c e n t r a l contours have been omitted from the f i g u r e ) . Beyond 

about 1 kpc from the g a l a c t i c centre the surface d e n s i t y f a l l s approximately 

as exp (-R/4kpc). 

The Z (h e i g h t above the plane) d i s t r i b u t i o n of s t a r s i s of importance 

as w i l l be discussed l a t e r i n connection w i t h the height t o which s p i r a l 

s t r u c t u r e might extend. Results of the measurement of t h e Z - d i s t r i b u t i o n s 

of various s p e c t r a l classes of s t a r s have been summarised by E l v i u s (1965). 

The d i s t r i b u t i o n s may be represented by 

J>sh) • 3>,(o) 6 - z / O 

where D (0) i s the d e n s i t y of a p a r t i c u l a r c l a s s , S, of s t a r a t the plane 

and^ represents a scale f a c t o r or e f f e c t i v e 2, thickness of t h a t c l a s s . 

Table 3.1 l i s t s y8 f o r various classes of s t a r . I t should be noted t h a t 

f o r an exponential d i s t r i b u t i o n , as given above, 5 O.^lf^ where 2.%'/^ 
i s the distance between h a l f d e n s i t y p o i n t s on e i t h e r side of the g a l a c t i c 

plane. Also l i s t e d i n t a b l e 3.1 are several other p o p u l a t i o n I objects 

f o r comparison. 
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Figure 3.1; D i s t r i b u t i o n of Globular C l u s t e r s p r o j e c t e d 

on a plane perpendicular t o the g a l a c t i c plane through 

the sun and centre,and l i n e s of equal mass d e n s i t y . The 

steep increase i n d e n s i t y i n the inner p a r t s i s not i n d i c a t e d , 

Shaded p a r t s give a schematic r e p r e s e n t a t i o n of the d i s t r i ­

b u t i o n of i n t e r s t e l l a r gas and extreme p o p u l a t i o n I . 

( J . H. Oort i n " G a l a c t i c S t r u c t u r e " , Chicago, 1965). 
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Table 3.1 ( A l l e n 1963) 

Object 

0 

B 

A 

G,K,M 

I n t e r s t e l l a r dust and gas 

Cepheid Variables 

Galactic c l u s t e r s 

50 

60 

115 

340 

125 

45 

80 

C h a r a c t e r i s t i c Population 

I 

I 

I 

Mixed 

I 

I 

I 
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3.2.4 Galactic Rotation 

Since the mass i n the galaxy i s c e n t r a l l y concentrated, the st a r s 

t r a v e l , very roughly, i n K e p l e r i a n - l i k e o r b i t s about the g a l a c t i c centre. 

Hence, the smaller the o r b i t , the shor t e r i s the s t a r ' s period of r e v o l u t i o n 

and the greater i s i t s o r b i t a l v e l o c i t y . This i s r e f e r r e d t o as the 

d i f f e r e n t i a l g a l a c t i c r o t a t i o n f i r s t s tudied i n d e t a i l by Oort 1927. 

A determination of the l i n e a r r o t a t i o n v e l o c i t y 0 ( r ) as a f u n c t i o n 

of distance from the g a l a c t i c centre i s of considerable i n t e r e s t when 

discussing models of s p i r a l s t r u c t u r e such as d e n s i t y wave theory. The 

value of & at the sun,£^may be estimated from the l o c a l group of 

galaxies or from globular c l u s t e r s and i s found to be 
- S o .0 

i n the d i r e c t i o n «erD,6bO, imp l y i n g a period of r o t a t i o n f o r the sun about the 
g 

g a l a c t i c centre of 2.5 x 10 years. Vlhen r e q u i r i n g i n f o r m a t i o n on the 

v a r i a t i o n of £with g a l a c t i c r adius a r a d i o technique i s re q u i r e d t o avoid 

the problem of i n t e r s t e l l a r a b s o r p t i o n . 

Neutral hydrogen possesses a hyp e r f i n e t r a n s i t i o n i n i t s ground s t a t e 

which gives r i s e t o a s p e c t r a l l i n e . l y i n g i n the r a d i o r e g i o n of the spectrum 

a t approximately 21cm. 

Observations of t h i s l i n e enable the d i s t r i b u t i o n of n e u t r a l hydrogen 

i n the galaxy t o be determined as w e l l as&(fij. Results on the d i s t r i b u t i o n 

of n e u t r a l hydrogen w i l l be presented i n the next chapter but the method w i l l 

be described here as i t d i f f e r s very l i t t l e from the technique f o r measuring 

The s p l i t t i n g of the ground s t a t e of n e u t r a l hydrogen i s caused by the 

proton and e l e c t r o n having spin which give r i s e t o magnetic moments t h a t 

i n t e r a c t . This i n t e r a c t i o n causes the substate i n which the spins are 

ali g n e d t o l i e a t a s l i g h t l y higher energy than the substate i n which the 

spins are opposed. The energy d i f f e r e n c e between these two substates 

corresponds to 1420.406 MHz, 21.105 cm. As the i n t e r s t e l l a r medium i s 
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not a t absolute zero the upper Bubstate may become populated due to c o l l i s i o n s 

between the atoms. Once i n the upper substate an atom may de-excite to the 

lower s t a t e e i t h e r by a f u r t h e r c o l l i s i o n or by a r a d i a t i v e t r a n s i t i o n e m i t t i n g 

a photon of frequency 1420.406 MHz. As t h i s r a d i a t i v e t r a n s i t i o n i s s t r o n g l y 
14 

forbidden i t s t r a n s i t i o n p r o b a b i l i t y i s very low; i t occurs once i n 3.5 x 10 

seconds or about 10^ years. The l i n e a t 21 cm. i s observed due to the f a c t t h a t 

a vast number of atoms are observed along any l i n e of s i g h t . The p r o f i l e 

observed i s complex. I t i s spread out i n frequency due t o d i f f e r e n t atoms 

along the l i n e of s i g h t having d i f f e r e n t v e l o c i t i e s due to g a l a c t i c r o t a t i o n 

causing the t r a n s i t i o n frequency t o be doppler s h i f t e d by d i f f e r e n t amounts. 

The i n t e n s i t y of the r a d i a t i o n ( t h e area under the complete p r o f i l e ) i s 

p r o p o r t i o n a l t o the t o t a l number of hydrogen atoms along the l i n e of 

s i g h t . The observed p r o f i l e s can be i n t e r p r e t e d to give i n f o r m a t i o n on 

both^^Jand on the d i s t r i b u t i o n of H I . The r a d i a l v e l o c i t y ( i . e . v e l o c i t y 

away from the sun) a t distance r from the g a l a c t i c centre may be w r i t t e n as 

M* * * d 6 b M - » J t u ( 0 3 2 

where 
at) 

and J?^ are the angular v e l o c i t y of r o t a t i o n a t r and R r e s p e c t i v e l y 
and f?0 = w i t h ^ and R q known. The r a d i a l v e l o c i t y V R a t t a i n s a 

r S 
maximum from regions where r = min = R Sin 1 and t h e r e f o r e by determin­

es o 
ing the maximum r a d i a l v e l o c i t y f o r varying C between 0 and 90 (from 

the n o r t h e r n hemisphere) and between 270 and 360 (from the southern 

hemisphere) i t i s possible to construct the r o t a t i o n curve 

versus r f o r r This was f i r s t done by Kwee et a l . 1954. This 

technique assumes that the HI gas i s undergoing true c i r c u l a r motion. For 

r>10kpc the o p t i c a l measurement of Cepheid v a r i a b l e s i s r e q u i r e d to o b t a i n 

( K r a f t and Schmidt 1963). Figure 3.2a gives the general r o t a t i o n 

curve f o r the galaxy as presented by Contopolus and Stromgren (1965). They 

have derived an i n t e r p o l a t i o n polynomial f o r 
t s i - l 
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Figure 3.2» ( a ) General r o t a t i o n curve f o r the galaxy by Contopolus 

and Stromgren (1965). 

( b ) D e t a i l e d r o t a t i o n curve f o r northern hemisphere. 

( c ) D e t a i l e d r o t a t i o n curve f o r southern hemisphere. 
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I f Che r o t a t i o n curve i s measured i n more d e t a i l i t i s seen t o d i f f e r 
from that given i n f i g u r e 3.2a as shown i n f i g u r e s 3.2b and 3.2c ( L i n 1968). 
The d e v i a t i o n from c i r c u l a r r o t a t i o n i s due i n p a r t , i n the c e n t r a l regions 
of the galaxy, to the expanding 3kpc. arm, and t o streaming motions w i t h i n 
s p i r a l arms. The d i f f e r e n c e i n the r o t a t i o n curves f o r the northern and 
southern hemispheres r e f l e c t the f a c t t h a t the streaming motions w i t h i n the 
s p i r a l arms are not c i r c u l a r l y symmetric w i t h respect to the g a l a c t i c centre 
but ra t h e r t h a t they f o l l o w an o v e r a l l s p i r a l p a t t e r n . 

Schmidt (1965) developed a mass model f o r the galaxy which reproduces 

the observed values f o r Oort's constants and &(a) f o r r = 3.5, 6, 8 and 10 kpc. 

The model consists of a c e n t r a l mass po i n t of 0.07 x 10" , a spheroid of 

mass 0.82 x l o " A ^ , e c c e n t r i c i t y e = 0.812 w i t h semimajor axis R q and a 

nonhomogeneous spheroidal s h e l l e x t e r i o r to the sun given by 

f(+ > *o) = AST* tO /A* tf0 p c ~ * 

Figure 3.3 shows the r o t a t i o n curve of the galaxy as derived from the Schmidt 

mass model. Also shown i s the corresponding v a r i a t i o n of the e p i c y c l i c 

frequency X where 

which w i l l be of i n t e r e s t when discussing s p i r a l s t r u c t u r e i n the next chapter, 

the Schmidt model of the galaxy i s normally considered as the s t a r t i n g p o i n t 

f o r a theory of the s p i r a l s t r u c t u r e (chapter 4) but a complete theory should 

be able to e x p l a i n the s t r u c t u r e seen i n the observed r o t a t i o n curves f i g u r e s 

3.2b and c. 

Once a form f o r ̂ j&^has been decided upon i t i s possible by using 

equation 3.2 to i n f e r the distance d from which the hydrogen r a d i o r a d i a t i o n 

i s received. For r y R Q t h i s procedure i s unambiguous but f o r >c £ ( ? 0 

there are two values of d along any l i n e of s i g h t w i t h the same QC*-). 
The r e s u l t s from t h i s technique f o r mapping HI w i l l be discussed i n the 

next chapter. 
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3.3 Properties of the I n t e r s t e l l a r Medium 

3.3.1 Constituents of the I n t e r s t e l l a r Medium 

The i n t e r s t e l l a r medium consists of gas, dust and cosmic rays, 

the l a t t e r being considered, as f a r as the dynamics are concerned, 

as a hot tenuous gas. The chemical composition, by weight, of the gas i s 

hydrogen 70%, helium 28% and heavier elements 2%. The commonly quoted f i g u r e 
_3 

f o r the gas d e n s i t y i n the plane i s latom cm . The gas i s e i t h e r n e u t r a l -

atomic, ionised or molecular. These various states of the gas together 

w i t h t h e i r d i s t r i b u t i o n i n the galaxy v . ' i l l be discussed below. The 'neutral 

gas 1 has a low l e v e l of i o n i s a t i o n (**0.03) which i s due to cosmic rays and 

p h o t o - i o n i s a t i o n of Ca and Na atoms. This l e v e l of i o n i s a t i o n i s s u f f i c i e n t 

t o 'freeze' the magnetic f i e l d . This i s important i n the e f f e c t the d e n s i t y 

waves have on the magnetic f i e l d s . The dust grains w i l l a l s o be charged 

and t i e d t o the f i e l d . The g a l a c t i c magnetic f i e l d i s discussed i n the next 

s e c t i o n of t h i s chapter. 

3.3.2 Neutral Gas ( H I ) 

The n e u t r a l gas i s thought t o be present i n two forms (Clark 1965):-

r e l a t i v e l y dense clouds (20-20Ck) immersed i n a h o t t e r and more tenuous i n t e r -
4 

cloud medium 10 K ) . Falgarone and Lequeux (1973) give the f o l l o w i n g 
values f o r the gas i n the region of the sun. Density i n the plane (a) f o r 

_3 
the i n t e r c l o u d medium 0.16 atoms cm ( b ) f o r a smoothed average of the 

_3 

cloud m a t e r i a l 0.29 atoms cm ; Thickness (22%) of the d i s c . ( a ) cloud 

and i n t e r c l o u d 360 pc (b) cloud 310 pc ( c ) i n t e r c l o u d 550 pc. 

For 4 . 5 1 * <C10 kpc the thickness of n e u t r a l gas i s approximately constant 

a t 250 pc reducing t o lOOpc closer t o the g a l a c t i c centre. The thickness 

a t R>10kpc increases r a p i d l y as shown i n f i g u r e 3.4 (Jackson and Kellman 1973). 

This increase i s not seen i n the -A/iO- '*°^direction. In f u t u r e chapters the 

v a r i a t i o n of the gas density w i t h height above the plane, f o r A 4.10 kpc, 
w i l l be taken as t h a t observed by Schmidt (1956) presented i n f i g u r e 3.5. 
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3.3.3 Ionised Gas 

Spheres of ionised hydrogen, H I regions, surround young, hot 0 

and B type s t a r s . The gas i s i o n i s e d completely out t o a sharply 

defined boundary-, the Stromgren sphere. The radius of the sphere v a r i e s 
- V » -3 

as . For n H= la torn cm the radius v a r i e s from 100 pc f o r an 05 

s t a r t o lpc f o r an AO s t a r . The Hff regions are seen o p t i c a l l y or 

as thermal r a d i o sources, the temperature of the gas being 10 k. Giant 

WjT regions (defined as those having a l u m i n o s i t y greater than four 

times t h a t of the Orion nebula) i n d i c a t e s i t e s of s t a r formation and are 

u s e f u l as s p i r a l t r a c e r s (Chapter 4 ) . Figure 3.6 shows the r a d i a l 

d i s t r i b u t i o n of g i a n t Htt regions i n the galaxy compared w i t h the r a d i a l 

surface d e n s i t y d i s t r i b u t i o n o f H I . I t i s i n t e r e s t i n g t o note t h a t the 

separation between the abundance d i s t r i b u t i o n of HIT(centred a t 4-8 kpc) 

and t h a t of MX (peaking a t 13 kpc) suggests t h a t there e x i s t s a f a c t o r 

other than the average n e u t r a l hydrogen gas d e n s i t y which c o n t r o l s the 

present formation of s t a r s i n the galaxy. This w i l l be discussed i n the 

next chapter i n terms of density wave theory. The mean den s i t y of thermal 

electrons w i t h i n a few kiloparsecs of the sun can be obtained from d i s p e r s i o n 

measures of pulsars whose distances are known. (Lyne 1974). Estimates 

i n the r e g i o n of fl^ ft 0.03em*have been obtained. The recombination r a t e 

of electrons and ions i s roughly p r o p o r t i o n a l t o the square of the d e n s i t y 

thus a t e q u i l i b r i u m o£ **MZ • T n e thickness of the thermal e l e c t r o n disc 

should t h e r e f o r e be greater than t h a t of the n e u t r a l gas by a f a c t o r of Z OA 

f o r an exponential or gaussian d i s t r i b u t i o n of the gas r e s p e c t i v e l y . This i s 

consistent w i t h 21% }600pc (Lyne 1974) and estimated values of 800 t o 1000 pc 

derived from the r o t a t i o n measures of e x t r a g a l a c t i c r adio sources (Falgarone aid 

Lequeux 1973). 
3.3.4 Molecular Hydrogen 

I n the i n t e r s t e l l a r medium hydrogen molecules are r a p i d l y d i s s o c i a t e d 

by UV photons i n s t a r l i g h t . However, i n dust clouds molecular hydrogen i s 

shielded from UV photons and hydrogen atoms r a p i d l y combine t o form molecules. 
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As molecular hydrogen has no observable t r a n s i t i o n i n the o p t i c a l or r a d i o 

wavebands i t s d i s t r i b u t i o n i n the galaxy has t o be i n f e r r e d from other 

measurements. I t i s detectable v i a the absorption l i n e s i n the f a r 

u l t r a v i o l e t but t h i s only permits observations from rockets and s a t e l l i t e s . 

S a t e l l i t e data imply ( S p i t z e r e t a l . 1973) t h a t some 50% of the l o c a l i n t e r ­

s t e l l a r hydrogen i s i n the molecular form. Jenkins (1976) obtains an 

average molecular hydrogen d e n s i t y i n the region of the sun of 0.2 atoms 
_3 

cm . I n d i r e c t methods are used to p l o t the d i s t r i b u t i o n of throughout 

the galaxy. Carbon monoxide due to the r e l a t i v e high abundance of i t s 

c o n s t i t u e n t s and large d i s s o c i a t i o n energy (gr e a t e r than llcV) i s expected to 

be the most abundant molecule i n the i n t e r s t e l l a r medium. Jenkins et a l . 

(1973) have measured i t s abundance i n the spectra of reddened s t a r s which 

a l s o show H 2 l i n e s . They f i n d the abundance r a t i o to be Af(Co)/NlW^ & . 

Using such techniques f o r measuring CO throughout the galaxy i t i s possible 

to estimate the molecular hydrogen d i s t r i b u t i o n (Gordon and Burton 1976). 

Figure 3.7 presents the i n f e r r e d r a d i a l d i s t r i b u t i o n of molecular hydrogen 

surface d e n s i t y . I t shows a s i m i l a r d i s t r i b u t i o n t o t h a t of the g i a n t H H 

regions as would be expected. 

3.4 The Galactic Magnetic F i e l d 

The existence of a large-scale g a l a c t i c magnetic f i e l d was suggested 

f o l l o w i n g the d e t e c t i o n of p o l a r i s a t i o n i n s t a r l i g h t ( H a l l 1949, H i l t n e r 

1949). The presence of t h i s f i e l d i s of v i t a l importance t o the dynamics 

of the i n t e r s t e l l a r medium (ISM) and i n t u r n the ISM has an e f f e c t on the form 

of the magnetic f i e l d . I n the f o l l o w i n g sections the various methods 

of observing the f i e l d are discussed together w i t h the r e s u l t s obtained. 

3.4.1 I n t e r s t e l l a r P o l a r i s a t i o n of S t a r l i g h t 

Chandrasekhar (1946) predicted t h a t , i f Thomson s c a t t e r i n g by f r e e 

electrons plays an important r o l e i n the t r a n s f e r of r a d i a t i o n i n the atmospheres 

of e a r l y type s t a r s , then the continuous r a d i a t i o n emerging from these s t a r s 

should be plane p o l a r i s e d . H i l t n e r 1949, w h i l e attempting t o v e r i f y 
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Chandrasekhar 1s p r e d i c t i o n , found t h a t r a d i a t i o n from other types of s t a r s 
i s a l s o p o l a r i s e d and concluded t h a t the p o l a r i s a t i o n was not associated 
w i t h each i n d i v i d u a l s t a r but was an e f f e c t of the r a d i a t i o n passing through 
i n t e r s t e l l a r space. This p o l a r i s a t i o n i s now regarded as being caused by 
the i n t e r s t e l l a r dust grains becoming a l i g n e d i n the magnetic f i e l d and 
s c a t t e r i n g the s t e l l a r r a d i a t i o n . The dust grains a l i g n themselves i n 
the magnetic f i e l d by v i r t u e of the f a c t t h a t they are expected t o possess 
some net e l e c t r i c charge (Davis and Greenstein 1951). 

U n f o r t u n a t e l y a study of the g a l a c t i c f i e l d using o p t i c a l p o l a r i s a t i o n 

i s hampered f o r two reasons; i t gives only a two-dimensional r e p r e s e n t a t i o n 

of the f i e l d - the E-vector of the l i g h t i s p a r a l l e l to the p r o j e c t i o n of 

the f i e l d vector i n the plane perpendicular to the l i n e o f g i g h t and the 

magnitude of the f i e l d cannot be d i r e c t l y c a l c u l a t e d from the observations 

wit h o u t making many assumptions about the nature of the g r a i n s . Axon and 

E l l i s (1976) have presented a catalogue of the p o l a r i s a t i o n s of over 5000 

st a r s whose distances have been r e l i a b l y measured. They conclude t h a t 

the data cannot be t o t a l l y explained w i t h a simple l o n g i t u d i n a l model, i . e . 

a r e g u l a r f i e l d running i n a d i r e c t i o n £ f » 0 superimposed on an i r r e g u l a r 

component, but the best d i r e c t i o n f o r the regular f i e l d i f such a model i s 

considered i s <^* J^S-15°, k B £ 0 . Previously Matthewson 1968 had suggested 

t h a t the p o l a r i s a t i o n p a t t e r n was consistent w i t h a h e l i c a l l o c a l f i e l d . 

The e l e c t r i c vector p l o t t e d a t a p a r t i c u l a r l a t i t u d e and l o n g i t u d e represents 

the p r o j e c t i o n of the magnetic f i e l d i n t h a t d i r e c t i o n on the plane 

perpendicular to the l i n e of s i g h t . By t r y i n g d i f f e r e n t f i e l d c o n f i g u r a t i o n s 

Ma thewson found t h a t the best f i t t o h i s data would be given by a l o c a l 

magnetic f i e l d of h e l i c a l form. However, Gardner et a l (1969) i n t e r p r e t e d 

Matthewson's data as being consistent w i t h a l o n g i t u d i n a l f i e l d d i r e c t e d 
0 

towards longitude SO i . e . consistent w i t h Axon and E l l i s (1976). I n 

t h i s case f o r longitudes * c /40 and { » 3ZO the E-vectors would be p a r a l l e l 

to the g a l a c t i c plane a t a l l l a t i t u d e s , whereas f o r r ;SD and < z. 230 the 

p o l a r i s a t i o n would be randomly o r i e n t a t e d . This can be seen i n f i g u r e 3.8, 

which i s from Axon and E l l i s (1976), but many of the vectors seem to form 
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curves which might i n d i c a t e a b e t t e r f i t from a h e l i c a l model. According 
to Jones and S p i t z e r (1967) a f i e l d of only 3^tfr i s needed to e x p l a i n the 
observed p o l a r i s a t i o n but, although t h i s i s consistent w i t h values obtained 
by other methods, t h i s value i s h i g h l y dependent on the model assumed f o r 
the g rains. 

3.4.2 Faraday Rotation of E x t r a g a l a c t i c Sources 

When a plane p o l a r i s e d r a d i o wave of w a v e l e n g t h ^ ( ^ t r a v e r s e s an i o n i s e d 

medium, i n which there i s a magnetic f i e l d , the plane of p o l a r i s a t i o n under­

goes a r o t a t i o n through an angle & given by Gw %.\%/0 

radians where //g i s the l o n g i t u d i n a l component of the magnetic f i e l d i n gauss, 

fff i s the thermal e l e c t r o n d e n s i t y of the medium i n cm" and d l i s the 

element of length along the l i n e of s i g h t i n pc. i n which the r o t a t i o n occurs. 

The magnetic f i e l d i s determined by measuring the observed p o s i t i o n angle 

of the plane of p o l a r i s a t i o n of the r a d i a t i o n from a given r a d i o source f o r 

several wavelengths A. From a p l o t of & against A one obtains the 

r o t a t i o n measure, fl.PtX/O^JH^Qq </^, which enables, the i n t e g r a t e d 

l o n g i t u d i n a l f i e l d along the l i n e of s i g h t t o be determined i f ff^ i s known. 

Unfo r t u n a t e l y the observed r o t a t i o n measure i s a sum of the r o t a t i o n measures 

due t o the g a l a c t i c f i e l d , due to any i n t e r g a l a c t i c f i e l d and due to the 

source. Recently Ruzmaikin and Sokuloff (1977) have c a r r i e d out a regression 

an a l y s i s using a p a r t i c u l a r model f o r the various components of the r o t a t i o n 

measure and o b t a i n the values Hgalactic a f*St /.£ \L IO Gauss and H i n t e r g a l a c t i c 

£ ~f.,9tf*Z HO ft- Gauss where Jl i s equal t o ^ ^ P c r i t i c a l w i t h p 

the d e n s i t y of the universe equal to ^ c r i t i c a l f o r the universe to be 

j u s t closed, ft i s thought to be £ ) Zeldovich and Novikov (1975). 

Figure 3.9 shows a summary of the R.M of 252 e x t r a g a l a c t i c sources made 

by \allee and Kronberg (1973). This data provides a more uniform coverage 

of the sky than any other a n a l y s i s . The area of the c i r c l e i s p r o p o r t i o n a l 

to the magnitude of the RM. Open c i r c l e s i n d i c a t e a negative R.M. equivalent 

to a f i e l d away from the observer. I n t e r p r e t a t i o n of the Faraday r o t a t i o n 

i n e x t r a g a l a c t i c objects i n terms of magnitude and d i r e c t i o n of the g a l a c t i c 
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magnetic f i e l d i s d i f f i c u l t , though the measurements seem to be consistent 
S o 

w i t h a l o n g i t u d i n a l f i e l d d i r e c t e d towards { (Gardner et a l . 1969, Wright 

1973, Verschuur 1974, Vallee and Kronberg 1975) w i t h a magnitude of a 'few 

microgauss. 

3.4.3 Faraday Rotation of Pulsars. 

The problem of e s t i m a t i n g the magnetic f i e l d s t r e n g t h from R.M. of 

e x t r a g a l a c t i c objects due to a lack of knowledge of the e l e c t r o n d e n s i t y i s 

removed when pulsars are used as the source of p o l a r i s e d r a d i o emission. 

Davies et a l . (1968) showed t h a t the a r r i v a l time, t , of a r a d i o pulse from 

a pulsar i s a f u n c t i o n of frequency due to the passage of the pulse through 

an i o n i s e d medium. For a uniform plasma 

w h e r e c f C i s c a l l e d the d i s p e r s i o n measure (jtc Cm /and i s equal to 

the l i n e i n t e g r a l of the e l e c t r o n d e n s i t y to the source. For a pulsar i t 

i s t h e r e f o r e possible to measure both R.M. and 0. t o o b t a i n the l i n e of 

s i g h t component of the magnetic f i e l d (weighted by the e l e c t r o n d e n s i t y ) 

sr. 

Figure 3.10 shows the l i n e of s i g h t magnetic f i e l d components i n the 

d i r e c t i o n of 38 pulsars as compiled by Manchester (1974). I t i s clear 

from t h i s f i g u r e t h a t the f i e l d i s p o i n t i n g away from the sun f o r longitudes 
0 * 

centred on 90 and towards the sun f o r longitudes centred on about 240 . 

Figure 3.11 shows those pulsars from f i g u r e 3.10 l y i n g close to the 

g a l a c t i c plane p r o j e c t e d onto a plan view of the galaxy showing the 

l o c a t i o n of the Perseus and S a g i t t a r i u s arms. None of the observed l i n e 

of n i g h t magnetic f i e l d s appear to include f i e l d s from e i t h e r of these 

two nearest major arms. For the region centred on Cz 60 the large 

f l u c t u a t i n g f i e l d s are probably due t o the presence of the North Polar Spur. 
Manchester i n t e r p r e t s these observations as being consistent w i t h a simple 
l o n g i t u d i n a l magnetic f i e l d w i t h strength^*0>j^£directed towards /g fyt//° 
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and an i r r e g u l a r component of approximately equal magnitude. 

There i s no doubt t h a t the measurement of the g a l a c t i c f i e l d by 

using pulsars i s the most r e l i a b l e method known a t present. U n f o r t u n a t e l y , 

as seen from f i g u r e s 3.10 and 3.11 very few pulsars i n the southern 

hemisphere have had t h e i r d i s p e r s i o n and r o t a t i o n measures measured 

rather l i m i t i n g the usefulness of the r e s u l t s . 

3.4.4. The Zeeman E f f e c t 

Bolton and Wild (1954) suggested t h a t the magnetic f i e l d s i n s i d e 

clouds of n e u t r a l hydrogen are strong enough to cause Zeeman s p l i t t i n g of 

the 21 cm. l i n e seen i n absorption against strong r a d i o sources. Verschuur 

(1969) postulated t h a t n e u t r a l hydrogen clouds contained 'frozen i n ' magnetic 

f i e l d s and suggested t h a t the magnetic f i e l d may be stronger i n the clouds as 

a r e s u l t of a m p l i f i c a t i o n by cloud c o n t r a c t i o n , proposing t h a t the greater 

the d e n s i t y of the cloud the stronger the f i e l d w i t h i n i t . I f a s p h e r i c a l 

cloud contracts i s o t r o p i c a l l y i t s d e n s i t y v a r i e s i n p r o p o r t i o n t o i t s 
-3 -2 radius and the f i e l d s t r e n g t h i n p r o p o r t i o n t o the radius , as required 

by conservation of magnetic f l u x . Therefore, the f i e l d w i l l be p r o p o r t i o n a l 

to 97ji , Verschuur 1970 showed t h a t i n f a c t the observed f i e l d s and d e n s i t i e s 

w i t h i n clouds are consistent w i t h such a law. I f the de n s i t y of the 
_3 

uncompressed ISM i s considered to be of the order of 1 atom cm then a 
f i e l d of a few^t£ i s obtained by e x t r a p o l a t i n g the l i n e . Figure 

l/3 

3.12 presents the observed data w i t h the line//U ft superimposed. The 

reason why points f a l l beneath the s t r a i g h t l i n e //Q s AZUtO /f^ y 

where H0 i s i n gauss and ft^ i n hydrogen atoms cm ^ i s because only one 

component of the f i e l d i n the zeeman data i s observed and t h e r e f o r e the 

upper envelope of the points should describe the h i s t o r y of the f i e l d s t r e n g t h 

i n a c o n t r a c t i n g cloud. 

3.4.5 Gala c t i c Synchrotron Emission. 

As shown i n appendix I equation 1.9 the i n t e n s i t y of synchrotron r a d i a t i o n 
observed i n a p a r t i c u l a r d i r e c t i o n i s given by: 
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Figure 3.1.2; Magnetic F i e l d s i n n e u t r a l hydrogen clouds as a 

f u n c t i o n of t h e i r d e n s i t y . (Verschuur 1970). 
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7. Ml 7 15° -1° 
8. Orion A 209° »19° 
9. Orion A 
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where 1 i s the distance through the e m i t t i n g region i n kpc. 
i s the i n t e n s i t y of electrons a t lGeV measured i n 

and ffj^ i s the perpendicular component of the magnetic f i e l d to the l i n e 

of s i g h t in^f(r. I t i s t h e r e f o r e clear t h a t i f the e l e c t r o n spectrum i s 

known and a value of 1 can be estimated f o r a p a r t i c u l a r d i r e c t i o n i n the 

galaxy a value can be obtained f o r the r o o t mean square value of //^ • 

(as ^ a p p r o x i m a t e l y equals 3 ) . Recently F r e i e r et a l . (1977), having 

measured the e l e c t r o n spectrum f o r energies greater than 8GeV have i n f e r r e d 

from measurements of Hirabayashi (1974) of the continuum r a d i a t i o n at 15.5<JHZ 

that/^4'M*t * / ^ l o o k i n g towards the g a l a c t i c centre w i t h a l i n e of s i g h t of 

25 kpc. Previous estimates ofX^**.*by Daniel and Stephens (1967) and by 

Webber (1968) are i n agreement w i t h tOp*G". Badhwar et a l . (1977) have 

looked i n the a n t i c e n t r e assuming a l i n e of s i g h t of 4 kpc and from many 

observations of the e l e c t r o n spectrum they i n f e r an r.m.s f i e l d of between 

4 and 11.5 depending on which e l e c t r o n spectrum i s assumed. I t i s 

clear t h a t a value of the magnetic f i e l d somewhere i n the region of lOflG 

i s i n c o n s i s t e n t w i t h values obtained from Faraday r o t a t i o n of p u l s a r s , 2.2^G, 

and t h a t i m p l i e d by the Zeeman s p l i t t i n g of the 21 cm. l i n e (ft3 ^xG). I t 

should be born i n mind, however, t h a t the value obtained f o r the f i e l d from 

r o t a t i o n measures i s e s s e n t i a l l y l o c a l whereas the values from synchrotron 

emission are averaged over large regions of the galaxy. Several explanations 

f o r t h i s discrepancy have been advanced. S e t t i and W o l t j e r (1971) have 

suggested t h a t as the l o c a l r a dio e m i s s i v i t y as estimated from the emission 

i n f r o n t of o p t i c a l l y t h i c k HO regions i s considerably higher than t h a t 

obtained when the observed e l e c t r o n spectrum and a magnetic f i e l d of 

are used t h a t the e l e c t r o n density i n the galaxy i s an order of magnitude 

greater than the value observed a t the e a r t h . This implies t h a t the sun 

i s located i n a hole as regards cosmic ray d e n s i t y . As cosmic ray 

protons are expected t o be d i s t r i b u t e d i n the galaxy i n a s i m i l a r manner 

to cosmic ray electrons such a model might imply a large anisotropy i n the 
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cosmic ray protons and a much increased tfray f l u x from ^ p r o d u c t i o n . 

To avoid such a d r a s t i c proposal as t h i s two f u r t h e r explanations 

appear i n the l i t e r a t u r e . 

.Cowsik and M i t t l e d o r f (1974) have advanced the idea of turbulence-

enhanced synchrotron emission. This mechanism requires t h a t f l u c t u a t i o n s 

i n the magnetic f i e l d are c o r r e l a t e d w i t h v a r i a t i o n s i n the den s i t y and energy 

of r e l a t i v i s t i c e l e c t r o n s . I n t h e i r a n a l y s i s the f o l l o w i n g assumptions are made: 

(a) the plasma i s assumed to be a p e r f e c t conductor (b) leakage of the 

r e l a t i v i s t i c e l ectrons from the region of i n t e r e s t i s neglected over time 

scales c h a r a c t e r i s t i c of the compression caused by the t u r b u l e n t motions of 

the i n t e r s t e l l a r gas and (C) the magnetic f i e l d i s taken as perpendicular 

to the d i r e c t i o n of the compression. I f the r a t i o ( o r i g i n a l volume)/ 

(compressed volume) i s x, the magnetic f i e l d increases from H q, the 

i n i t i a l value to //sac ftp.In the compressed region the density increases by 

a f a c t o r x and the energy of the p a r t i c l e s i s also increased by beta t r o n 

a c c e l e r a t i o n such t h a t an e l e c t r o n spectrum of the form 

becomes ^jg m V , U-t*-')*^*) £~*JC 

where & i s the p i t c h angle of the e l e c t r o n i n the f i e l d H. i . e . the betatron 

mechanism enhances the spectrum but maintains the slope Y. For fi^Q»0JA/sA^ 

i . e . there i s no enhancement i n the spectrum. Cowsik and M i t t l e d o r f chose an 

exponential f u n c t i o n a l form f o r the p r o b a b i l i t y d i s t r i b u t i o n of x. 

This d i s t r i b u t i o n has a mean^W^ofand a standard d e v i a t i o n of 1 i n agreement 

w i t h the observation t h a t the f l u c t u a t i o n s i n H are of about the same 

magnitude as H. Forsin9«tthe enhancement f a c t o r f o r synchrotron emission, 

tff/ fax y+i 

<r*> V / 
For Si~& s O s /.? foA f t 

I f the d i s t r i b u t i o n ofSm& i s taken i n t o account the c a l c u l a t e d enhancement 

0 jt *x ;— 

ftp://ftp.In
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which equals approximately 
0 0 Jflf«) til x . 5 

I t t h e r e f o r e seems tha t such a mechanism i s capable of incr e a s i n g the 

synchrotron emission up to the observed l e v e l w i t h the p r e s e n t l y observed 

values of the f i e l d , 3^.^and the e l e c t r o n i n t e n s i t y measured a t the e a r t h . 

I f the r e l a t i v i s t i c e lectrons are compressed by x w i t h a d i s t r i b u t i o n 

P6t)tf/je * «%p{-3t) JJC i t i s also to be expected t h a t the thermal e l e c t r o n s 

are compressed i n a s i m i l a r manner. This means tha t the r o t a t i o n measure 

data on the f i e l d needs to be r e i n t e r p r e t e d : <*H> s Jtfc Wclt/jtfcc/f w i t h ne 

increased i n p r o p o r t i o n t o x. 
to 

< » > = 4 r - = "o = 2»« 

o 

T h e r r j f o r e ^ > w i l l be 2H 0 and as^M>is observed to be approximately Zf*.(r 

from the Faraday r o t a t i o n of pulsars the true unperturbed f i e l d i m p l i e d 

from these measurements, assuming the enhancement mechanism, i s l.Sjj.6-. 

Using t h i s value f o r H 0 w i l l reduce the pr e d i c t e d synchrotron emission by 
1 8 \S 

2 ' f o r 9*2>G which equals 3.5. This means tha t f o r a consistent p i c t u r e 

of the turbulence-enhanced emission the enhancement f a c t o r i s i n f a c t only 

3 or 4 a t the very most.. Another d i f f i c u l t y w i t h the above mechanism i s tha t 

i t i s not a t a l l c l e a r why the r e l a t i v i s t i c e lectrons should remain i n a 

p a r t i c u l a r region over time scales c h a r a c t e r i s t i c of the compression 

(Assumption 2 ) . 

F r e i e r e t a l 1977 explained the high value of M̂ 4.«n.f.by p o s t u l a t i n g 

very l arge f i e l d s (*70/»») i n dense clouds occupying *- 27. of the l i n e of s i g h t 

whereas the remaining 98% of the l i n e of s i g h t would have f i e l d s o f 2/xCr. 

This would imply t h a t the l i n e a r average was3.^frconsistent w i t h Faraday 

r o t a t i o n measurements, whereas the r.m.s. f i e l d would be lOf*-(r consistent w i t h 
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synchrotron observations. Such an explanation when viewed together w i t h 

the observed l o c a l e m i s s i v i t y out to lOOpc from the sun (Caswell 1976) 

would r e q u i r e an average of 6 lpc clouds w i t h f i e l d s of e lO/*.(r. Heiles 

(1977) however states t h a t the lack of Zeeman s p l i t t i n g i n many HI clouds 

suggests t h a t the f i e l d s are u s u a l l y small w i t h some selected regions having 

f i e l d s up t o Z 2.0f*.&. 

Further consideration of t h i s discrepancy i n the values i n f e r r e d for. 

the magnetic f i e l d w i l l be made i n connection w i t h the models of the g a l a c t i c 

r a d i a t i o n discussed i n chapters s i x and seven. 

As seen from appendix I s e c t i o n 1.4 synchrotron r a d i a t i o n i s p a r t i a l l y 

plane p o l a r i s e d . Thus the p o l a r i s a t i o n of the ra d i o continuum can give 

i n f o r m a t i o n on the o r i e n t a t i o n of the magnetic f i e l d i n the l o c a l r e g i o n . 

Wilkinson and Smith (1974) using r a d i o surveys a t 240, 408, 610, 820 and 

1415 MHz f o r the region tOO°£ 180°, L*^ -f *0* studied the r a d i o 

p o l a r i s a t i o n and concluded t h a t the f i e l d i s predominantly l o n g i t u d i n a l 

i n the g a l a c t i c plane d i r e c t e d along the l o c a l arm branch superimposed on 

a s u b s t a n t i a l random f i e l d of magnitude 0.5 to 1.0 times t h a t of the 

uniform f i e l d . 

3.4.6 Conclusions Regarding the Galactic Magnetic F i e l d 

The most r e l i a b l e o b servational evidence seems to be consistent w i t h 

a l o c a l magnetic f i e l d o f a few j*.(r running i n approximately the d i r e c t i o n 
aft tX-0 

of f z "O w i t h an i r r e g u l a r component of about the same magnitude superimposed 

(Osborne et a l . 1973). The f i e l d i s e s s e n t i a l l y l o n g i t u d i n a l i n s t r u c t u r e . 

There i s some evidence to suggest t h a t the l o c a l f i e l d may possess some h e l i c a l 

s t r u c t u r e but t h i s may w e l l be due to the g a l a c t i c spurs (see Chapter 5 ) . 

I n the f o l l o w i n g chapters the galaxy i s assumed to possess a l o n g i t u d i n a l 

magnetic f i e l d running along s p i r a l arms of magnitude SpG" a t the.earth 

w i t h a random component superimposed. 

3.5 The Hydrostatic E q u i l i b r i u m of the Galactic Disk 

As the g a l a c t i c magnetic f i e l d i s frozen i n t o the gas of the disk of the 
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galaxy I t tends t o be prevented from expanding by the g r a v i t a t i o n a l 

i n t e r a c t i o n o f the s t a r s on the gas. Cosmic rays may be considered, on 

the g a l a c t i c scale, as a tenuous hot gas. The e q u i l i b r i u m s t a t e f o r 

the g a l a c t i c f i e l d can be discussed i n conjunction w i t h ga.B and cosmic ray 

pressures r e s u l t i n g i n the h y d r o s t a t i c e q u i l i b r i u m of the g a l a c t i c disk 

i n the Z - d i r e c t i o n ( h e i g h t above the plan e ) . For e q u i l i b r i u m 

JI W*fc) f Pfe) f M*>) • - p W j / l J where M*M i s the 3.4.1 
SI I *JT / fir 

magnetic pressure, P i s the cosmic ray pressure equal to 41 / j where 44. 

i s the cosmic ray energy d e n s i t y , f> i s the pressure of the gas given by 

^44* where44*is the mean square gas v e l o c i t y i n the v e r t i c a l d i r e c t i o n 

and §1%) i s the g r a v i t a t i o n a l a c c e l e r a t i o n perpendicular to the g a l a c t i c 

plane. 

I f the t o t a l pressure i n l n t e r g a l a c t i c space i s small compared t o the 

t o t a l pressure w i t h i n the disk tlYlj^and Pifz)mu8t f a l l - o f f w i t h Z a t l e a s t 

as r a p i d l y as the density p otherwise above some heig h t there i s not 

s u f f i c i e n t weight,J^3*fa t o counterbalance the pressure P(%) +> H*/*̂ /̂ TVT 
a t t h a t height (Parker 1970). 

To o b t a i n some consequences of h y d r o s t a t i c e q u i l i b r i u m i t i s i n s t r u c t i v e 

to make several approximations. I f V^/fa « oLy-tc" and Pa PJ**?" 3'^*2 

3 • * 3 

t& and p being constants, i . e . i f i t i s . assumed t h a t the pressures are 

p r o p o r t i o n a l t o one another, then ^/J& (f*^) = ~ % M^O p)3.4.^ 

i m p l y i n g a scale height A * 4CX(^^* fi/f^k 3.4.5 

whe r e ^ g ^ ^ i s the mean value of g(Z) over the scale height A . 

From Badhwar and Stephens (1977) i f A ft 150 pc then * ^wS"! 

Observations suggest t h a t 4t ft 7fcm«"' . S u b s t i t u t i n g these values 

i n equation 3.4.5 r e s u l t s i n oL+ft & ' • Equations 3.4.2 and 3.4.3 can 

now be combined t o give equals approximately 

0.6 v /o"'\^M C»'from observations of the cosmic ray energy d e n s i t y and 

the r e f o r e a f i e l d of 3.5 juG exerts the same pressure as the cosmic rays. 

I f -U i s taken t o be 7 kms"*' and the magnetic and cosmic ray pressures are 
assumed equal then the weight of one or two hydrogen atoms cm i s s u f f i c i e n t 
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to confine the f i e l d . As t h i s value f o r the gas d e n s i t y i s approximately 
the same as t h a t observed i t would suggest t h a t the g a l a c t i c disk cannot 
hold a f i e l d of greater than say 5 f * ( r i n e q u i l i b r i u m i . e . tf*^ £ 5f*G"-
I t must be noted i n the above t h a t the r e s u l t s are f a i r l y s e n s i t i v e to 
the value taken f o r 44. as i t appears as the square i n the equations. A 
value of -U. AS large as lOkms * would not be i n c o n s i s t e n t w i t h observations. 
Bearing t h i s i n mind the r e s u l t s obtained above are consistent w i t h the 
pr e v i o u s l y discussed values f o r the observed g a l a c t i c magnetic f i e l d . 
I n s p i r a l arms a t the peak of the shock, see next chapter, where the f i e l d s 
are thought t o be considerably higher thanjpdS- h y d r o s t a t i c e q u i l i b r i u m i s not 
a p p l i c a b l e as the s i t u a t i o n i s i n h e r e n t l y n o n - s t a t i c . Consideration of 
h y d r o s t a t i c e q u i l i b r i u m and the extent above the plane to which they apply 
are of importance when considering the g a l a c t i c d i s t r i b u t i o n of r a d i o 
emission a t b , 
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CHAPTER 4 

GALACTIC SPIRAL STRUCTURE 

4.1 I n t r o d u c t i o n 

Ever since the observation of s p i r a l s t r u c t u r e i n e x t e r n a l galaxies 

evidence has been sought to support the thesis t h a t our own galaxy i s 

also of s p i r a l form. I t i s now w e l l established t h a t our galaxy i s a 

s p i r a l o f type intermediate between S b and Sc i n the Hubble c l a s s i f i c a t i o n . 

From a study of the s t a t i s t i c s of s p i r a l galaxies i t i s e a s i l y shown t h a t 

s p i r a l s t r u c t u r e p e r s i s t s f o r periods of time considerably longer than the 

time f o r a s p i r a l c o n s i s t i n g always of the same m a t e r i a l to become 

completely wound up by d i f f e r e n t i a l r o t a t i o n . This has led to the 

de n s i t y wave theory f o r the maintenance of s p i r a l s t r u c t u r e . The o r i g i n 

of s p i r a l s t r u c t u r e i s a t present s t i l l very u n c e r t a i n . 

-This chapter describes the methods used and r e s u l t s obtained when 

mapping the s p i r a l s t r u c t u r e of the galaxy together w i t h a summary of 

den s i t y wave theory concentrating on the f a c t o r s from t h i s theory t h a t 

are used as a basis f o r the models developed i n chapters s i x and seven. 

4.2 Observations of Galactic. S p i r a l S t r u c t u r e . 

The task of mapping s p i r a l s t r u c t u r e i n the galaxy was i n i t i a t e d 

soon a f t e r Baade and MayalL (1951) reported r e s u l t s of t h e i r studies 

r e l a t i n g t o M 31. They found t h a t the s p i r a l arms of M31 were best 

traced by emission nebulae and by the young 0 and B s t a r s . I n 1953 

Morgan e t a l . presented the f i r s t p i c t u r e of s p i r a l s t r u c t u r e i n the 

galaxy. Since 1952 many methods have been used to t r y and map the 

s p i r a l s t r u c t u r e of our galaxy. S p i r a l arms i n our galaxy appear t o be 

defined p r i m a r i l y by a den s i t y of the i n t e r s t e l l a r medium higher than t h a t 

i n the i n t e r a r m regions and by the existence o f hot, massive e a r l y - t y p e 

s t a r s which have formed out of the gas and which, i n t u r n , have i o n i s e d 
i t ( M B r e g i o n s ) . According to the d e n s i t y wave theory, the s p i r a l 
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p a t t e r n i s maintained by a de n s i t y wave which as i t passes through the 
i n t e r s t e l l a r medium compresses i t and causes stars to form. Ideal 
s p i r a l t r a c e r s are th e r e f o r e young objects t h a t have not moved f a r 
from t h e i r s i t e s of c r e a t i o n , the s p i r a l arms. Unfort u n a t e l y the 
observation of o p t i c a l objects i s l i m i t e d t o a few kilo p a r s e c s from the 
sun by i n t e r s t e l l a r absorption and t h e r e f o r e radio methods have to be 
used f o r mapping the large scale s p i r a l s t r u c t u r e . Table 4-1 l i s t s 
many of the objects a t present used f o r mapping s p i r a l s t r u c t u r e . 

4.2.1 0 and B. s t a r s - c l u s t e r s - a s s o c i a t i o n s 

0 t o B2 s t a r s , s i n g l y , i n c l u s t e r s or i n associations are the i d e a l 

o p t i c a l tracers of s p i r a l s t r u c t u r e as they form f i r s t out of the compressed 

gas of the s p i r a l arms. Photometric distances to 0 to B2 c l u s t e r s and 

associations can e a s i l y be determined and corrected f o r i n t e r s t e l l a r 

a bsorption from reddening data f o r each c l u s t e r or a s s o c i a t i o n . I n regions 

of low absorption young open c l u s t e r s have been observed up t o distances of 

approximately 8 kpc from the sun (Moffat and FitzGerald (1974), NGC 3105 

8.0 kpc). Figure 4.1 presents a recent compilation by Moffat and Vogt 

(1973) of approximately 100 young open c l u s t e r s . I n what f o l l o w s the l o c a l 

arm passing through or near the l o c a t i o n of the earth i s r e f e r r e d to as the 

Orion arm whereas the next inner and next outer arms are r e f e r r e d to as the 

Sa g i t t a r i u s - C a r i n a and the Perseus arms r e s p e c t i v e l y . Figure 4.1 suggests 

a c l e a r separation between the Orion and S a g i t t a r i u s arms w i t h a possible 
4 IT o 

j o i n i n g of them as one moves towards -r - 2*0. The Perseus arm i s also f a i r l y 

w e l l separated from the Orion arm and the sun seems to l i e on the inner edge 

of the Orion arm. Becker and Fenkart (1970) showed, w i t h s l i g h t l y fewer 

observed c l u s t e r s , t h a t when they are superimposed on the galaxy NGC 1232, 

whose t o t a l d.iameter i s p r a c t i c a l l y the same as that f o r the galaxy, they 

are found t o coincide w i t h the observed s p i r a l arms, a t the r e q u i s i t e 

distance from the centre, as regards w i d t h , separation and p i t c h angle. Such 
a comparison i s of i n t e r e s t but sheds no f u r t h e r l i g h t on the s p i r a l s t r u c t u r e 
of our own galaxy. 
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Table 4.1 

S p i r a l Tracers 

O p t i c a l Radio 

1. 0 and B s t a r s - c l u s t e r s - a s s o c i a t i o n s 1. 21 cm. l i n e observations 

2. M IT regions 2. MIC regions 

3. M supergiants 

4. Wolf-Rayet s t a r s 

5. Dust clouds and R-Associations 

6. Cepheids 
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Figure H,\\ The d i s t r i b u t i o n of young open c l u s t e r s 
( s p e c t r a l type < B2) according t o Moffat and 
Vogt (1973). 
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4.2.2 H I regions 

As already mentioned hot young s t a r s i o n i s e the i n t e r s t e l l a r 

medium producing Mff regions which i n t h e i r t u r n may be used as s p i r a l t r a c e r s 

The most recent work on the mapping of the galaxy using H I E regions has been 

presented by Georgelin (1975). O p t i c a l observations o | MB regions extend up 

to about 8 kpc from the sun but beyond t h i s r a d i o techniques are r e q u i r e d . 

The o p t i c a l observations (Crampton and Georgelin 1975) r e l y on spectro-

photometric and kinematic methods f o r the determination of the distances. 

The absolute magnitudes of the e x c i t i n g s t a r s were determined from MK 

sp e c t r a l types based on c a l i b r a t i o n s given by Walborn (1972), Balona and 

Crampton (1974), Conti and Alsohuler (1971) and F i t z g e r a l d (1969). The 

absolute magnitudes, where possible, were also determined independently from 

equivalent width measurements using the Balona Crampton c a l i b r a t i o n (1974) 

An average of these two methods was taken as the absolute magnitude. I n 

the absence of spectrophotometric distances, i . e . f o r distances greater than 

a few kpc. kinematic distances were determined. Figure 4.2 presents the 

r e s u l t s obtained by Cramptun (1975). The o v e r a l l d i s t r i b u t i o n i n t h i s 

f i g u r e i s very s i m i l a r to t h a t shown i n f i g u r e 4.1. Georgelin and 

Georgelin (1976) have extended the study of MJL regions to the whole galaxy 

by vnaking use of the r a d i o measurements of the Ht(fl«L r a d i a l v e l o c i t i e s (e.g. 

R e i f e n s t e i n et a l . 1970). Before presenting t h e i r r e s u l t s they have 

weighted each o f the WIT regions considered by an e x c i t a t i o n parameter given 

by< 4 c o l ( S D / where S i s the r a d i o f l u x emitted by the M I region and D i s i t s 

distance. This removes the d i f f i c u l t y of nearby M l regions seeming to be 

of more s i g n i f i c a n t than d i s t a n t regions j u s t by v i r t u e of t h e i r distance 

and not by v i r t u e of t h e i r t r u e s i z e . I n e x t e r n a l galaxies the HIT regions 

used f o r mapping the s p i r a l s t r u c t u r e are u s u a l l y r e f e r r e d to as being 

' b r i l l i a n t and extended 1. Georgelin and Georgelin (1976) t h e r e f o r e only 

use M S regions w i t h e x c i t a t i o n parameters greater than 70 pc cm t o map 

the s p i r a l s t r u c t u r e . Figure 4.3. presents the d i s t r i b u t i o n of K ] [ regions 

w i t h a possible s p i r a l s t r u c t u r e superimposed. Georgelin's s p i r a l s t r u c t u r e 

w i l l be discussed f u r t h e r i n s e c t i o n 4.3.of t h i s chapter. 
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4.2.3 M.Supergiants 

Intermediate and l a t e - t y p e supergiants up to distances of 5 to 

7 kpc from the sun have been studied by Humphreys (1970). Figure 4.4 

shows the d i s t r i b u t i o n of s t e l l a r a s s o c i a t i o n s , 0, and g a l a c t i c c l u s t e r s , 

w i t h supergiant members. Possible s p i r a l features have been o u t l i n e d . 

Humphreys (1970) suggests a possible b i f u r c a t i o n of the Orion arm but 

apart from t h i s the d i s t r i b u t i o n shows very s i m i l a r features to those 

seen i n f i g u r e s 4.1 and 4.2. 

4.2.4 Wolf-Rayet Stars 

Wolf-Rayet Stars are known t o be extremely luminous population I 

s t a r s and are thus expected t o be powerful s p i r a l t r a c e r s . Figure 4.5b 

shows the d i s t r i b u t i o n of W-R sta r s i n the galaxy as obtained from the 

measurements of Smith 1968, 1970 and the revised c a l i b r a t i o n s to t h e i r 

l u m i n o s i t y by Crampton (1971). As seen i n the f i g u r e W-R s t a r s are 

observed up to distances of greater than 10 kpc from the sun. This 

i s p a r t i a l l y due to t h e i r very high l u m i n o s i t y but i s also a r e f l e c t i o n 

of the f a c t t h a t they have a very broad d i s t r i b u t i o n i n Z , height above the 

plane, i n d i c a t i n g t h a t most of the more d i s t a n t ones are w e l l out of the 

g a l a c t i c plane thus avoiding excessive i n t e r s t e l l a r a b s o r ption. As 

w i l l be discussed l a t e r , s p i r a l s t r u c t u r e i s thought to be l i m i t e d t o only 

a few hundred parsecs from the plane and therefore i t i s somewhat s u r p r i s i n g 

t h a t WTR s t a r s seem t o show large scale s p i r a l s t r u c t u r e . Also shown i n 

f i g u r e 4.5 i s the d i s t r i b u t i o n of the rather c o n t r a v e r s i a l s t e l l a r r i n g s 

i d e n t i f i e d by I s s e r s t e d t (1970) from the Palomar A t l a s . The s t e l l a r rings 

are e l l i p s o i d a l s h e l l s of s t a r s o f t e n s t i l l connected w i t h dark m a t e r i a l 

w i t h minor diameters of about 7 pc. I s s e r s t e d t (1977) claims t h a t t h i s 

diameter i s the same f o r a l l s t e l l a r r i n g s and t h e r e f o r e t h e i r distances 

can be determined by measuring t h e i r angular diameters. As seen i n 

f i g u r e 4.5 the d i s t r i b u t i o n of s t e l l a r r i n g s does indeed seem t o show 

s p i r a l s t r u c t u r e i n agreement w i t h the W-R s t a r observations. At present 

there are innumerable c r i t i c i s m s of using s t e l l a r r i n g s , i f they are indeed 
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p h y s i c a l l y connected systems, to map s p i r a l s t r u c t u r e and they w i l l not 

be considered f u r t h e r i n t h i s t h e s i s . 

4.2.5 Dust Clouds and R-Associations 

Uranova (1970) has i n v e s t i g a t e d the d i s t r i b u t i o n of dust clouds i n the 

neighbourhood of the sun and has concluded t h a t the inner edges of the 

immediate Perseus and S a g i t t a r i u s arms are delineated by dust but t h a t 

the m a j o r i t y of dust clouds are i n f a c t associated w i t h the l o c a l s p i r a l 

arm. Racine and van den Bergh (1970) from the d i s t r i b u t i o n of 

R-associations, associations of r e f l e c t i o n nebulae, suggest t h a t the Orion 

arm i s i n c l i n e d to the g a l a c t i c plane. I n Cygnus and Cepheus the Orion 

arm i s located approximately 50 pc above the plane; crosses the g a l a c t i c 

plane i n Cassiopeia and remains below the plane from Perseus to Canis Major. 

4.2.6 Cepheids 

C l a s s i c a l cepheids w i t h a period of 13 days have probable ages of 

2-3 x 10? years. Such objects w i l l probably have been formed mainly i n 

s p i r a l features and most of them should not have moved from t h e i r place of 

o r i g i n by much more than 200 pc; most of t h i s displacement i s l i k e l y to be 

along s p i r a l f e a t u r e s . Cepheids w i t h shorter periods w i t h ages of 5 x 10^ 

years or greater, may be a t 500 pc or more from t h e i r placeB of o r i g i n and 

t h e i r usefulness as s p i r a l t r a c e r s becomes somewhat dubious. Long period 

Cepheids can be observed to great distances from the sun, f a r beyond the 

distances to which 0 t o B2 s t a r s can be detected. Figure 4.6 shows the 

d i s t r i b u t i o n of Cepheids derived byTammann (1970) superimposed on the 

d i s t r i b u t i o n of e a r l y c l u s t e r s and HE regions from Becker and Fenkart (1970). 

The d i s t r i b u t i o n s show considerable agreement and the cepheid d i s t r i b u t i o n seems 

to d e l i n e a t e a s p i r a l arm closer to the g a l a c t i c centre than the S a g i t t a r i u s 

arm and i n d i c a t e s a f u r t h e r arm i n the a n t i c e n t r e beyond the Perseus arm. 

4.2.7 21 cm Observations 

As discussed i n chapter 3 s e c t i o n 3.2.4, once a form has been found 
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c l u s t e r s as compiled by Becker and Fenkart (1970). 
Diagram from Tammann (1970). 



57. 

f o r &(A) the d i s t r i b u t i o n of n e u t r a l hydrogen throughout the galaxy may be 
determined. The i n t e r p r e t a t i o n of the M X p r o f i l e s i s very complex and 
several i n t e r p r e t a t i o n s have been made.. W i t h i n the solar c i r c l e there i s the 
distance ambiguity that has to be resolved by considering other observations, 
(see chapter 3 s e c t i o n 3.2.4). Kerr (1969) and Weaver (1970).have independ­
e n t l y analysed the HI data and have obtained d i f f e r i n g models f o r the 
g a l a c t i c a l s p i r a l s t r u c t u r e . Figure 4.7 shows t h e i r two s p i r a l s t r u c t u r e s 
superimposed (taken from Bok 1971). The d i f f e r e n c e s i n the s p i r a l 
s t r u c t u r e s are caused mainly by d i f f e r e n t forms taken f o r the v e l o c i t y l o n g i ­
tude r e l a t i o n . Verschuur (1973) has presented a map f o r the s p i r a l s t r u c t u r e 
of the galaxy e x t e r n a l to the solar c i r c l e thus avoiding the distance 
ambiguity problem. Figure 4.8 presents h i s i n f e r r e d s p i r a l s t r u c t u r e . I t 
should be noted t h a t the r a d i o data does not show long continuous arms but 
r a t h e r short sections of arms. 

4.3 Conclusions regarding the observed Galactic S p i r a l S t r u c t u r e . 

In the previous sections the main methods f o r d e l i n e a t i n g s p i r a l 

s t r u c t u r e have been discussed. I t i s c l e a r t h a t only the observations 

of HJI regions and HI can be used to o b t a i n a r e l i a b l e p i c t u r e of the large 

scale s p i r a l s t r u c t u r e . On a l o c a l scale a l l one can conclude i s t h a t 

the sun l i e s on the inner edge of the Orion arm which might connect onto the 

Perseus arm i n the d i r e c t i o n of -If a 110 . The l o c a t i o n of the sun i n 

r e l a t i o n t o the Orion arm i s discussed i n more d e t a i l i n the f o l l o w i n g 

two chapters. 

I n the development of the models presented i n the next chapters the 

observations of Georgelin (1976) of H H regions and Verschuur (1973) of 

HI have been combined to produce the best observational p i c t u r e f o r the 

s p i r a l s t r u c t u r e p r e s e n t l y a v a i l a b l e . For the inner parts of the Galaxy, 

w i t h i n f:he s o l a r c i r c l e , the Georgelin map has been taken (Figure 4.3). 

The s p i r a l s t r u c t u r e i s seen to be best f i t t e d w i t h a four armed s p i r a l r a t h e r 

than the more commonly accepted two armed s p i r a l . Georgelin 1s s p i r a l p a t t e r n 

i s c onsistent w i t h the HI measurements i n the d i r e c t i o n s f o r the t a n g e n t i a l 
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Figure 4.9t The composite g a l a c t i c s p i r a l s t r u c t u r e used f o r the remainder 
of t h i s t h e s i s . W i t h i n 10 kpc. o f the g a l a c t i c centre the 
map o f Georgelin (1976) has been used whereas f o r distances 
gre a t e r than t h i s from the g a l a c t i c centre the map o f 
Verschuur (1973) has been used. The Georgelin data i s shown 
by the t h i n l i n e s and the Verschuur data i s shown by the 
dashed l i n e s . The t h i c k continuous l i n e represents the assumed 
s p i r a l s t r u c t u r e . 0 i s the p o s i t i o n o f the e a r t h at 10 kpc. from 
the g a l a c t i c centre and the dotted l i n e passing through the sun 
i s a r e p r e s e n t a t i o n o f the l o c a l arm t h a t w i l l be discussed i n 
d e t a i l i n the next chapter. 
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p o i n t s of the s p i r a l arms. Georgelin f i n d s t h a t the s p i r a l has a p i t c h angle 
0 

of approximately 12 i n c l i n a t i o n . Recently Henderson (1977) has f i t t e d a 
o 

four armed s p i r a l of i n c l i n a t i o n 13 to s i x regions of s p i r a l arms, two 

observed o p t i c a l l y and four observed i n the r a d i o . Both the above authors 

i d e n t i f y the Orion arm as some interarm f eature r a t h e r than p a r t of the 

'grand design 1 of the galaxy. For regions outside the solar c i r c l e the 

s p i r a l s t r u c t u r e presented by Verschuur 1973, f i g u r e 4.8 has been assumed. 

Figure 4.9 presents the composite map of s p i r a l s t r u c t u r e used i n the remainder 

of t h i s t h e s i s . I t i s comforting to note t h a t where the Verschuur and. Georgelin 

patterns overlap there i s considerable agreement. The t h i c k dark l i n e s of 

f i g u r e 4.9 represent the r i d g e l i n e s of the assumed s p i r a l s t r u c t u r e . W i t h i n 

3 kpc of the g a l a c t i c centre there i s not expected to be any r e g u l a r s p i r a l 

s t r u c t u r e as w i l l be discussed i n connection w i t h the inner Lindblad 

resonance discussed i n the next s e c t i o n . 
4.4 Density Wave Theory of S p i r a l S t r u c t u r e 

4.4.1 I n t r o d u c t i o n 

Two theories f o r the maintenance of the s p i r a l s t r u c t u r e were 

introduced i n the e a r l y s i x t i e s . The f i r s t associated a given body of 

matter w i t h each s p i r a l arm i . e . such an arm might e s s e n t i a l l y be a tube 

of gas p r i m a r i l y constrained by the i n t e r s t e l l a r magnetic f i e l d . The 

d i f f i c u l t y w i t h the d i s r u p t i n g i n f l u e n c e of d i f f e r e n t i a l r o t a t i o n has 

already been mentioned. Toomre (1964) suggested t h a t the m a t e r i a l 

clumping i s indeed p e r i o d i c a l l y destroyed by d i f f e r e n t i a l r o t a t i o n but i s reg­

enerated by g r a v i t a t i o n a l i n s t a b i l i t y . I t seems d i f f i c u l t to envisage how ' 

such a mechanism alone can account f o r the r e l a t i v e l y r e g u l a r s p i r a l p a t t e r n over 

the whole of a g a l a c t i c d i s k . The second theory advanced ( L i n and Shu 1964) 

suggested t h a t the s p i r a l s t r u c t u r e should be regarded as a wave p a t t e r n 

t h a t i s r o t a t i n g about the g a l a c t i c centre. 

At the present time the second of the above two t h e o r i e s i s considered 

to be the more l i k e l y although there i s s t i l l some i n t e r e s t i n the f i r s t . 
i 
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(Piddington 1973). The f o l l o w i n g sections describe the basic ideas of 

dens i t y wave theory concentrating on those areas of relevance to the 

s e t t i n g up of the galaxy model i n chapter 6. 

4.4.2 Linear Theory 

Density wave theory l i m i t s i t s e l f to e x p l a i n i n g the maintenance of s p i r a l 

s t r u c t u r e and does not attempt to e x p l a i n the o r i g i n of t h i s s t r u c t u r e . 

The l a s t s e c t i o n of t h i s chapter w i l l b r i e f l y mention possible mechanisro=e 

whereby the s t r u c t u r e might have been created. 

The general g r a v i t a t i o n a l f i e l d of the g a l a c t i c d i s k , produced by 

the s t a r s , i s regarded as having superimposed on i t a g r a v i t a t i o n a l f i e l d 

of s p i r a l form r o t a t i n g a t constant angular v e l o c i t y , J 2 j ^ b o u t the 

g a l a c t i c centre whose magnitude i s a few percent of the main f i e l d . This 

s p i r a l p o t e n t i a l i n t e r a c t s w i t h the g a l a c t i c gas which tends to concentrate 

i t B e l f i n the p o t e n t i a l minima producing the s p i r a l arms. The basic 

l i n e a r theory has been developed by L i n and Shu 1964, 1966. 

The c e n t r a l r e l a t i o n s h i p f o r any type of wave motion i s th a t between 

wavelength and frequency. I n the theory of s e l f - g e n e r a t i n g density waves 

one must equate the d e n s i t y , given by Poisson's equation, required to 

su s t a i n the s p i r a l p o t e n t i a l w i t h the sum of the responses i n density 

v a r i a t i o n i n the s t e l l a r and gaseus disks to o b t a i n a d i s p e r s i o n r e l a t i o n . 

Using the WKBJ approximation introduced by L i n and Shu (1964) f o r t i g h t l y 

wrapped s p i r a l arms they derived a di s p e r s i o n r e l a t i o n f o r a s t e l l a r disk 

of i n f i n i t e s i m a l thickness w i t h r e l a t i v e l y small v e l o c i t y d i s p e r s i o n ( L i n 

& Shu , 1966). The r e l a t i o n gives the l o c a l r a d i a l wavenumber k once the 

wave f r e q u e n c y ^ s m ^ a n d angular symmetry m, the number of arms, are 

s p e c i f i e d . 

where l?» / v - m"ft)/x. i s the i n t r i n s i c wave frequency measuring the r a t i o 



60. 

of the fre q . ( * l - * ^ ) a t which a p a r t i c l e passes through the wave p a t t e r n , 
t o the e p i c y c l i c frequency ,X, i . e . frequency a t which the s p i r a l p o t e n t i a l 
i s seen. Figure 3.3 shows the way 71 and X vary w i t h g a l a c t o c e n t r i c 
distance i n the Schmidt model. ky. s X*/zW&G^0 i s the c h a r a c t e r i s t i c 
wave number Toomre (1964) o f a r o t a t i n g disk of basic surface density 

c f (*) • 9C s kZ ^Cy^/yi*" i s t n e dimensionless measure of 

the mean-square d i s p e r s i v e speed of the st a r s i n the r a d i a l d i r e c t i o n . 
•IT 

1 Jv M = [ 1 -*>w i C [-3c(>*coS&)) cos frs) ck 7 

i s the 'reduction f a c t o r 1 which measures the p r o p o r t i o n of low d i s p e r s i o n 

s t a r s p a r t i c i p a t i n g i n the wave p a t t e r n . Once an e q u i l i b r i u m model f o r 

the s t e l l a r d i s k , e.g. the Schmidt model, has been decided upon and an 

estimate of H p made together w i t h a value f o r m the den s i t y wave p a t t e r n 

can be constructed from the di s p e r s i o n r e l a t i o n . The above d i s p e r s i o n 

r e l a t i o n makes no mention of the i n t e r a c t i o n of the gas w i t h the s p i r a l 

p o t e n t i a l . O r i g i n a l l y L i n 1970 also considered the e f f e c t of the gas on 

the l i n e a r d i s p e r s i o n r e l a t i o n . Now i t i s r e a l i s e d t h a t the gas behaves 

i n a h i g h l y non-linear fashion and t h i s w i l l be discussed i n the next 

s e c t i o n . Equation 4.1 i s c l e a r l y only v a l i d f o r / - i ? * > 0 »'•«. H * # p ^ • 

Figure 4.10 showsS-Jand**^ on the basis of the Schmidt model. This i s 

f o r a two-armed s p i r a l . I t i s seen t h a t i f the p a t t e r n speed was II kivtS~'jlt^C 

the p a t t e r n would extend from 4kpc outwards without l i m i t . For other values 

of m, whatever the value of J?p , the extent of the p a t t e r n i s very 

l i m i t e d . I t should be noted t h a t t h i s does not necessarily exclude the 

p o s s i b i l i t y of s p i r a l s w i t h more than two arms as a t present there appears 

to be no t h e o r e t i c a l reason why several modes should not be present a t once 

or even f o r there to be a continuum of values of£p! Roberts (1972) has 

found, f o r example, t h a t i n the non-linear s i t u a t i o n , basic two-armed 

s p i r a l s may become m u l t i p l e armed i n t h e i r outer regions. Simonson (1976) has 

matched a model of two-armed s p i r a l s w i t h d i f f e r i n g phases to the H I 

observations. The model requires several s p i r a l s w i t h d i f f e r i n g phases to 
o 

enable the observed p i t c h angle of greater than 12 i n the outer parts of 
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the galaxy to be mirrored i n the HZ v e l o c i t y p r o f i l e s using s p i r a l s which 
o o 

have basic p i t c h angles of 6 -8 . The separation between s p i r a l arms, 

Therefore f o r the solar neighbourhood, where the separation i s observed 
o 

to be approximately 3 kpc, a p i t c h angle of about 8 i s required f o r a 

two armad s p i r a l . To o b t a i n agreement w i t h the observed p i t c h angle of 
12 and separation the value of m needs to be increased t o 4. As already 

mentioned, however, the m=4 mode has a very narrow extent f o r any p a t t e r n 

14.5 kpc from the g a l a c t i c centre. A p a t t e r n speed as high as t h i s has 

been suggested by Nelson (1976) to o b t a i n agreement between the t h e o r e t i c a l l y 

p r e d i c t e d and observed H I p r o f i l e s i n the a n t i c e n t r e d i r e c t i o n . I t 

t h e r e f o r e seems clear t h a t n e i t h e r a s i n g l e m=2 or m=4 mode i s capable of 

e x p l a i n i n g the observed s p i r a l s t r u c t u r e but t h a t a combination of modes i s 

r e q u i r e d . I t should be mentioned however th a t M i l l e r (1976), through 

numerical experiments, has shown t h a t the m=2 mode i s the p r e f e r r e d mode 

to be generated i n the galaxy and then maintained. 

The l i m i t i n g cases f o r the values "»Js — I i n equation 4.1 correspond 

to the Lindblad resonances, Tip •SLTI £ The inner Lindblad resonance 

Tip s>J - , i n s i d e which no s p i r a l p a t t e r n i s expected, i n our galaxy 

i s t e n t a t i v e l y associated w i t h the expanding 3 kpc arm w i t h i n which no 

s p i r a l s t r u c t u r e has been observed. 

On the basis of a two-armed l i n e a r model L i n and Shu 1967 produced 

a possible s p i r a l p a t t e r n f o r the galaxy. The p a t t e r n speed was assumed 

to be between 11-13 km s ^kpc * to a r r i v e a t the c o r r e c t spacing between 

the Perseus and S a g i t t a r i u s s p i r a l arms. Figure 4.11 presents the 

s p i r a l p a t t e r n derived by L i n and Shu (1967) using the l i n e a r theory 

w i t h J2p s // Arn9~' kpc '. I t should be noted t h a t the Orion arm i s 

not considered to be p a r t of the s p i r a l p a t t e r n but r a t h e r a spur or an 

interarm branch. The best value f o r the s p i r a l p o t e n t i a l i s found to be 

about 57. of the disk p o t e n t i a l . L i n et a l . (1969) were able to show t h a t 

i n the l i n e a r theory, i s r e l a t e d to the p i t c h angle by 

s peed. For Jlp s ZO kmi"'kf<~ the p a t t e r n would extend from about 8 to 



• 0 12 

Figure 4.1 I t The s p i r a l p a t t e r n as derived by L i n and Shu (1967) on the basis 
o f l i n e a r theory. The p a t t e r n speed i s taken t o be 11 km.s _ 1 . 
kpc . The dotte d l i n e i n d i c a t e s the p o s i t i o n o f the inner 
L i n b l a d resonance. 
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such a t h e o r e t i c a l model was able to reproduce many of the observed 
features of the galaxy. They were able to p r e d i c t the systematic 
motion of gas i n the s p i r a l arms and reproduce the observed r o t a t i o n 
curves as shown i n f i g u r e s 3.2b and c. 

I t i s now generally accepted th a t such a l i n e a r theory i s capable 

of e x p l a i n i n g the o v e r a l l s t r u c t u r e of our galaxy and also t h a t of many 

ex t e r n a l g alaxies, Roberts et a l . (1975), but t h a t a more d e t a i l e d non­

l i n e a r analysis i s r e q u i r e d when considering the behaviour of the gas i n 

the s p i r a l p o t e n t i a l minima. 

4.4.3 Non-Linear Theory. 

Figure 3.12a gives the (A,©) coordinate system f o r the g a l a c t i c 

d i s k . For the basic p o t e n t i a l f i e l d of the d i s k , the Schmidt model, the 

v e l o c i t y of the gas i n t h i s coordinate system i s with4/»0 i . e . the 

motion i s purely c i r c u l a r . I f a s p i r a l p o t e n t i a l i s superimposed then 

a d d i t i o n a l v e l o c i t i e s M a and -4/ are imparted to t h e gas due to t h i s 

p o t e n t i a l . When considering a s p i r a l p o t e n t i a l i t i s convenient to use the 

coordinate system shown i n f i g u r e 3.12b. ^ i s a l i n e of e q u i s p i r a l 

p o t e n t i a l i n c l i n e d a t a p i t c h angle i t o the c i r c u m f e r e n t i a l d i r e c t i o n and ^ 

i s the coordinate perpendicular to f> As the s p i r a l p a t t e r n i s assumed 

to be r o t a t i n g a t a speed of Tip these coordinates f o r convenience are 

assumed f i x e d i n the r o t a t i n g system. The gas v e l o c i t i e s may now be 

w r i t t e n as U?^ s. llt-flf) A *-

and U)^ x * e o « * 4.if f o r the Schmidt f i e l d and «*x, c o s < i- • ^ • • * « ' 

and JJl s 44 S»i»< + COS* f° r t n e s p i r a l f i e l d v e l o c i t i e s . 
ff| Ai S, 

V ^ - u J j ^ + t * ^ OmJ \Jn x u i ^ t u J W | are the r e s u l t a n t v e l o c i t i e s i n 

the (ff J> fy) coordinate system. A streamtube i s defined to be a l i n e 

w i t h varying ^ f t p roughly concentric w i t h the g a l a c t i c centre. The 

streaming motions w i l l not be e x a c t l y concentric due to the p e r t u r b i n g 

f i e l d . 
The d e n s i t y response of the i n t e r s t e l l a r gas to a small background 
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s p i r a l g r a v i t a t i o n a l f i e l d i s found to be ra t h e r large (Roberts 1969, 
Fujimoto 1966) r e s u l t i n g i n the development of g a l a c t i c shocks. Figure 
4.13 shows the d e n s i t y v a r i a t i o n along a streamtube i n the non-linear 
theory. A shock i s seen to form w i t h i n the p o t e n t i a l minimum. Undergoing 
the basic r a p i d r o t a t i o n about the g a l a c t i c centre, the gas flows through the 
slower r o t a t i n g wave p a t t e r n and shock i n a continuing process from l e f t t o 
r i g h t i n f i g u r e 4.13. The passage of the gas through the shock i s 
envisaged as the mechanism by which s t a r formation i s s t a r t e d . Also 
shown i n f i g u r e 4.13 i s the way i n which Wj_ and vary along a stream-

tube about t h e i r unperturbed values of * J A o and <*J/|o defined i n equations 

4.3 and 4.4. Shocks form i f the s p i r a l p o t e n t i a l o f f r a c t i o n a l amplitude F 

compared w i t h the Schmidt f i e l d i s s u f f i c i e n t l y large t o cause t o become 

supersonic. I n f a c t two s i t u a t i o n s are possible w i t h i n a galaxy. I f 

> Cc » the acoustic speed of the gas, most of the gas on the streamtube 

i s moving a t supersonic speeds while only a small p o r t i o n i s moving s u b s o n i c a l l y . 

Shocks forming i n t h i s s i t u a t i o n tend to be strong and give r i s e to narrow 

regions of high gas compression. Figure 4.14 i s a p l o t of the v a r i a t i o n of tOj^ 

against r f o r our galaxy assuming 72p zx I2.S km S~*kfc ' w i t h Xui (i.) r '/7. 

In our galaxy i s thought to have a value somewhere i n the range 7- 12, 

suggesting t h a t the shocks i n our galaxy are strong, g i v i n g r i s e to narrow 

regions of high gas compression. I f on the other hand **^ 0 most 

of the gas on a streamtube i s moving s u b s o n i c a l l y w h i l e only a small p o r t i o n 

i s moving s u p e r s o n i c a l l y . I n t h i s s i t u a t i o n the shocks tend to be weak and 

y i e l d r a t h e r broad regions of r e l a t i v e l y low compression (Shu 1973). Figure 

4.15 gives the TASS (Two Armed S p i r a l Shock) p a t t e r n f o r the galaxy as 

derived by Roberts (1969). The d a r k l y shaded areas of t h i s diagram show 

the l o c a t i o n of young s t a r s and the l i g h t l y shaded areas show the regions of 

concentration of n e u t r a l hydrogen gas. 

I n the above the g a l a c t i c magnetic f i e l d has been assumed to have a 

n e g l i g i b l e e f f e c t on s p i r a l s t r u c t u r e . Roberts and Yuan (1970) introduced 

the g a l a c t i c magnetic f i e l d i n t o the f o r m u l a t i o n of the TASS p a t t e r n . 

The magnetic f i e l d i s found to have the e f f e c t of in c r e a s i n g the e f f e c t i v e 
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Figure 4.13: A t y p i c a l s o l u t i o n i n the TASS p i c t u r e f o r H p = 12.Skm.s 
kpc. w i t h tan ( i ) a 1/7. The v a r i a t i o n of density 
c o n t r a s t , V»A and W/f along a streamtube a t r=10 kpc. w i t h a 
s p i r a l f i e l d 52 o f the Schmidt f i e l d i s shown. A mean 
di s p e r s i o n speed of 10 km.s" 1. has been assumed. 



R(kpc) 
Figure 4.14i V a r i a t i o n of WA w i t h radius f o r the galaxy. As the 

e f f e c t i v e acoustic speed of the galaxy i s thought t o be i n 
the range 7-12 km.s~* i t i s c l e a r t h a t f o r most o f the 
galaxy we would expect strong shocks g i v i n g r i s e t o narrow 
regions of high gas compression. 
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f i g u r e 4.15i TASS p a t t e r n f a r the galaxy (Roberts 1969). Each 
streamtube appears as a sharp-pointed oval w i t h a 
sharp t u r n i n g p o i n t at each shock. The parameters are 
the same as those l i s t e d f o r f i g u r e 4.13. 
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square dis p e r s i o n speed of the gas. Rather than t h i s j u s t being equal to 
the sum of the squares of , the e f f e c t i v e t u r b u l e n t d i s p e r s i o n speed of 
the gas, p a r t l y k i n e t i c and p a r t l y due to turbulence and C , the e f f e c t i v e 
Bpeed of the gas due to the pressure of cosmic-ray p a r t i c l e s , the e f f e c t i v e 
square d i s p e r s i o n speed 4^ Qpdk C^" + C^" + 4m where 4m s 
i s the A l f r e n speed. C± has a value i n the region of 7^M8*' and 4 m 

has a value of also about 7^mff f o r a f i e l d of 3ft£ . This suggests 
t h a t the c o n t r i b u t i o n of the g a l a c t i c magnetic f i e l d to the dynamics of 
the gas i s about as important as the turbulence of the gas. Increasing.<tg 
by i n t r o d u c i n g 4^" has the e f f e c t of damping down the compression i n the 
de n s i t y waves, i . e . there i s e s s e n t i a l l y an extra pressure t h a t the 
f o r c i n g mechanism for. the d e n s i t y wave has to overcome. Roberts and 
Yuan (1970) present p r o f i l e s along streamtubes f o r the v a r i a t i o n of gas 
compression when the magnetic f i e l d i s included. The amplitude of the 
shocks i s f a i r l y constant out to about 11 kpc a f t e r which p o i n t the amplitude 
begins to f a l l f a i r l y r a p i d l y . Figure lb shows t h i s v a r i a t i o n r e p r e s e n t a t i v e 
of the regions of the galaxy w i t h i n 10 kpc. 

4.4.4 S p i r a l Structure above the plane 

So f a r the t h e o r e t i c a l ideas on density wave theory have.been l i m i t e d 

t o an i n f i n i t e s i m a l l y t h i n g a l a c t i c d i s k . I n equation 4.1 a f u r t h e r r e d u c t i o n 

f a c t o r T can be introduced equal to Vandervoort (1970).to 

account f o r the f i n i t e thickness , > of the B t e l l a r d i s k . Recently 

Saha 1974 has considered the case of the density wave i n a f u l l three-

dimensional hydromagnetic theory. His ana l y s i s i s l i n e a r i n nature and 

th e r e f o r e does not give any i n s i g h t as to how the peak compression i n a shock 

decreases as one moves out from the g a l a c t i c plane. Here t h i s 'demodulation' 

w i l l be considered i n terms of magnetohydrodynamic shock theory. The su b s c r i p t 

1 w i l l r e f e r to t h a t parameter before the shock and the s u b s c r i p t 2 w i l l r e f e r 

to t h a t same parameter a f t e r the shock. I t should be pointed out th a t the 

f o l l o w i n g ideas only lead t o an understanding of the way i n which the modulation 

i s thought t o decrease w i t h Z and not to an accurate q u a n t i t a t i v e d e s c r i p t i o n . 
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I n the case of a shock wave with o u t magnetic f i e l d s the Rankine-Hugoniot 

jump c o n d i t i o n equations (Kaplan 1958) lead to t h e f o l l o w i n g r e l a t i o n between 

the v e l o c i t i e s and d e n s i t i e s on e i t h e r side of the shock It, fu^ c fa jy% . 

I f a magnetic f i e l d i s introduced the shock s t r e n g t h /fc/p, i s Ln. general 

decreased. For a shock propagating i n the d i r e c t i o n of the magnetic 

f i e l d , the magnetic f i e l d does not e f f e c t the shock i n any way. On the 

other hand a shock propagating perpendicular t o the magnetic f i e l d i s 

considerably a f f e c t e d by t h i s f i e l d . This i s the s i t u a t i o n t h a t a r i s e s i n 

the galaxy: the f i e l d i s e s s e n t i a l l y l o n g i t u d i n a l i n nature w i t h the. shock 

propagating i n a r a d i a l d i r e c t i o n . For a magnetic f i e l d i n c l i n e d to the 

shock only the perpendicular component of t h a t f i e l d i s a f f e c t e d by the 

shock. The hydromagnetic Hugdniot equations f o r the case of the magnetic 

f i e l d perpendicular to the shock can be w r i t t e n as: 

• P, + tfM = fx V • > » + M » V * n - 4 5 

f o r the conservation of momentum, 

f o r the conservation of energy 

4.7 s f o r the conservation of mass, and 

4.8 Mf4lt =. Hi4*! f o r the conservation of f l u x . 

From 4.7 and 4.8 a W which expresses the f a c t t h a t the 

magnetic f i e l d i s frozen i n t o the gas. I n the above equations P i s the 

gas pressure and if i s the r a t i o o f the s p e c i f i c heats equal t o 5/3 f o r a 

raonatomic g a 8 ' CS^0 * l * ^ /?$) i s t h e accoustic speed of the gas 

before the shock. Making the f o l l o w i n g s u b s t i t u t i o n s ; A/ * 4f( /c^U) , 

the Mach number y Q = H^/t^Pt , A B pz //, & * P* /P% 

one obtains from equation 4.5. 
4.10 
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and equation 4.6 becomes 

4.11 

E l i m i n a t i n g R from equations 4.10 and.4.11 and excluding the s o l u t i o n r=l=R 

corresponding t o no shock one obtains 

which reduces to 

i^\Z tfe ^ +5" Cf0) + 10 '12 * 0 4.13 
IS L 8 3 18 J 9 

when £*s atio/ ^ i s the square of the A l f v e n v e l o c i t y equal to 

Mt^/j+TTp, •> Solving equation 4.13 f o r r , the s t r e n g t h of the shock, gives 

- 4.14 

Equation 4.14 enables the v a r i a t i o n i n shock s t r e n g t h w i t h height above the 

plane to be determined once the v a r i a t i o n i n the magnetic f i e l d , gas d e n s i t y , 

Cg and Mt known. Here i t i s assumed th a t the magnetic f i e l d , 

the sound speed and the v e l o c i t y of e n t r y i n t o the shock, u^ are a l l 

constant f o r heights above the plane up to several hundred parsecs. They 

are assumed to have the values observed i n the plane namely W« 3^tG, C^"m Ifemfi'J 

and M% i s set equal t o 35 kms The gas d e n s i t y i s assumed to vary i n the 

manner shown i n f i g u r e 3.5. 

Figure 4.12 shows t h a t f o r a g a l a c t o c e n t r i c distance of 8 kpc o J t ^ 

i s of the order of 18kms 1 and f i g u r e 4.12 shows t h a t \J± i s approximately 

twi'.ce (OJL 0 j u s t before the shock. For t h i s reason equal t o 35 kms~* i s 

taken as a r e a l i s t i c r e p r e s e n t a t i v e value. Using equation 4.14 the way 

i n which the compression f a l l s w i t h height above the plane has been 

determined. Figure 4.17 shows t h i s . The compression has disappeared 

by 500 pc above the plane and the compression demodulation curve has 

a w i d t h , 27.%,of 480pc. 
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above the plane as given by equation 4.14. 



67. 

Figure 4.18 shows Che way i n which the magnetic and gas pressures 

vary w i t h height above the plane i n such a model. As den s i t y i s f a l l i n g 

the gas pressure drops much more q u i c k l y than the magnetic pressure. The 

two pressures become equal a t about -200 p&rsecs from the plane. This 

may be i n t e r p r e t e d as the magnetic pressure g r a d u a l l y damping the density 

c o n t r a s t as i t increases as compared to gas pressure. 

I f f i g u r e 4.17 i s assumed to be the way i n which the demodulation 

occurs how t h i c k would one expect the observed s p i r a l arms to be? 

Obviously the observed s p i r a l arms must be somewhat thinner than t h i s , as 

the formation of 0 and B s t a r s requires gas as w e l l as the presence of 

the shock. As the gas density f a l l s w i t h height above the plane as w e l l 

as the shock s t r e n g t h the h a l f w idth of the observed s p i r a l arms w i l l be 

less than 240 pc, the demodulation h a l f w i d t h . The h a l f w i d t h of the gas 

i s approximately 135 persecs, f i g u r e 3.5. I f , n a i v e l y , the way i n which 

the d e n s i t y of s p i r a l t r a c e r s f a l l o f f above the plane i s taken to be j u s t 
i I 

p r o p o r t i o n a l toZgas.and Zdemodulationw then the h a l f w i d t h of s p i r a l 

arms would be somewhere i n the region of 85 persecs. Table 3.1 shows th a t 

s p i r a l t r a c e r s i n general seem to have h a l f w i d t h s somewhat smaller than 

t h i s but the agreement, such as i t i s , i s reasuring t h a t the h a l f w i d t h f o r 

demodulation obtained above i s approximately c o r r e c t . I t should be 

emphasised, however, th a t the s p i r a l arm h a l f w i d t h i s not very s e n s i t i v e 

to the demodulation h a l f w i d t h as the d e n s i t y h a l f w i d t h i s considerably less 

than the demodulation h a l f w i d t h . 

I n chapter 3 se c t i o n 3.3.3 mention was made of the f a c t t h a t the r a d i a l 

d i s t r i b u t i o n s of g i a n t H i t r e g i o n s a n a the surface density of n e u t r a l hydrogen 

do not agree i n d i c a t i n g that there i s some other f a c t o r than the density of 

M I t h a t e f f e c t s the r a t e of s t a r formation. Having i n the previous sections 

of t h i s chapter i n f e r r e d t h a t s t a r formation i s t r i g g e r e d by the passage of 

i n t e r s t e l l a r gas through the s p i r a l shocks i t i s not unreasonable to assume 

th a t the other f a c t o r e f f e c t i n g s t a r formation i s the frequency a t which the 
i n t e r s t e l l a r m a t e r i a l encounters shocks. Shu (1973) explains the increase i n 
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the r a t i o o f H I I / H I w i t h decreasing radius as being due to (a) the 
ki n e m a t i c a l increase inward of the frequency a t which the 

i n t e r s t e l l a r gas i s p e r i o d i c a l l y compressed and (b) the dynamical increase 

inward of the e f f e c t i v e peak compression (f^j^/^p ) of the i n t e r s t e l l a r 

gas. Figure 4.19 shows a p l o t of ^32-#p)£ppe*k/jpo) for the s p i r a l 

model of Roberts 1969, i n d i c a t i n g t h a t such a v a r i a t i o n i s capable of 

e x p l a i n i n g the H J J / H J r a t i o . 

4.5 O r i g i n of Galactic S p i r a l Structure (Roberts 1977) 

Toomre (1969) has shown th a t a group of s p i r a l waves such as described 

above would tend to propagate i n the r a d i a l d i r e c t i o n and e v e n t u a l l y . 

disappear i n several r o t a t i o n s of the galaxy. Thus apart from the problem 

of the generation of the s p i r a l waves i n i t i a l l y there i s also the problem 

of t h e i r regeneration. Several possible mechanisms have been put forward: 

l o c a l i n s t a b i l i t y mechanisms f o r the generation of s p i r a l modes; the 

feedback mechanism of L i n 1970, Felman and L i n 1973 which involves a wavelike 

oval d i s t o r t i o n of the c e n t r a l regions; i n t e r a c t i o n s w i t h e x t e r n a l companions 

(Toomre 1970, Toomre and Toomre 1972) e.g. the Magellanic clouds; the r o l e 

of resonant i n t e r a c t i o n s (Lynden-Bell and Kalnays 1972) and the e j e c t i o n of 

massive gas clouds from the nucleus of the galaxy (van der K r u i t et a l . 1972). 

present there i s s t i l l no d e t a i l e d theory to e x p l a i n the presence of de n s i t y 

waves i n galaxies although they have i n f a c t been observed d i r e c t l y i n 

e x t e r n a l galaxies (Strom et a l . 1976). 
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CHAPTER 5 

OBSERVATIONS OF THE CONTINUUM RADIATION 

5.1 I n t r o d u c t i o n 

The frequency range over which the observed g a l a c t i c r a d i a t i o n i s 

mainly synchrotron i n nature i s confined a t the high frequency end by the 

increa s i n g p r o p o r t i o n of thermal emission (as t h i s has a f l a t t e r spectrum 

than the synchrotron r a d i a t i o n ) . At low frequencies the absorption of 

the synchrotron r a d i a t i o n by thermal e l e c t r o n s l i m i t s i t s observation. 

For these reasons the best frequency range t o observe the synchrotron 

r a d i a t i o n i s i n the region of hundred t o a few hundred megahertz. 

The p r o f i l e s of the r a d i a t i o n along the g a l a c t i c plane derived i n t h i s chapter 

are a t 150 and 408 MHz but i n f o r m a t i o n i s also used from surveys a t 85 MHz. 

The most recent presentation uf a whole sky map i s t h a t of Landecker and 

Wielebinski (1970). This i s a combination of several surveys a t 85 and 150 

MHz and i s used as a basis f o r the 150 MHz p r o f i l e . The p r o f i l e a t 408 MHz 

i s derived mainly from the Surveys of Green (1974) and Seeger et a l (1965). 
O JL o 

The p r o f i l e s are r e s t r i c t e d to the longitude range 3 0 < " <330 . For 

d i r e c t i o n s passing closer than t h i s to the g a l a c t i c centre the corresponding 

clo s e s t approach l i n e of s i g h t to the g a l a c t i c centre l i e s w i t h i n the inner 

Lindblad resonance where no regular s p i r a l s t r u c t u r e i s expected. Rather 

than f i n d i n g a r b i t r a r y d i s t r i b u t i o n s of e l e c t r o n density and magnetic f i e l d 

which w i l l account f o r the longitude p r o f i l e i n the region 3O°7^>330this 

s e c t i o n i s not considered. 

Both derived p r o f i l e s are corrected f o r thermal r a d i a t i o n , spur emissions, 

sources ar.d the e x t r a g a l a c t i c r a d i a t i o n . I n the f i n a l s e c t i o n of t h i s 

chapter the derived p r o f i l e s are compared w i t h those presented by previous 

authors, i n p a r t i c u l a r t h a t used by Paul e t a l . (1976). 

5.2 150 MHz P r o f i l e 

Figure 5.1 shows the complete sky map as presented by Landecker and Wielebinski 
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The contours are i n u n i t s of °K brightness temperature, as defined i n 
appendix I . This has been used as the basis f o r the derived p r o f i l e 
but the o r i g i n a l surveys have been consulted d i r e c t l y . Table 5.1 l i s t s 
the surveys consulted i n the p r e p a r a t i o n of the p r o f i l e . The survey of 
T u r t l e and Baldwin a t 178 MHz. has been normalised to the Landecker and 
Wielebinski survey by comparing the two over t h e i r whole r e g i o n of 

overlap. D e t a i l s of the g a l a c t i c plane have been obtained from survey 3 
a* 0 TT • 

f o r the regions around c s 310 and from survey 4 f o r regions around £. eZ^O 

Survey 5 has been used t o o b t a i n a d d i t i o n a l i n f o r m a t i o n of the shape but 

not the absolute magnitude of the p r o f i l e . The derived p r o f i l e i s 

presented i n f i g u r e 5.2. The r e s o l u t i o n along t h i s p r o f i l e v a r i e s according 

to which survey has been used. This r e s o l u t i o n i s i n d i c a t e d i n f i g u r e 5.3. 

I t should be noted t h a t when surveys a t d i f f e r e n t frequencies using d i f f e r e n t 

instruments are combined great care i s required as the s p e c t r a l index, which 

r e l a t e s the brightness temperatures a t d i f f e r e n t frequencies may vary w i t h 

g a l a c t i c longitude and the base l e v e l s and scales of the various surveys may 

be d i f f e r e n t . For t h i s reason more weight i s placed on surveys 1, 3, 4 a t 

150 MHz than on the other surveys. 
5.3 408 MHz P r o f i l e 

Table X-2 l i s t s the surveys from which the 408 MHg p r o f i l e i s derived. The 

p r o f i l e i s derived almost e n t i r e l y from surveys 1 and 2 combining them by 

comparing the brightness temperatures i n t h e i r overlap r e g i o n . The higher 

r e s o l u t i o n surveys 3 and 4 are used to confirm the f i n e s t r u c t u r e o f the 

p r o f i l e . Survey 1 was i n f a c t made a t a r e s o l u t i o n of 2'.86 x 2'.86 but 

the published data has been i n t e g r a t e d by the author over 

The p r o f i l e a t 408 MHz i s presented i n f i g u r e 5.4. 

5.4. Corrections to the observed p r o f i l e s 

I t i s necessary t o c o r r e c t the p r o f i l e s presented i n f i g u r e s 5.2 and 5.4 

fo r emission occuring from other mechanisms and sources not r e l a t e d t o the 

o v e r a l l s t r u c t u r e of the galaxy. 
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5.4.1 E x t r a g a l a c t i c C o n t r i b u t i o n 

The e x t r a g a l a c t i c c o n t r i b u t i o n a t a few hundred megahertz i s due t o the 

i n t e g r a t e d emission from a l l e x t e r n a l galaxies and radio sources. I n theory 

i t i s possible by assuming that the s p e c t r a l index f o r the g a l a c t i c r a d i a t i o n 

i s constant and by f i x i n g a value f o r the e x t r a g a l a c t i c s p e c t r a l index to o b t a i n 

the absolute i n t e n s i t y of the two components. Such an an a l y s i s as t h i s has 

been c a r r i e d out by B r i d l e (1967) using scaled antennae a t various frequencies 

and an assumed e x t r a g a l a c t i c temperature index of y(J« 2.75 

( t h i s i s the mean s p e c t r a l index observed f o r e x t r a g a l a c t i c r a d i o sources). 

B r i d l e obtains the value 48* 9 k a t 150 MHz f o r the e x t r a g a l a c t i c background. 

Further i n d i c a t i o n s of the e x t r a g a l a c t i c background might be obtained 

from the minimum observed sky brightness a t 150 MHz. As seen from f i g u r e 3£-l 
O * 8 o I IT o 

t h i s i s approximately 150 K occu r r i n g i n the region € It ISO & £ SO . 

U n f o r t u n a t e l y , t h i s observed temperature i s the sum of the e x t r a g a l a c t i c c o n t r i b ­

u t i o n , any halo c o n t r i b u t i o n and some l o c a l emission so t h a t any conclusion 

drawn from t h i s value i s not very h e l p f u l as regards o b t a i n i n g a value f o r 

the e x t r a g a l a c t i c c o n t r i b u t i o n (see comments on other derived longitude 

p r o f i l e s a t the end of t h i s chapter). 

Another approach t o o b t a i n i n g the value f o r the background i s through 

the study of number counts of ra d i o galaxies w i t h powers above some threshold. 

U n f o r t u n a t e l y cosmological e v o l u t i o n of the ra d i o galaxies i s of great import­

ance i n t r o d u c i n g large u n c e r t a i n t i e s . Using the model of Doroshkevich e t a l . 

(1970) f o r the cosmological e v o l u t i o n of ra d i o sources a value of 32-37 K a t 

150 MHa i s quoted by Longair (1971). 

I n t h i s a n a l y s i s an e x t r a g a l a c t i c component of 50 K a t 150 MHz i s 

assumed. 

5.4.2 Thermal Radiation 

This i s the f r e e - f r e e r a d i a t i o n produced by the more d i s t a n t encounters 

between unbound charged p a r t i c l e s where Coulomb forces are small and the 

p a r t i c l e s can be considered to continue t r a v e l l i n g i n s t r a i g h t l i n e s . The 
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emission c o e f f i c i e n t may be determined by i n t e g r a t i n g the emission produced 

during each encounter over the v e l o c i t y d i s t r i b u t i o n of the p a r t i c l e s . 

(The Maxwellian d i s t r i b u t i o n r e l e v a n t to the p a r t i c u l a r thermal e l e c t r o n 

temperature, 7^ ) . As the thermal emission spectrum i s considerably 

f l a t t e r ( p»2.l) than the synchrotron emission spectrum ( p = 2.8), thermal 

emission tends to dominate a t high frequencies. Hirabayashi (1974) has 

c a r r i e d out surveys of the g a l a c t i c plane a t 4.2 GHz and 15.5 GHz and has 

made an estimate of the various components c o n t r i b u t i n g to the observed 

emssion a t p a r t i c u l a r l o n g i t u d e s . By comparing the spectra of h i s high 

frequency surveys w i t h those obtained using lower frequencies (1.4 and 2.7 

GHz) an estimate of the thermal and non-thermal r a d i a t i o n f o r various 

p o s i t i o n s close to the g a l a c t i c plane have been made. For two regions 

w i t h i n the Cygnus X complex a constant s p e c t r a l index of p * 2.1 i s 

found to s a t i s f y a l l the observations considered implying t h a t t h i s region 

i s s u b s t a n t i a l l y thermal i n nature. For a l l the other seven l o c a t i o n s 

p o s i t i v e curvature i n the spectra i s observed. The s p e c t r a l index i s close 

t o j j r 3 . 0 f ° r the lower frequencies and approaches 2.1 f o r the higher frequenc­

i e s , the former value i s assumed to be tha t f o r the synchrotron index and 

the l a t t e r corresponds to the index of thermal emission. From t h i s curvature 

Hirabayashi has separated the two components using values f o r the thermal 

e l e c t r o n temperature obtained from recombination l i n e s t u d i e s . The r e s u l t s 

f o r one of the lo c a t i o n s considered are presented i n f i g u r e 5.5 w i t h e x t r a ­

p o l a t i o n to lower frequencies. This graph has been used to estimate the 

c o n t r i b u t i o n s to the observed r a d i a t i o n a t the lower frequencies of 150 and 

408 MHz. At 150 MHz approximately 77. of the observed emission i s thermal 

whereas a t 408 MHz the value i s 19%. 

To o b t a i n some i n d i c a t i o n of the way i n which the percentage of thermal 

emission v a r i e s w i t h l ongitude the work of Large e t a l . (1961) has been 

r e f e r r e d t o . Figure 5.6 shows the c o n t r i b u t i o n of thermal emission to the 

o v e r a l l r a d i a t i o n a t 150 MHz assumed i n t h i s work. Thermal emission peaks 

a t approximately the g a l a c t i c centre but t h i s i s of no i n t e r e s t as the 
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present study excludes t h i s r egion. 

5.4.3 Galactic r a d i o Spurs. 

The existence of the g a l a c t i c spurs was established i n the e a r l y 1960s. 

Following t h e i r discovery i n the continuum r a d i o emission and 21 cm emission 

were discovered i n p o s i t i o n s c o r r e l a t e d w i t h the r a d i o spurs (Meaburn 

1965, 1967, Lozinskaja 1964, Berkhuijsen e t a l . 1970). Figure 5.7 shows 

the three major spurs designated by the North Polar Spur (Loop I ) , Cetus Arc 

(Loop I I ) and Loop I I I p l o t t e d on the Landecker and Wie l e b i n s k i continuum map. 

Where the r i d g e l i n e s of emission become i l l - d e f i n e d they are continued by p l o t t i n g 

the small c i r c l e s t h a t best f i t the observed r i d g e s . Since t h e i r discovery 

several theories have been suggested to ex p l a i n the nature of the spurs. 

The two main theories e x p l a i n the spurs i n terms of large nearby supernova 

remnants (Hambury Brown et a l . 1960, Berkhuijsen et a l . 1970, Haslam et a l . 

1971) or i n terms of h e l i c a l s t r u c t u r e i n the g a l a c t i c magnetic f i e l d 

(Matthewson 1968). The geometry of the g a l a c t i c loops a t low g a l a c t i c 

l a t i t u d e s can be used to d i s t i n g u i s h between these theories (Berkhuijsen e t 

a l . 1971). I f the spurs are 'radio t r a c e r s ' of the h e l i c a l magnetic f i e l d 

the hypotheses of Rougoor (1966) and Matthewson (1968) p r e d i c t t h a t the d i f f e r e n t 

spurs should j o i n across the plane to form a h e l i c a l s t r u c t u r e . A l t e r n a t i v e l y 

i f the spurs are SNR's they would be expected to appear on opposite sides of 

the g a l a c t i c plane such t h a t they f o l l o w the same small c i r c l e . Yates (1968) 

has claimed to have followed Loop I along i t s small c i r c l e to southern l a t i t u d e s 

whereas the 820 MHc map of Berkhuijsen (1972) shows no connection between the 
all o 

nort h polar spur and thee r 50 e n^ of Loop I I . Loop I I I has been shown t o 

continue on a small c i r c l e when crossing the g a l a c t i c plane when the c i r c l e i s 

superimposed on the 408 MHz survey of Haslam e t a l . (1970), 820 MHz survey of 

Berkhuijsen (1972) and the 13 MHz Survey of Andrew (1969). Assuming the 

spurs t o be SNR's Van denLaan (1962) has developed models of spheres expanding 

i n a magnetionic medium to reproduce t h e i r observed continuum features and 

p o l a r i s a t i o n c h a r a c t e r i s t i c s (Spoelstra 1972). 
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T A B L E V.3. 

Angular Radius 

North Polar Spur 

67° 

Cetus Arc 

50° 

Loop I I I 

45° 

Distance to centre 115 pc 110 pc 150 pc 

Magnetic F i e l d 5 [A 5 ̂uG 

E l e c t r o n Density 0.03 cm"3 0.05 cm"3 
-3 0.08 cm 

Sp e c t r a l Index 2.75 2.75 2.75 

Coordinates of centre £ * 325° 
4 * +17.5° 

• 

110° 
-32°.5 

125° 
+15°.5 

1 
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Table V-3 gives various parameters f o r the spurs assuming them to 

be SNR's and using the Van deALaan model to ob t a i n the parameters 

regarding t h e i r s t r u c t u r e . Using the Van deyLaan model, w i t h the 

parameters presented i n t h i s t a b l e , Spoelstra (1972) has presented i n t e n s i t y 

p l o t s of the emission expected f o r the three major spurs. Figure 5-8 shows 
i & 

the o s t f p r o f i l e s across these i n t e n s i t y p l o t s . The absolute magnitude of 

the i n t e n s i t y has been obtained by r e q u i r i n g that ( i ) any components i n the 

background w i t h symmetry about, or associated w i t h , the small c i r c l e s are 

removed, ( i i ) the temperature of regions enclosed by the small c i r c l e s i s 

reduced i n such a way as to produce symmetry i n the background brightness 

temperature about the g a l a c t i c plane (Yates 1968). The p r o f i l e s i n f i g u r e 

5.8 have been subtracted from the observed continuum p r o f i l e f i g u r e 5-2. 
5.4.4 Source Contributions 

The sources t h a t c o n t r i b u t e s i g n i f i c a n t l y to the continuum emission 

as observed i n the g a l a c t i c plane are:-

« B o i l ,o 
i ) Cds A supernova remnant ( f « 111, » 8 - 1 ) 

i i ) Cygnus X complex ( I £30,^ sO ) 
aB e i IT a * 

i i i ) Vela supernova remnant (e * i f c ^ f b ) 

i ) Cas A supernova remnant (4.0' x 3.8'). I t i s w e l l established t h a t 

the peak i n the continuum emission i n t h i s region i s from the remnant 

of a supernova which exploded i n AD 1667* 8. 

i i ) Cygnus X complex. As mentioned i n sec t i o n 4.2, Hirabayashi (1974) f i n d s 

f o r the two lo c a t i o n s considered w i t h i n the complex t h a t the s p e c t r a l 

index i s constant a t -2.1 implying t h a t the source i s mainly thermal i n 

nature. For t h i s reason the peak i n the r a d i o emission a t v S »0 

should not be considered as the m a n i f e s t a t i o n of some fea t u r e i n the 

s p i r a l s t r u c t u r e but ra t h e r as some s p a t i a l l y confined thermal source. 

i i i ) Vela Supernova remnant (220' x 180', approximately 10^ years o l d ) . Using 

the surveys of t h i s remnant by Milne (1968) a t high r e s o l u t i o n i n the 
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(b) 
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Figure 5.8> P r o f i l e s of emission a t 150MHz. along the g a l a c t i c plane 
f o r the g a l a c t i c spurs as pre d i c t e d by Spoelstra (1972). 
( a ) , North Polar Spur; ( b ) , Cetus Arc; ( c ) , Loop I I I . 
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frequency range 400-2650 MHz an estimate has been made of the remnants 

c o n t r i b u t i o n to the observed r a d i a t i o n a t 150 MHz at the r e s o l u t i o n of 
0 0 

3.5 x 3.8 appropriate to t h i s region of the Landecker and W i e l e b i n s k i 
survey. The 408 MHz Milne survey w i t h a beamwidth of 48 arc minutes has 

o o 

been convolved w i t h the 3.5 x 3.8 beam to obtain the c o n t r i b u t i o n from the 

SNR a t C si f c l j . k » 0 . This i s found to be about 580 K a t 150 MHz. 

The two peaks of emission a t % »ft) **d »• 2Lt^. are considered to be sources 

r a t h e r than manifestations of a l o c a l s p i r a l arm as assumed by other authors 

(see Section 6 ) . 

5.5 Corrected P r o f i l e s 

The c o r r e c t i o n s as discussed i n the previous sections have been 

subtracted from the 150 MHz p r o f i l e of f i g u r e 5.2 to produce the p r o f i l e 

of the synchrotron r a d i a t i o n presented i n f i g u r e 5.9. Table 5.4 presents 

the corrected 15t?MHz p r o f i l e d i g i t i s e d a t two degree i n t e r v a l s . The c o r r e c t ­

ions have also been scaled by the appropriate s p e c t r a l index p ( i . e . 2. IS 

f o r e x t r a g a l a c t i c , 2.1 f o r thermal and 2.75 f o r spurs) and applied to the 

408 MHz p r o f i l e . The f i n a l 408 MHz p r o f i l e of synchrotron r a d i a t i o n 
2.« 

m u l t i p l i e d by /408| t corresponding to an e l e c t r o n s p e c t r a l index of 
1150/ 

2.6, i s also presented i n f i g u r e 5.9. I t should be noted t h a t the very 
a It o 

sharp peak a t X = 288 i n the 408 MHz p r o f i l e i s due to the Carina 

nebula. Observations by Gardner et a l . (1970) and by Shaver and Goss 

(1970) i n d i c a t e t h a t t h i s source i s l a r g e l y thermal i n nature. The close 

agreement between the corrected p r o f i l e s a t 150 and 408 MHz when scaled as 

i n f i g u r e 5-9 i n d i c a t e s t h a t i n the r e l e v a n t energy region the e l e c t r o n 

spectrum has a s i m i l a r s p e c t r a l index throughout the g a l a c t i c plane. The 
gt O O O O 

sources a t f = 80 , 112 , 264 and 288 stand out p a r t i c u l a r l y on the 

408 MHz scaled p r o f i l e due to t h e i r s p e c t r a l indices d i f f e r i n g from t h a t of 

the background. 

5.6 Comparison w i t h other derived p r o f i l e s 
At t h i s p o i n t i t i s appropriate to compare the above derived p r o f i l e a t 
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8 1 . 

i * 0 o 
1 0 

30 2500 
40 2320 
50 1640 
60 790 
70 780 
80 1340 
90 775 

100 540 
110 740 
120 660 
130 650 
140 560 
150 420 
160 430 
170 460 
180 420 
190 510 
200 420 
210 380 
220 330 
230 260 
240 320 
250 320 
260 600 
270 420 
280 700 
290 1070 
300 1280 
310 2160 
320 1970 
330 3430 

Table 3T.4 

o o 2 4 

2500 2480 
1800 1650 
1160 950 
760 760 
820 870 
1040 910 
740 680 
580 630 
700 670 
660 660 
660 640 
520 485 
420 420 
420 420 
460 470 
420 460 
490 480 
430 460 
360 350 
310 280 
290 310 
310 310 
320 340 
760 900 
400 400 
750 900 

1040 1000 
1480 1720 
2150 2040 
2200 2700 

8° 

2460 2420 
1610 1570 
880 830 
760 760 

1020 1220 
860 820 
640 560 
680 720 
660 660 
660 660 
620 590 
460 440 
420 430 
420 440 
470 440 
490 500 
460 440 
450 420 
340 340 
260 260 
320 320 
300 310 
380 460 
680 520 
460 560 
1000 1060 
980 1080 
1920 2080 
1980 1920 
3100 3300 
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150 MHz w i t h those used by other workers. A l l are based upon the 

Landecker and W i e l e b i n s k i map but the data have been t r e a t e d i n d i f f e r e n t 

ways. The p r o f i l e of Price (1974) i s closest to the present one. An 
o o 

important d i f f e r e n c e i s i n the treatment of the maxima a t 80 and 264 . 

As s t a t e d above, i n t h i s t hesis these maxima are regarded as being 

mainly due to the r e l a t i v e l y nearby Cygnus complex and Vela supernova 

remnant although some small enhancement i n the background r a d i a t i o n cannot 

be r u l e d out. Price takes them to be manifestations of the large-scale 

s t r u c t u r e of the galaxy. I n order to account f o r maxima i n these 

d i r e c t i o n s he a d j u s t s the p o s i t i o n of the sun r e l a t i v e to the L i n and Shu 

s p i r a l p a t t e r n , upon which he bases h i s i n t e r p r e t a t i o n , so t h a t i t l i e s 

on the i n s i d e edge of the adjacent outer arm. There i s an inconsistency 

i n h i s argument here as, i n f i x i n g t h e i r p a t t e r n , L i n and Shu i d e n t i f i e d 

the outer arm w i t h the Perseus arm which l i e s a t a distance of more than 

1 kpc from the Sun. 

I n c o n s t r u c t i n g t h e i r p r o f i l e Paul et a l . (1975) and Jakel et a l . 
0 

(1975) include r a d i a t i o n out to 10 i n l a t i t u d e on e i t h e r side of the 
g a l a c t i c plane. The former authors take the average of the brightness 

o o , .n i . -o 
temperatures a t l a t i t u d e s of 5 and 10 o m i t t i n g c o n t r i b u t i o n s from |b / <• 5 • 

• S o i t * ,n° 
The l a t t e r authors i n t e g r a t e the emission from © 9—10 r o b • +• IO. 
The present p r o f i l e , which, because of instrumental r e s o l u t i o n i s 

o c 
e f f e c t i v e l y an average of the emission w i t h i n 1 or 2 of the g a l a c t i c 

o 

plane, shows a much sharper peaking w i t h i n 90 of the g a l a c t i c centre. 

I t should be noted i n passing t h a t the reason f o r i n c l u s i o n of r a d i a t i o n 

out t o / b ^ s 10 by these authors was to enable a comparision to be made w i t h 

the l o n g i t u d e p r o f i l e of gamma r a d i a t i o n which was a v a i l a b l e summed 

over t h i s range of l a t i t u d e s . I f , however, the gamma-rays, are the r e s u l t 
of pion production i n the i n t e r s t e l l a r gas most of them w i l l be d i s t r i b u t e d 

o 

w i t h i n 3 of the g a l a c t i c plane and the breadth of the observed d i s t r i b u t i o n 

i s l a r g e l y due to the angular r e s o l u t i o n of the gamma-ray d e t e c t o r s . The 

present p r o f i l e of radio emission i s t h e r e f o r e the appropriate one t o compare 
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w i t h the gamma-ray p r o f i l e . 

Few authors have c a r r i e d out su b t r a c t i o n s from the p r o f i l e s as done 

above. Paul et a l . (1976) subtracted the minimum sky brightness of 150°K 

as an assumed e x t r a g a l a c t i c background which as discussed i n se c t i o n 4.1 must 

be too l a r g e . 
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CHAPTER 6 

Models of the Gal a c t i c Continuum Radiation. 

6. 1. I n t r o d u c t i o n . 

To model the observations o f the g a l a c t i c continuum r a d i a t i o n one 

needs t o c a l c u l a t e the brightness temperature f o r a l l l i n e s o f s i g h t 

from the e a r t h . Using Appendix I equation 10, t h i s brightness temperature 

i s given by •? 

1W •* J Ik) MJt) Js (,.,. 
o 

As seen from t h i s equation the observed brightness temperature at a 

frequency, i?f 7£ fr) depends on the e l e c t r o n i n t e n s i t y I ( S ) , the 

e l e c t r o n s p e c t r a l index and the perpendicular component o f the 

magnetic f i e l d H j ^ (S) f o r a l l p o i n t s , S, along the l i n e o f s i g h t . There­

fore to model the observed emission models must be constructed f o r the way 

i n which the magnetic f i e l d , e l e c t r o n i n t e n s i t y and s p e c t r a l index vary 

throughout the galaxy. 

This chapter describes the s e t t i n g up of such models and the methods 

used i n the c a l c u l a t i n g of the emission. The r e s u l t s obtained from such 

models are presented i n the next chapter and discussed i n c o n j u n c t i o n w i t h 

previous work on the i n t e r p r e t a t i o n of the continuum r a d i a t i o n . 

6. 2. The s t r u c t u r e of the Galactic Magnetic F i e l d . 

As discussed i n chapter I I I there i s considerable evidence t o 

support the Thesis t h a t the g a l a c t i c magnetic f i e l d i s predominantly 

azimuthal i n s t r u c t u r e w i t h a superimposed i r r e g u l a r component. I n t h i s 

work the f i e l d i s considered t o have a two component s t r u c t u r e : a 

regular component t h a t runs i n the d i r e c t i o n of the s p i r a l arms and a 

superimposed i s o t r o p i c a l l y o r i e n t a t e d random component. The magnitude 

of the regular component i s assumed t o be a constant f a c t o r F times t h a t 

of the random component throughout the galaxy f o r interacm regions. The 

r a t i o , F, changes f o r arm regions as discussed a t the end of t h i s Section. 



As w i l l be seen, the r e s u l t a n t p r o f i l e of synchrotron emission i s very 

s e n s i t i v e t o the value of F so t h i s i s regarded as a f r e e parameter. 

The magnetic f i e l d i s taken to have an o v e r a l l r a d i a l dependence given 

R , the distance from the g a l a c t i c centre i s measured i n kpc. 

The f i r s t term i n equation 6.2 ensures th a t the f i e l d f a l l s t o 

zero at the g a l a c t i c centre as would be expected from the dynamo theory 

of f i e l d generation (White 1977). The precise form of t h i s term i s not 
o 

important as the emission only to w i t h i n 30 of the g a l a c t i c centre, 

corresponding t o approximately 4 kpc, i s going t o be modelled as discussed 

i n Chapter 5. 

The second term determin es the r a t e of r a d i a l f a l l - o f f i n the 

f i e l d s t r e n g t h beyond R Z 1+kpc where the dynamo generated f i e l d i s 

thought t o be a t a maximum (White 1977). Since there i s no i n f o r m a t i o n 

on t h i s , a part from the synchrotron r a d i a t i o n i t s e l f , R q i s t r e a t e d as 

a fre e parameter. 

As the magnetic f i e l d i s t i e d t o the gas i t i s expected t h a t the 

magnetic f i e l d should be compressed i n a s i m i l a r manner t o the gas by 

the density wave. Figure 6.1 a(4.16) shows the way i n which the gas density 

varies along a stream tube i n the TASS p i c t u r e . This p r o f i l e was con­

s t r u c t e d f o r an average distance of 10kpc from the g a l a c t i c centre. 

As shown by. Roberts + Yuan (1970) t h i s p r o f i l e v a r i e s only by a small 

amount as one moves towards the g a l a c t i c centre but beyond 11-12 kpc the 

peak compressions reduce and the w i d t h of the maxima increase. Towards 

the a n t i c e n t r e the amount of synchrotron 1 emission expected from various 

modulations of the magnetic f i e l d i s i n s e n s i t i v e t o the precise form 

of t h i s modulation so long as the t o t a l emission i s constant. 

by 



V a r i a t i o n of de n s i t y c o n t r a s t along a steamtube equivalent t o the 
r a d i a l v a r i a t i o n of magnetic f i e l d s t r e n g t h between arms of 
separation A. 
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re p r e s e n t a t i o n of the l o c a l arm 
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Figure 6.1a (4.16) shows the density v a r i a t i o n along a stream 

tube but t h i s v a r i a t i o n a l s o approximates the density v a r i a t i o n between 

spi r a l ar.ms of r a d i a l separation A kpc. The two v a r i a t i o n s would be 

i d e n t i c a l i f streamtubes always crossed the g a l a c t i c shocks a t the 

same i n c l i n a t i o n . I n f a c t there i s a discontinuous change i n t h e i r 

d i r e c t i o n a t the shocks of a few degrees. 

This magnetic f i e l d s t r e n g t h v a r i a t i o n i s taken t o be the same as 

the density v a r i a t i o n and may be represented by 

where A i s the r a d i a l separation of the two arms adjacent t o the p o i n t 

being considered and a i s the distance t o the inner of these arms. 

The magnetic f i e l d geometry i n the g a l a c t i c plane f o r the re g u l a r 

component i s assumed t o f o l l o w the shape of the observed s p i r a l 

s t r u c t u r e . The s p i r a l s t r u c t u r e presented i n f i g u r e 6.1b (4.9) as derived 

from HI and H I I measurements i s assumed. I t should be noted here t h a t 

the form assumed f o r the f i e l d modulation i s based on the TASS p a t t e r n 

as presented by Roberts ( 1 9 6 9 ) ( f i g u r e 4.15 >whereas the s p i r a l p a t t e r n 

assumed i n t h i s work i s more i r r e g u l a r and i n f a c t b a s i c a l l y f o u r armed. 

The TASS p a t t e r n has been used t o i n d i c a t e the way i n which the modulation 

i n the plane i s thought t o behave but i s not considered t o be completely 

t h e o r e t i c a l l y c o n s i stent w i t h the s p i r a l p a t t e r n used here which as 

discussed i n chapter 4, probably r e q u i r e s several s p i r a l modes t o be 

present a t the same time. 

The l o c a t i o n of the sun w i t h respect t o the magnetic f i e l d geometry 

i s of considerable importance. As discussed i n chapter 4 and i n d i c a t e d 

i n f i g u r e 4.9 the sun i s not thought t o l i e on a major s p i r a l arm, par t 

of the large scale s p i r a l s t r u c t u r e , but r a t h e r t o be associated w i t h 

some interarm branch. Whether the sun i s a c t u a l l y i n the peak of an 

int e r a r m branch or not has dramatic consequences on the amount of emission 
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expected from the galaxy as the reg u l a r magnetic f i e l d a t the sun i s 

observed t o be 3̂ iG and t h i s determiners i n t u r n the o v e r a l l s t r e n g t h of 

the f i e l d i n the galaxy. I f the sun were located i n an arm p o s i t i o n then 

the interarm regular f i e l d would be considerably less than 3̂ G r e s u l t i n g 

i n lower emission from the galaxy as a whole than i f the sun were i n an 

i n t e r a r m p o s i t i o n w i t h r e g u l a r f i e l d of 3^G. The p o s i t i o n of the sun 

w i t h respect t o an arm: i n t e r a r m p o s i t i o n i s i n f a c t found t o be f a i r l y 

w e l l defined by the f i t t i n g of the models t o the data as discussed i n 

the next chapter. As the geometry of the l o c a l f e a t u r e i s not w e l l known 

the dotted l i n e i n f i g u r e 4.9 i s taken as a r e p r e s e n t a t i o n of the l o c a l 

arm when the sun i s i n an arm p o s i t i o n . 

The c a l c u l a t i o n of f/^ *" * o r t n e r e g u l a r f i e l d r e q u i r e d 

i n the e v a l u a t i o n of equation 6.1 i s simple. ^fcg i s O D t a : i- n e <* using 

Htm * ' 6 4 

normalised such t h a t i t s value i s 3̂ iG a t the sun and the perpendicular 

component of t h i s i s given by H(R) $»*\ , where Q i s the angle 

between the l i n e of s i g h t and the magnetic f i e l d d i r e c t i o n determined 

by the s p i r a l s t r u c t u r e of the galaxy. The s i t u a t i o n i s not as simple 

when the random component of the f i e l d i s considered. The random com­

ponent of the f i e l d i s modified when arm l o c a t i o n s are considered. For 

f i e l d l i n e s o r i e n t a t e d perpendicular t o the shock, the shock does not 

a f f e c t t h e i r o r i e n t a t i o n but f o r f i e l d l i n e s i n c l i n e d t o the shock t h e i r 

component p a r a l l e l t o the shock i s enhanced a l t e r i n g t h e i r r e s u l t a n t 

o r i e n t a t i o n . I f the s p i r a l arm shock f r o n t i s regarded as being perpen­

d i c u l a r t o the X-AXIS as shown i n f i g u r e 6.2 then the magnetic f i e l d 

components i n the d i r e c t i o n s Y and Z w i l l be enhanced by the f a c t o r /f\ 
?%/ 

by the presence of the shock, where /fy i f l t n e r a t i o of gas d e n s i t i e s 
M ft 

behind and i n f r o n t of the shock. As shown i n equation 4.9, — « 

f o r a magnetic f i e l d perpendicular t o the shock. 



(a) 

Z 
77Z 

(b) 
H 

IH 

H 

2J6 H 

(c) 

H / 

A* 
H 

= Hsin(a) 

Figure 6.2; 
( a ) Coordinate system, X and Y i n the plane of the Galaxy, showing the 

l o c a t i o n of the shock f r o n t associated w i t h the s p i r a l arms. 

( b ) Decomposition of the randomly o r i e n t a t e d magnetic f i e l d vector H. a 
i s the angle between H and the X-axis. 

( c ) P r o j e c t i o n of H onto the Y-Z plane making an angle ^ w i t h the 
Y-axis. 
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— » 

The components of a randomly o r i e n t a t e d magnetic f i e l d H 

f o r the uncompressed f i e l d are given by 

# ' * H * * J Hg. t * H t 6.5 

and f o r the compressed f i e l d by 

Figure 6.2b shows the o r i e n t a t i o n of M w i t h respect t o the co-ordinate 

system. The angle, a, i s the angle between $ and the x-axis 

COSOL. a /H 6 7 

The angle ^ i s the angle between the y - a x i s and the p r o j e c t i o n of H onto 

the Y-Z plane as shown i n f i g u r e 6.1c. 

6.8 

Using equations 6.7 and 6.8 and f i g u r e 6.2 an expression can be obtained 

f o r the uncompressed and compressed f i e l d s i n terms of a n ( j 
Mx z. NCOS*. 

* Hsi* a. - Hs,«<X CCS(p 6.9 

MJ =. // cos i 
M9' = H's*~« e.io 

When compressed regions, s p i r a l arms, are considered l i n e s of 

s i g h t may always be considered t o l i e i n the plane of the galaxy as the 

compressed regions are very narrow i n Z, height above the plane 

(Chapter 4 s e c t i o n 4.4.4) and are always s u f f i c i e n t l y f a r from the Sun 

t h a t the angle between the l i n e of s i g h t and the g a l a c t i c plane, X-Y 

plane,is very small. 
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Figure 6.3: 

The geometry i n the plane of the Galaxy. £ p i s the angle between 
the l i n e o f s i g h t and the Y-axis and ^ i s the angle between H and 
the X-axis. i s the perpendicular component o f H t o the l i n e of s i g h t 
i n the plane of the Galaxy. 
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which as 

6.11 

Assuming t h i s t o be the s i t u a t i o n , i f the l i n e of s i g h t i s assumed 

to make an angle w i t h the Y-axis then f i g u r e 6.3 describes the 

geometry i n the plane of the galaxy. The component of the a r b i t a r i l y 

directe.d magnetic f i e l d perpendicular t o the l i n e of s i g h t i n the 

X-Y plane i s given by 

MT (it?* H f f c*iOf +A.-'(Ut'M). 
I f the H z component of H i s also considered then 

This may be expressed i n terms of H, a and using equation 6.10 t o give 

cos V / P t y , Aw. * co& # *• G/>)]yj~ 

To c a l c u l a t e the synchrotron emission from equation 6.1 f o r the 

random component an ^ e j ^ " a s defined i n appendix I s e c t i o n 3 must be 

ca l c u l a t e d . For i n t e r a r m regions where there i s no compression t h i s 

Mej^ w i l l j u s t equal f&(f) M * a s derived i n the 

appendix but f o r compressed regions t h i s w i l l be modified. Proceeding 

as i n appendix I m a y b e O D ' t a i n e d by i n t e g r a t i n g equation 6.12 

over a l l possible values of <C and ^> such t h a t 

#,// = //* (( fl*/r, si^s^(f))x* (co* « +/%si*« ^S)K) 

COS Zfe'>~~'{/>*//>, 4a*. CL COS. <p) + &f>)] ^ * * i « ^ 

In t h i s expression &p may equally w e l l be considered as the angle 

between the l i n e of s i g h t and the magnetic f i e l d d i r e c t i o n . 

As the expression needs t o be known: f o r a l l l o c a t i o n s i n the g alexy 
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an approximate form was looked f o r t h a t reduced t o the expression 

given i n appendix 1 f o r interarm regions. 

For 2T« 6.14 

Equation 6.14 i s found t o agree w i t h numerical s o l u t i o n s t o equation 

6.13 t o w i t h i n 1.27. f o r 0p = 45° w i t h ^*/ft = 4- and to within 

comparable accuracy f o r other values of and ^/^% * 

Therefore f o r the random f i e l d the emission i s c a l c u l a t e d by 

o b t a i n i n g H using equation 6.4 and m u l t i p l y i n g i t when r a i s e d t o the 

power ^Cti by the a d d i t i o n a l f a c t o r s given i n equation 6.14 
. 2 

which depend on ^given by (4.1 exp. (-13.7a/A) + 0.7) /0.7, 

and ^ p t n e a n g l e between the l i n e of s i g h t p r o j e c t e d onto the plane 

and the r e g u l a r magnetic f i e l d d i r e c t i o n . 

The random f i e l d having been p a r t i a l l y r e g u l a r i s e d by the g a l a c t i c 

shocks might be expected t o remain i n t h a t c o n f i g u r a t i o n a f t e r the 

density wave has passed. I t i s more l i k e l y however t h a t the f i e l d i s 

f a i r l y r a p i d l y randomised again by turbulence caused by super novae f o r 

example. The expression given i n equation 6.14 i s an upper l i m i t t o 

the r e g u l a r i s a t i o n o f the f i e l d but on the time scales associated w i t h 

the passage of the peak of the compression t h i s turbulence would have 

a n e g l i g i b l e e f f e c t on the f i e l d . 

6.3. Cosmic Ray E l e c t r o n d i s t r i b u t i o n . 

For a magnetic f i e l d of 3 ( r synchrotron emission between 150 MHz 

and 400 MHz i s produced by electrons i n the energy range of 1 t o 10 GeV as 

shown i n appendix 1. The s i m i l a r i t y o f the p r o f i l e s presented i n f i g u r e 

5.9 f o r brightness temperatures at 150 MHz and 408 MHz scaled by 



suggests t h a t the s p e c t r a l index of the electrons i n the energy range 

1-10 GeV i s approximately constant at if r 2.6 throughout the galaxy 

thus enabling the i n t e n s i t y of electrons of energy£throughout the galaxy 

to be separated i n t o s p a t i a l and energy dependent p a r t s . 

From the summary spectrum of the e l e c t r o n d e n s i t y measured at the earth 

presented i n fugure 2.1, Io (R = 10 kpc) = 80 (M 2. s. Sa. GeV)" 1 

A l l the models considered are consistent w i t h t h i s value f o r I o . For 

the s p a t i a l dependence o f the e l e c t r o n i n t e n s i t y two extreme cases are 

considered. For Model A the e l e c t r o n i n t e n s i t y i s assumed constant f o r 

4 K R < 15 kpc; f o r R > 15 kpc i t i s zero. Cosmic ray e l e c t r o n s 

probably o r i g i n a t e i n supernovae or supernova remnants, as discussed 

i n Chapter 2 section 2.3.2, which are probably concentrated i n the 

s p i r a l arms of the galaxy. For electrons w i t h a mean fr e e path of about 
2 -1 

1 pc corresponding to a d i f f u s i o n c o e f f i c i e n t o f 0.1 kpc My f as 

c a l c u l a t e d i n chapter 2 t o be consistent w i t h the L/M r a t i o ^ the distance 

propagated i n a m i l l i o n years from t h e i r s i t e o f o r i g i n i s approximately 

10 kpc. As the peak of the density wave i s thought to remain i n the 

same region of the galaxy f o r a few m i l l i o n years t h i s suggests t h a t the 

electrons are capable o f d i f f u s i n g away from t h e i r s i t e s of o r i g i n 

s u f f i c i e n t l y f a s t t o enable an e q u i l i b r i u m i n t e n s i t y to be established 

throughout the galaxy. Wentzel (1968) and Kulsrud and Pearce (1969) 

have shown t h a t cosmic rays of GeV energies w i l l be s c a t t e r e d by s e l f -

generated hydromagnetic waves, provided t h a t the i n t e r s t e l l a r gas density 

i s not so large t h a t the waves are r a p i d l y damped S k i l l i n g (1971) and 

Holmes (1974) p r e d i c t t h a t close t o the g a l a c t i c plane there e x i s t s a 

'free zone 1 of weak s c a t t e r i n g bounded by a 'wave zone' of strong 

s c a t t e r i n g . I f such a f r e e zone extends throughout the galaxy the cosmic 
rays may propagate s u f f i c i e n t l y f a s t from t h e i r sources t h a t any g a l a c t i c 
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r a d i a l gradient i n the source density w i l l be l a r g e l y smoothed out. 

For Model B the cosmic rays are assumed t o be s t r o n g l y s c a t t e r e d 

throughout the disc so t h a t they w i l l be t i e d t o the gas r e s u l t i n g i n 

the f i e l d being compressed i n a s i m i l a r manner t o the gas by the density 

waves i . e . I o (R) oi H (R). I t i s also probable t h a t the r a t e o f input 

of cosmic rays from d i s c r e t e sources i s c o r r e l a t e d w i t h the r i s e i n the 

gas density w i t h the r e s u l t t h a t the e l e c t r o n i n t e n s i t y i s proportiona.1 t o 

some higher power of the magnetic f i e l d . For Model B I o (R) i s taken 
2 

p r o p o r t i o n a l to H (R) f o r 4 ^R < 15 kpc and zero f o r R > 15 kpc. This 

i s the r e l a t i o n t h a t Paul et a l (1976) deduce from the s i m i l a r i t y t h a t 

they c l a i m t o f i n d between the p r o f i l e s of gamma r a d i a t i o n and 

synchrotron emission along the g a l a c t i c plane. As discussed i n 

s e c t i o n 6 of chapter 5 t h i s s i m i l a r i t y i s not present when the data i s 

c o r r e c t l y handled somewhat i n v a l i d a t i n g t h e i r deduction of t h i s r e l a t i o n . 

I t must be remembered however t h a t as the brightness temperature 

depends on the product o f H *• and I o (R) models of the 

synchrotron emission are unable t o d i s t i n g u i s h between a r a d i a l 

dependence of H a n d / a * I o . Therefore a p a r t i c u l a r value of Ro^ i n 
« 2 

equation 6.2 may imply a magnetic f i e l d f a l l i n g as exp (-R /Ro ) 

w i t h the e l e c t r o n i n t e n s i t y r a d i a l l y constant but i t may e q u a l l y imply 

t h a t both the magnetic f i e l d s t r e n g t h and e l e c t r o n i n t e n s i t y are 

r a d i a l l y dependent. 

6.4. Method o f C a l c u l a t i o n . 

The i n t e g r a t i o n along the l i n e s i g h t r equires the r e g u l a r magnetic 

f i e l d s t r e n g t h H(S) and & p ( S ) , the angle between the l i n e of s i g h t and 

the r e g u l a r f i e l d d i r e c t i o n , t o be c a l c u l a t e d f o r a l l i n t e r v a l s , S, along 

the l i n e of s i g h t . As the magnetic f i e l d s t r e n g t h v a r i e s discontinuously 

a small step length along the l i n e of s i g h t i s r e q u i r e d . A step length 

of 0.015 kpc i s found t o give s u f f i c i e n t accuracy. 
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6.4.1. C a l c u l a t i o n o f H(R) f o r any l o c a t i o n i n the galaxy. 

As the s p i r a l s t r u c t u r e used i n t h i s a n a l y s i s has no a n a l y t i c a l 

form the s p i r a l arms were d i g i t i s e d and f o u r p o i n t Lagrangian i n t e r p o l a t i o n -

used. For the longitude range 180° *C € Z. 330° the arms were 

d i g i t i s e d . a t every 15.0 about the g a l a c t i c centre whereas f o r 

30°<Cf^ £ 180° the arras were d i g i t i s e d at every 7.5° as i n t h i s r egion 

the arms are more i r r e g u l a r . The arms were d i g i t i s e d out to beyond 

15 kpc from the g a l a c t i c centre so t h a t emission r i g h t out t o the 15 kpc 

boundary could be a c c u r a t e l y determined. D i f f e r e n t forms were used f o r 

the i n t e r p o l a t i o n depending on whether the p o i n t o f i n t e r e s t on the arm 

had two d i g i t i s e d p o i n t s on e i t h e r side of i t or only one p o i n t on one 

side but three on the other. The three p o s s i b l e s i t u a t i o n s are g i v e n by • 

0) A _ v A-"I ' 

A 
*t> 1 *i f 

JC 

f'f'O A~*. Ax. 
*° "> *»- I *3 
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where x^ represents the angular l o c a t i o n along the arms w i t h respect t o 

the g a l a c t i c centre and i s the corresponding r a d i a l distance at which 

the d i g i t i s e d p o i n t i s located. The x^'s are a l l separated by a constant 

angular amount h equal to 7°.5 or 15° depending on which h a l f of the 

galaxy i s being considered. x i s the angular l o c a t i o n of the point 

being considered l y i n g an angular separation from the nearest x^ 

such t h a t sc^ + A>c a n d v *-s t n e r e s u l t a n t i n t e r p o l a t e d r a d i a l 

distance. Once the r a d i a l l o c a t i o n of the inner and outer arms w i t h the 

same value of X as the p o i n t on the l i n e o f s i g h t being considered have 

been determined, the form of H(R) can be found by using equation 6.4. 

6.4.2. C a l c u l a t i o n o f the angle & between the l i n e of s i g h t and the 
regula r magnetic f i e l d d i r e c t i o n . 

As the p i t c h angle of the observed s p i r a l s t r u c t u r e i s not constant 

i t was c a l c u l a t e d from the d i g i t i s e d s p i r a l arm g r i d . For int e r a r m 

locations the p i t c h angle was assumed t o be the same as tha t f o r the 

closest s e c t i o n of s p i r a l arm. For the three dimensional case, 

t D >0°, COS0 - CCS COS Op where & p i s the angle 

between the l i n e of s i g h t p r o j e c t e d onto the plane and the re g u l a r f i e l d 

d i r e c t i o n . The perpendicular component of the r e g u l a r f i e l d i s t h e r e f o r e 

given by the expression. 
H± (k*tf&*) s Ufa) sin («UCoS (cos i ffcOS Q?)) 

» H(R) Sin & 

As seen from equation 6.14 the perpendicular component o f the i r r e g u l a r 

f i e l d also depends on the angle 

6.4.3. Brightness temperature determination. 

Once the two magnetic f i e l d perpendicular components have been 

determined f o r every l o c a t i o n along the l i n e o f s i g h t the t o t a l emission 

may be c a l c u l a t e d using Simpson's i n t e g r a t i o n formula. The t o t a l emission 

i s then the sum o f the two emissions w i t h the appropriate F f a c t o r 

included. The F f a c t o r i s determined from the n o r m a l i s a t i o n of the 

c a l c u l a t i o n s to the observations. 
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6.4.4. Normalisation Procedure. 

For | f = 2.6 and at a frequency o f 150 MHz equation I.11 leads t o 

the expression given below f o r the c a l c u l a t e d brightness temperature f o r 

Model A f o r a p a r t i c u l a r d i r e c t i o n i n the galaxy 
S I * I* 

where Io i s the cosmic ray e l e c t r o n i n t e n s i t y constant throughout the 

galaxy f o r Model A, H ( R ) i s the r e g u l a r f i e l d magnitude normalised such 

t h a t i t i s 3 at the e a r t h , F i s the r a t i o of the magnitudes o f the 

r e g u l a r t o i r r e g u l a r f i e l d s and Y ( R ) i s the f a c t o r t h a t takes i n t o 

account t h a t only p a r a l l e l components o f the i r r e g u l a r f i e l d are 

enhanced by the shocks.. Equation 6.18 may be w r i t t e n i n the form. 

\'h = C ( Regular + irregular/:<ATIO) 

where Regular and I r r e g u l a r are the c o n t r i b u t i o n s t o the t o t a l 

brightness temperature from the two f i e l d components and C and RATIO 

are constants determined from equation 6.18. I f two d i r e c t i o n s i n the 

galaxy are chosen and the c a l c u l a t e d brightness temperature r e q u i r e d to 

agree w i t h the observed brightness temperature then a series o f values 

o f C and RATIO can be found such t h a t t h i s c o n d i t i o n i s s a t i s f i e d f o r 
2 

v a r y i n g values of , the r a d i a l dependence of the magnitude of the 
regu l a r magnetic f i e l d . C i s required t o equal 0.0498 I o w i t h I o equal 

~ 1 2 t o 80 ( jh*. S. S4. ^ f t N/. ) thus s e l e c t i n g a p a r t i c u l a r value o f R q and 

RATIO. I n a l l the models considered here the d i r e c t i o n s i n the galaxy 
filL o i ' o 

have been chosen to be the a n t i c e n t r e Z = 180 , b = 0 and 
the d i r e c t i o n i n the plane corresponding t o the peak of emission 

& i f f 

observed at approximately £ ~ 310°, o = 0°. The l o c a t i o n of 

the sun w i t h respect to the s p i r a l arms can considerably a f f e e t the 



2 values of R and RATIO. The sun i s considered t o be e i t h e r located i n o 

an arm of v a r i a b l e compression or at a distance of 0.5 kpc from an arm 

of f u l l compression i n the d i r e c t i o n of the a n t i c e n t r e . F i t s to the 

nor m a l i s a t i o n p o i n t s are not always possible for. a l l these l o c a t i o n s of 
j IT o 

the sun. The o v e r a l l shape of the £ = 0 longitude p r o f i l e as 

compared w i t h the observed p r o f i l e i s used t o f i n d the best of the 

lo c a t i o n s f o r the sun. The reasons f o r s e l e c t i n g the above l o c a t i o n s f o r 

the sun w i l l be discussed i n the next chapter. For Model B the 

no r m a l i s a t i o n procedure i s s i m i l a r t o t h a t as described above except t h a t 

equation 6.18 now reads: 

where T D £ H ( R ) 

i s the i n t e n s i t y o f electrons at distance R from the g a l a c t i c centre 

normalised bysuch t h a t i t equals Io at the earth . 

T b = C j j (Regular + Irregular^KATIO^ j ) 

may now be used w i t h the i n t e g r a l s Regular and I r r e g u l a r now being 
3 8 1 8 p r o p o r t i o n a l t o H(R) ' r a t h e r than H(R) t o ob t a i n values of 

C I I and RATIO I I t o agree w i t h the n o r m a l i s a t i o n d i r e c t i o n s f o r various 
2 

Ro 's . Model B i s found t o be more r e s t r i c t i v e on the possible 

l o c a t i o n s o f the sun as w i l l be seen i n chapter seven when the c a l c u l a t i o n s 

are discussed. 

6.4.5. C a l c u l a t i o n of the emission away from the plane. 

As discussed i n chapter 4 s e c t i o n 4.4.4. the s p i r a l arms are thought 

to have a f u l l w i d t h 2 Zy^ of about 480 pc. Figure 4.17 shows the 

way i n which the compression of the gas f a l l s - o f f w i t h height above the 

plane and t h i s i s also the way i n which the f i e l d i s thought t o f a l l i n 

the s p i r a l arms w i t h height above the plane. The uncompressed f i e l d i n 

t h i s a nalysis i s assumed constant w i t h i n a few kiloparsecs of the plane. 



The curve i n f i g u r e 4.17 may be approximated by the a n a l y t i c a l expression 

fll) s J + 0.77IS"1 - m X f i t . Z S £ ^ o . s f e f C 

which has the value 1 on the plane and 0 at 0.5 kpc above the plane. 

The e l e c t r o n density i s expected to f a l l w i t h height above the plane i n 

some p a r t i c u l a r way depending on the d i f f u s i o n of the electrons from the 

source region. Various forms w i l l be taken f o r t h i s I ( Z ) f a c t o r as 

discussed i n the next chapter. The regu l a r magnetic f i e l d a t a l o c a t i o n 

above the plane o f the galaxy i s the r e f o r e given by 

and the e m i s s i v i t i e s f o r the r e g u l a r and i r r e g u l a r f i e l d components are 

given by 0.0498 (H ( ft, T. ) S i n # )l * Ia and 

0*90 X 0-6«fc Iht (*, Z)\ J~o I(z) YC*)°£kfZ r e s p e c t i v e l y f o r 
( -F I »•« 

Model A and 0. 0+93 (H(A,z)si*9) H V*, l) I0 f. Z(z) and 

f o r Model B. 

As discussed i n s e c t i o n 6.2 the Y (R) f a c t o r i s assumed t o be 

independent of 2 t o a f i r s t approximation. Therefore once a form of 

1 ( 2 ) has been chosen the synchrotron emission from the galaxy may be 
it ... o _ o „ J ' 

ca l c u l a t e d f o r 30° <. C < 330° - 90° ̂  A £ + 90° 

I (2 ) i s chosen such t h a t the temperature at the pole i s equal t o the 

observed temperature o f approximately 220°K. 

6.5. Convolution. 

Before the c a l c u l a t e d brightness temperature d i s t r i b u t i o n can be 

compared w i t h the observed d i s t r i b u t i o n the c a l c u l a t e d temperatures need 

to be convolved t o the beam shapes used i n making the observations. 



100. 

Figure 5.3 shows the various HPBW's used i n produoing the oomposite 

Landeoker and Wielebinski map a t 150 MHz. The soans were a l l made a t 

oonstant d e o l i n a t i o n . The beam shapes are assumed t o be gaussian 
o o 

except f o r the 5 x 1.25 beam t h a t i s gaussian i n d e o l i n a t i o n but a 

s t r a i g h t average i n r i g h t ascension. The oaloulated c f o g r i d 

of brightness temperatures were converted t o a g r i d i n R.A. and 

d e o l i n a t i o n and the standard convolution formula applied t o o b t a i n the 

brightness temperature f o r d i r e c t i o n i , "77 . 
04. 

/M.. + J>ec • 

£ \ 
cos 

cO 

£ '4 

i s a summation over a l l g r i d p o i n t s 7^. l y i n g 

w i t h i n abdwt a beam width of the poi n t being considered ."77 . . 

RA and Deo are the separation i n r i g h t ascension and 
i j i j 

d e o l i n a t i o n between the poi n t s i and j. <7" and <J\ are the h a l f 
RA deo 

widths a t h a l f maximum of the a e r i a l beam t o whioh the oaloulated 

values are being convolved, © j i s the angle the l i n e j o i n i n g p o i n t 

j t o p o i n t i makes w i t h the r i g h t ascension coordinate a x i s . Having 

convolved the oaloulated brightness temperatures the e x t r a g a l a c t i c 

component i s added and the emission from the spurs, as expected from 

oo 
where £ 
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the Van de Laan model as disoussed i n ohapter 5, i s also added. The 

oaloulated brightness temperature d i s t r i b u t i o n as modified above i s now 

compared d i r e c t l y w i t h the Landeoker and Wielebinski map. 

6.5. Flow diagram of the C a l c u l a t i o n of the Continuum emission. 

Figure 6.4. presents the flow diagram f o r the complete o a l o u l a t i o n 

of a computed 150 MHz synchrotron map. 

1) A l o c a t i o n of the sun i s decided upon: i t i s e i t h e r assumed t h a t the 

sun i s i n an arm of compression r (o-1 ^~ %) 

where 4.1 f o r f u l l compression or i n an interarm p o s i t i o n w i t h an 

arm of f u l l compression s i t u a t e d at 0.5 kpo towards the a n t i o e n t r e . 

2) For the ohosen l o c a t i o n of the sun the n o r m a l i s a t i o n program f i n d s 
2 

the values of R q and F such t h a t agreement i s reached w i t h the 
observed brightness temperatures at - 0° £ ' = 180° 

o 
and 310 a f t e r convolution and w i t h the value of I at the sun. 

o 

Phy s i o a l l y r e a l i s t i c values of F are not n e c e s s a r i l y always found . 

F may be negative i n d i c a t i n g t h a t no f i t i s possible. 

2 
3) The values of R q and F are used i n the main programs t o o a l o u l a t e 

the brightness temperature d i s t r i b u t i o n a t i n t e r v a l s of 2° i n g a l a c t i c 
o 

l a t i t u d e and 1 i n g a l a c t i c l o n g i t u d e . 

4) The c a l c u l a t e d brightness d i s t r i b u t i o n i s convolved t o the r e q u i r e d 

beamwidths. 

5) The oonvolved oaloulated brightness temperature d i s t r i b u t i o n i s 

oombined w i t h the emission expeoted from the g a l a c t i c spurs, thermal 

emission and e x t r a g a l a c t i o emission and oontoured onto a s i n u s o i d a l 

p r o j e c t i o n i n c and b 

6) Comparison i s made w i t h the Landecker and Wiel e b i n s k i a l l sky map, 

the p = 0 l o n g i t u d e p r o f i l e and w i t h l a t i t u d e p r o f i l e s at 
* K 

various values of C 
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Figure 6.4: 

Flow diagram f o r the complete c a l c u l a t i o n of a computed 150MHz 
synchrotron map. A f u l l e x planation appears i n the t e x t . 
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CHAPTER 7 

Results from the Continuum Models 

7.1 The Halo Problem 

The suggestion t h a t the high l a t i t u d e d i s t r i b u t i o n of observed 

oontinuum emission requires the galaxy t o possess a large'halo* of 

r e l a t i v e l y uniform e m i s s i v i t y was f i r s t put forward by S h k l o v s k i i i n 

1952 . Sinoe t h i s date there has been oontinued discussion as t o 

whether suoh a halo e x i s t s and i f i t does what form i t takes. Several 

approaohes have been taken t o i n v e s t i g a t e the halo:-

i ) The disc and halo regions have been modelled and s y n t h e t i c 

maps of the sky a t a p a r t i c u l a r frequenoy produced t o oompare w i t h 

the observations. 

i i ) The spectrum of the r a d i o emission f o r d i f f e r e n t d i r e c t i o n s 

i n the galaxy have been analysed i n terms of three oomponents w i t h 

d i f f e r i n g s p e c t r a l indioes corresponding t o the disc emission, halo 

emission and e x t r a g a l a o t i o emission. Reoently t h i s method has been 

improved by Webster (1975) by the use of T-T p l o t s . 

i i i ) Edge-on e x t e r n a l galaxies have been observed t o see i f r a d i o 

haloes are present perhaps leading t o the oonclusion t h a t the galaxy 

might also possess suoh a halo i f the observations prove p o s i t i v e . 

I n the f o l l o w i n g paragraphs these various methods of halo 

i n v e s t i g a t i o n w i l l be discussed and also the present s i t u a t i o n as 

regards the various d i f f u s i o n models developed t o e x p l a i n the existenoe 

of suoh haloes. 

7.1.1. I n v e s t i g a t i o n of the r a d i o halo by modelling. 

This i s the approach t h a t i s used i n t h i s t h e s i s . Up t o now the 

modelling of the oontinuum r a d i a t i o n has always involved a very simple 

model f o r the g a l a o t i u d i s o . The e a r l y a n a l y s i s a a r r l e d out by 

S h k l o v s k i i (1952), Baldwin (1955a) and M i l l s (1959) l e d t o the 
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conclusion t h a t a s t r o n g r a d i o halo e x i s t s . This conclusion was l a t e r 

questioned by Baldwin 1967 and Burke 1967 who suggested t h a t the 

enhanoed emission from the l o c a l s p i r a l arms and spurs might be capable 

of e x p l a i n i n g the e n t i r e observed r a d i a t i o n w i t h o u t the need f o r a 

b r i g h t r a d i o halo. These e a r l y analyses proposed a halo w i t h e s s e n t i a l l y 

a oonstant e m i s s i v i t y . This s i t u a t i o n i s very d i f f i c u l t t o e x p l a i n i n 

terms of d i f f u s i o n of e l e c t r o n s from t h e i r sources i n the g a l a c t i c 

plane w i t h f r e e ©Scape at some height above the plane but r a t h e r 

r e q u i r e s a model i n which the e l e c t r o n s are oonfined i n the large halo 

volume by p a r t i a l l y r e f l e c t i n g boundaries. 

Price (1974) olaims t o e x p l a i n the high l a t i t u d e brightness 

temperature d i s t r i b u t i o n by p l a o i n g the e a r t h on the inner edge of a 

non thermal s p i r a l f e a t u r e . As disoussed i n ohapter 5 s e c t i o n 6 

Prioe used the L i n and Shu p a t t e r n (1967) t o represent the s p i r a l 

s t r u c t u r e and moved the sun w i t h respect t o t h i s p a t t e r n t o o b t a i n a 

f i t t o the observations. This i s inadmisable as L i n and Shu i d e n t i f i e d 

the outer arm of t h e i r p a t t e r n w i t h the Perseus arm which l i e s at a 

distance of more than 1 kpc from the sun. Prioe a l s o r e q u i r e s a purely 

phenomenological base disc component i n a d d i t i o n t o a s p i r a l 

component t o e x p l a i n the diso emission. I n the models developed i n t h i s 

t h e s i s such a base disc component i s equivalent t o the emission 

produced by the r e g u l a r f i e l d w h i l e the s p i r a l oomponent i s produced by 

the i r r e g u l a r f i e l d . As shown i n chapter 4 s e c t i o n 4.4. s p i r a l apros 

i n f a c t have a very narrow e m i s s i v i t y w i d t h i n the 2 d i r e o t i o n and 

t h e r e f o r e the p l a o i n g of the sun i n an arm gives a muoh too low pole 

temperature r a t h e r than a large value as Prioe assumed and used as 

evidence against a halo. This p o i n t w i l l be disoussed again i n 

connection w i t h the r e s u l t s f o r Model B. 
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More reo e n t l y Baldwin (1976) using a simple model of the emmisivity 

i n the diso of the galaxy has derived a Z d i s t r i b u t i o n f o r the 

e m i s s i v i t y t h a t agrees w i t h observation a t various longitudes f o r low 

l a t i t u d e s , ^ 15°. The 2 d i s t r i b u t i o n found i s a t h i c k diso 

of h a l f w i d t h a t h a l f maximum of about 350 po and an equivalent h a l f 

thiokness of approximately 750 po. 

I n t h i s t h e s i s the modelling technique i s put on a f i r m e r f o o t i n g 

by using a p h y s i c a l l y r e a l i s t i c model f o r the g a l a o t i o diso i n c l u d i n g 

s p i r a l s t r u c t u r e w i t h i n the framework of density wave theory. Rather 

than comparing the p r e d i c t e d emission w i t h the observed emission f o r 

a l i m i t e d number of d i r e c t i o n s i n the galaxy a complete comparison over 

the whole ( £ * , ) spaoe i s o a r r i e d out. 

7.1.2. Spectral I n v e s t i g a t i o n s of the r a d i o halo 

Anand, Daniel and Stephens (1968) have attempted t h i s type of 

i n v e s t i g a t i o n of the halo but many d i f f i c u l t i e s are encountered. 

Absolute measurements of the sky brightness over a wide range of 

frequencies are r e q u i r e d t o a high degree of aoouraoy and a f o r e ­

knowledge of the spectra of the various components of the r a d i a t i o n . 

Recently Webster (1975) has modified t h i s teohnique by i n t r o d u c i n g the 

method of T - T p l o t s t o halo i n v e s t i g a t i o n . Using observations from 

scaled antennas at d i f f e r e n t frequencies p l o t s are made of the b r i g h t ­

ness temperature a t one frequency, T_, against t h a t a t a second 

frequenoy, T t f ^ f o r v a r y i n g r i g h t ascensions. By assuming t h a t the 

halo spectrum i s steeper than t h a t of the diso and t h a t the halo 

r a d i a t i o n i s weaker i n the general d i r e c t i o n of the a n t i o e n t r e than i n 

any other d i r e o t i o n i t i s possible t o show t h a t a r a d i o halo gives r i s e 

t o a o h a r a o t e r i s t i o shape f o r a T - T p l o t . I n general the T - T p l o t s 

show a closed loop and the separation of the two branches of the loop 

i s the signature of a r a d i o halo w i t h a steep spectrum. By modelling a 
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a u n i f o r m l y e m i t t i n g s p h e r i o a l halo t o f i t the T - T p l o t s , produoed 

from the observations of B r i d l e (1967), S i r o n i (1974) and Webster (1974), 

Webster conoluded t h a t the galaxy possesses a halo of c h a r a c t e r i s t i c 

parameters; radius Rh = 12.5 kpo and e m i s s i v i t y ^ ^ ( 8 1 . 5 MHz. ) 

= 40K kpc 1 i . e . 30 times weaker than the disc emission. This r e s u l t s 

i n the conclusion t h a t the halo density of oosmic rays and magnetio 

f i e l d i n t e n s i t y are s i g n i f i o a n t l y less than i n the d i s o . Webster's 

r e s u l t s c o n t r a d i c t the r e s u l t s of Bulanov e t a l . (1975) and Dogiel e t a l 

(1975) who showed i n the framework of d i f f u s i o n c a l c u l a t i o n s t h a t the 

average e m i s s i v i t y of the halo a t frequencies i ? <fc 15 MHz must be 

close t o t h a t of the d i s c . Recently Bulanov e t a l (1976) have advanced 

an explanation f o r the d i f f e r i n g i n t e r p r e t a t i o n s of e s s e n t i a l l y the 

same data. Webster assumes t h a t both the disc and the halo possess 

constant s p e c t r a l indices whereas i f a r e a l i s t i c d i f f u s i o n model i s 

assumed the s p e c t r a l index show.s a gradual ohange from diso t o h a l o . 

This r e s u l t s i n Webster o b t a i n i n g a g r e a t l y reduced halo l u m i n o s i t y 

and an enhanced disc l u m i n o s i t y . 

Strong (1977) has c a r r i e d out a 3-D d i f f u s i o n o a l o u l a t i o n f i t t i n g 

the T - T p l o t s t o show t h a t t h i s i s indeed the oase. He f i n d s t h a t the 

average magnetio f i e l d i n the halo may be i n the region of 0.2 of t h a t i n 

the d i s c , the d i f f u s i o n mean f r e e path 1 par seo and the f u l l w i d t h 

t o h a l f - maximum of the emission a t 17.5 MHz. about 6 kpo. 

7.1.3. I n d i c a t i o n s of a r a d i o halo from the observation of e x t e r n a l 
g a l a x i e s . 

Reoently by the use of aperture synthesis telesoopes i t has become 

possible t o map edge-on e x t e r n a l galaxies i n order t o search f o r the 

presence of r a d i o holofS. As e a r l y as 1955 Baldwin (1955b) was able t o 

i n d i c a t e t h a t A7$/ possessed a halo but u n f o r t u n a t e l y r e c e n t l y 

t h i s i n t e r p r e t a t i o n has been questioned by W i e l e b i n s k i (1976) who 

suggests t h a t the halo may j u s t be a m a n i f e s t a t i o n of background sources. 
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Van der K r u i t and A l l e n (1976) having evaluated a l l of the a v a i l a b l e 

r e s u l t s conclude t h a t a f a i n t r a d i o halo probably does e x i s t around 

M31, but the question of i t s brightness i t not yet s a t i s f a o t o r i l y 

resolved. 

A l l e n e t a l 1977 have presented high r e s o l u t i o n r a d i o maps of 

NGC 891 at wavelengths of 49.2, 21.2 and 6.0 cm. The observations 

i n d i c a t e t h a t the r a d i a t i o n from NGC 891 has one oomponent which shows 

a very strong concentration t o the plane of the galaxy and another more 

extended oomponent extending t o Z distanoes of 6 kpo above the plane 

of the galaxy. The narrow oomponent of emission has a thiokness of less 

than 700 po and NGC 891 as a whole has an equivalent w i d t h i n z of 

1.8 kpo f o r the volume e m l s s i v i t y . 

Ekers and Sanoisi (1977) have presented observations of NGC 4631 

at 610 and 1412 MHz. which also i n d i c a t e t h a t t h i s edge - on galaxy 

possesses some form of r a d i o halo w i t h an equivalent thickness i n Z of 

approximately 3 kpo. 

I t i s important t h a t these galaxies are compared i n t h e i r other 

p r o p e r t i e s w i t h the.Galaxy before any conclusion can be reached as t o 

what the existence of haloes about them i n d i c a t e s f o r the Galaxy. 

Table 7.1, taken from A l l e n e t a l 1977, summarises the p r o p e r t i e s of the 

two galaxies i n comparison w i t h our own galaxy. The most important 

d i f f e r e n o e i s i n the t o t a l l u m i n o s i t y which i s s i g n i f i c a n t l y greater 

f o r both NGC 891 and 4631. The equ i v a l e n t thiokness of the r a d i o diso 

f o r our galaxy as i n f e r r e d by Baldwin (1976) i s con s i s t e n t w i t h the 

values found f o r the two g a l a x i e s . Comparison w i t h these two e x t e r n a l 

galaxies i n d i o a t e s t h a t i t i s possible and perhaps l i k e l y t h a t the 

galaxy possesses a t h i c k disc or halo c o n s i s t e n t w i t h the i n t e r p r e t a t i o n 

made by Baldwin (1976) but i t does not prove t h a t suoh a halo e x i s t s . 
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7.1.4. Physical Meonanism f o r the production of r a d i o haloes. 

The r a d i o emission away from the g a l a c t i c plane i s u s u a l l y under­

stood i n terms of the d i f f u s i o n of e l e c t r o n s from t h e i r sources i n the 

disc i n t e r a c t i n g w i t h magnetic f i e l d s at large Z values e i t h e r produoed 

i n a dynamo mechanism.or blown upwards from the disc by i n s t a b i l i t i e s 

produced by the disc cosmic rays. Extensive work on two and three 

dimensional d i f f u s i o n of e l e c t r o n s has been c a r r i e d out by the Russians 

i n p a r t i c u l a r by Bulanov, Dogiel, Ptuskin and S y r o v a t s k i i . Most d i f f u s i o n 

c a l c u l a t i o n s lead t o the idea t h a t i f the halo e x i s t s i t s spectrum w i l l 

be considerably steeper than t h a t of the diso and t h a t the e l e c t r o n 

d e n s i t y w i l l f a l l w i t h distance from the plane and t h a t i n a l l l i k e l y -

hood t o o b t a i n haloes extending out beyond a few k i l o p a r seas i t would be 

necessary f o r the p a r t i o l e s t o be oonvected outwards d r i v e n by a g a l a c t i o 

wind as discussed by I p a v i c h (1975) and by Owens and J o k i p i i (1977). 

D i f f u s i o n models of p a r t i c l e s f r e e l y escaping from the plane of the 

galaxy are incapable of e x p l a i n i n g u n i f o r m a l l y emissive haloes. Suoh 

models r e q u i r e the p o s t u l a t i o n of some huge o o n f i n i n g volume w i t h 

r e f l e c t i n g or p a r t i a l l y r e f l e c t i n g boundaries. 

7.2. Previous work. 

Before d i s c u s s i n g the r e s u l t s of the various models desoribed i n 

ohapter s i x mention must be made of the previous two dimensional model 

presented by French and Osborne (1976) from which the present work i s an 

extension. I n t h i s model i t was assumed t h a t i r r e g u l a r i t i e s i n the 

s p i r a l ar.ms would have the e f f e c t of smoothing out the sharp peaks 

p r e d i c t e d by density wave theory f o r the s p i r a l arm enhancement t o 

produce a cosine squared v a r i a t i o n of the magnetic f i e l d between arm and 

interar.m regions. Later c a l c u l a t i o n s showed t h a t t h i s was not i n f a c t 

the case and the r e s u l t a n t r a d i o brightness temperature d i s t r i b u t i o n was 

more l i k e l y t o show several sharp peaks corresponding t o the several 

possible t a n g e n t i a l d i r e c t i o n s t o the f l u c t u a t i n g acms r a t h e r than a 

smooth peak of the cosine squared v a r i a t i o n . I n the cosine squared 
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model w i t h the d e n s i t y r a t i o i n the arm t o i n t e r arm region being 5 : 1 
2 the best f i t t o the observations was obtained f o r Model A w i t h R = 125 o 

and F = 1.1 w i t h the sun i n an i n t e r a r j n p o s i t i o n . These are not very 

d i f f e r e n t from the r e s u l t s disoussed below. 

7.3. Results of the 2-D Model C a l c u l a t i o n s . 

7.3.1. I n t r o d u o t i o n . 

I n i t i a l l y models of the g a l a o t i o plane w i l l be disoussed f o r both 

the Model A and B d i s t r i b u t i o n s of e l e c t r o n s and then various 3 -

dimensional models w i l l be considered. 

7.3.2. Model A. 

For t h i s oase of constant e l e o t r o n d e n s i t y throughout the galaxy 

i n i t i a l l y the sun was assumed t o be looated i n an arm of v a r i a b l e 

compression. Figure 4.9 showing the oompositespiral s t r u c t u r e used I n 

t h i s a nalysis also has superimposed on i t an arm running through the 

l o c a t i o n of the sun. This i s o r i e n t a t e d such t h a t the t a n g e n t i a l 

d i r e c t i o n s from the sun approximately correspond t o C a 265 and C 
o 

= 80 the ̂ l o c a t i o n s of the two maxima i n the observed g a l a o t i o plane 

p r o f i l e t h a t have been i d e n t i f i e d by some previous authors as mani­

f e s t a t i o n s of a l o o a l arm. As discussed i n ohapter 5 t h i s i s not i n 

f a c t thought t o be the aase. Observational evidenoe f o r the Orion asm 

i s r a t h e r meagre but suoh a l o c a t i o n f o r the arm as given i n f i g u r e 4.9 

i s oonsistent w i t h the observations presented i n ohapter 4. As the 

Ofion arm i s not thought t o be p a r t of the 'grand design' of s p i r a l 

s t r u o t u r e i t s compression i s unknown. Figure 7.1 presents the g a l a o t i o 

plane p r o f i l e f o r a model A l i n whioh the compression k of the s o l a r arm is 

given by ( 0.7 + 0.5 ) /0.7 & 1.7 r a t h e r than the f u l l compression of 

f.$ as f o r the major s p i r a l arms. The emission from the whole galaxy i s 

inoreased or deoreased depending on whether the sun i s r e s p e c t i v e l y i n 

an i n t e r a t m or atm region since the absolute value of the r e g u l a r f i e l d 

a t the sun i s f i x e d . I t i s reasonable t o expeot t h a t f o r the c a l c u l a t e d 
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p r o f i l e t o f i t the observed p r o f i l e a weak compression f o r the s o l a r 

acm i s more l i k e l y than a strong compression as the e m i s s i v i t y from the 

o e n t r a l parts of the galaxy i s known t o be considerably l a r g e r than t h a t 

i m p l i e d from the observed values of the e l e o t r o n density and magnetlo 

f i e l d s t r e n g t h a t the e a r t h . The f i t i n f i g u r e 7.1 suoh t h a t agreement 
a H o a 2T o 

i s f o r c e d a t C = 180 and C = 310 r e q u i r e s a r a t h e r small 
2 

value of F = 0.375 and a r a t h e r l a r g e value of Ro = 249 r e s u l t i n g i n 

the p r o f i l e being too angular and too low i n the o e n t r a l regions of the 

galaxy. I f the compression of the s o l a r ar.m i s f u r t h e r deoreased suoh 

t h a t the sun i s i n f a c t i n an interar.m r e g i o n , Model A.2, the f i t i s 
2 

improved, as seen i n f i g u r e 7.2, and the parameters are now Ro = 195 

and F = 0. 7179 r e s u l t i n g i n the l o c a l e m i s s i v i t y 

where£^, the angle between the l i n e of s i g h t and the r e g u l a r f i e l d 
o 

d i r e o t i o n i s approximately oonstant a t 80 . This value of the l o c a l 

e m i s s i v i t y can be d i r e c t l y compared w i t h measurements made on the 

e m i s s i v i t y by observing o p t i o a l l y t h i c k regions at a few tens of MHz 

I f an H region i s o p t i c a l l y t h i c k and completely f i l l s the telescope 

beam then the brightness temperature observed i s a sum of the thermal 

e l e o t r o n temperature of the region and the brightness temperature 

between the region and the observer. I n p r a c t i o e the background 

temperature adjacent t o the absorption f e a t u r e and the 'hole' depth 

corresponding t o the emission from behind the r e g i o n are measured 

enabling the foreground emission t o be determined frora:-

where T i s the thermal e l e c t r o n temperature of the H r e g i o n . Recently e 11 
Caswell (1976) using a survey a t 10 MHz has i d e n t i f i e d nine o p t i o a l l y 

t h i o k HJJ. regions t h a t give f a i r l y r e l i a b l e values f o r the l o o a l 

e m i s s i v i t y . At 10 MHz he assumes the thermal e l e o t r o n temperature t o 

£v (sun) » O. Otf9To 3 7 . ifKkp'f + t>tM> 
k * . < f 

T 
foreground = (surrounding temperature) - (hole depth) - T 
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be 6 x 10 K, consistent w i t h recombination l i n e measurements. S i m i l a r 

analyses of o p t i c a l l y t h i c k regions have previously been c a r r i e d out 

by B r i d l e (1968), Andrew (1969), Roger (1969), Parish (1972) and Jones 

and Finlay (1974). 

Table 7.2. summarises the r e s u l t s from the various authors converted t o 

the expected l o c a l e m i s s i v i t y at 150 A recent compilation of 

r a d i o measurements at various frequencies by Webster (1977) i n d i c a t e s 

t h a t the g a l a c t i c r a d i o spectrum shows a break at about 100 MHz such 

t h a t at low frequencies the spectrum f l a t t e n s t o y3 = 2.4. I f the 

e l e c t r o n spectrum i s assumed t o have a break at 3 Ge V from 2.6 t o 1.8 

then the r a d i o spectrum c a l c u l a t e d f o r an H j _ of 3.6^*Xr has a 

break at 85 MHz The values i n Table 7.2 have been c a l c u l a t e d 

assuming t h a t j£ changes from 2.8 t o 2.4 a t 85 MHz. 

There seem to be many discrepancies between the various sets of 

observations. I n the case of the e a r l i e r surveys t h i s may be due e i t h e r 

t o the telescope beams not being completely f i l l e d by the source o r the 

source not being s u f f i c i e n t l y o p t i c a l l y t h i c k . Both these s i t u a t i o n s 

lead t o an over estimate of the l o c a l e m i s s i v i t y . The measurements of 

P a r r i s h i n p a r t i c u l a r show t h a t the e m i s s i v i t y d i s t r i b u t i o n i s perhaps 

r a t h e r ani.-sotropic. This i s c l e a r l y seen i n the values of £ ^ ( l o c a l ) 

obtained using IC 410 and NGC 2175. For the purposes of comparison w i t h 

the various models the recent data by Caswell w i l l be used. Caswell's 
o -/ 

r e s u l t s i n d i c a t e a l o c a l e m i s s i v i t y of approximately 288 K kpc f o r 

distances of less than 1 kpc from the sun, which i s considerably higher 

than the value i m p l i e d by Model A.2. Most of the Caswell measurements 
o o 

are made w i t h i n the « = 90 t o 270 d i r e c t i o n s , i . e . l o o k i n g away 

from the g a l a c t i c oentre. Improved agreement w i t h the Caswell 

measurements can be o b t a i n e d i f a l o c a l ac.m i s introduced between the 

sun and the perseus apm. For model A.3 an acm p a r a l l e l t o the dotted 

arm i n f i g u r e 4.9 located 0.5 kpc towards the a n t i c e n t r e i s introduced. 

This arm i s assumed t o have the same compression as the major ar.ms. 
The r e s u l t a n t p r o f i l e s are presented i n f i g u r e 7.3. 
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I t i s c l e a r t h a t as most of the regions i n v e s t i g a t e d by Caswell l i e a t 

distances equal or greater than 0.5 kpc from the sun the i n t r o d u c t i o n of 

suoh an arm i n t h i s region w i l l g r e a t l y increase the foreground temperature 
2 

and t h e r e f o r e the i m p l i e d l o c a l e m i s s i v i t y . The value of R q f o r t h i s model 

as compared w i t h model A.2 i s reduced as the e x t r a arm s i g n i f i c a n t l y increases 

the emission i n the a n t i c e n t r e d i r e c t i o n . The parameters r e q u i r e d f o r a f i t 
2 of Model A.3 are R = 131 and F = 0.75. The i n t r o d u c t i o n of such a l o c a l o 

s p i r a l arm i s s t i l l c o n s i s t e n t w i t h the observations of the Orion arm 

presented i n ohapter 4. D i r e c t comparison between the c a l c u l a t e d and 

observed temperature i n f r o n t of the H regions w i l l be made when the 

r e s u l t s f o r the f i n a l three dimensional models have been presented. 

2 

Figure 7.4 presents f o r Model A.3 the way i n which F and RQ vary w i t h 

I q such t h a t the c a l c u l a t e d l o n g i t u d e p r o f i l e agrees w i t h observation at the 

two n o r m a l i s a t i o n l o n g i t u d e s . I f a smaller value of I , less than 80 
o 

*• W. £*V. ) i s accepted as being c o n s i s t e n t w i t h observation then a 

smaller value of F i s r e q u i r e d t o compensate, i . e . more i r r e g u l a r f i e l d i s 

r e q u i r e d . The r e s u l t i n g value of the l o o a l e m i s s i v i t y d i f f e r s only 

m a r g i n a l l y from the value obtained f o r I = 8 0 {»' t.S*. (r*M.)".' For a ]ai:.ger 
o 

I a l a r g e r value of F i s r e q u i r e d , i . e . more regu l a r f i e l d . Figure 7.5 

shows the c o n t r i b u t i o n t o the r e s u l t a n t longitude p r o f i l e f o r model A.3. from 

the r e g u l a r and i r r e g u l a r components of the magnetic f i e l d . The i r r e g u l a r 

component i s the component t h a t shows the t a n g e n t i a l d i r e c t i o n s t o s p i r a l 

arms whereas the reg u l a r component only shows a f a i r l y smooth increase 

towards the g a l a c t i c centre as long l i n e s of s i g h t passing through s p i r a l atms 

are compensated by & being near zero. This r e g u l a r component i s 

equivalent t o Price's (1974) base disc component, ( s e c t i o n 7.1.1.). 

7.3.3. Model B. 

For the s i t u a t i o n where the e l e c t r o n density i s assumed t o be modulated 

i n p r o p o r t i o n t o the magnetic f i e l d squared many l o o a t i o n s of the sun are 
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el i m i n a t e d as no physioal f i t t o the n o r m a l i s a t i o n longitudes e x i s t s . 

I f the sun i s i n an arm of f u l l compression a f i t i s only possible f o r 

an i r r e g u l a r f i e l d component approximately 100 times greater than the 

regul a r oomponent producing, as t o be expeoted, a longitude p r o f i l e 

t h a t i s d r a m a t i c a l l y more angular than the observed p r o f i l e . For the sun 

i n an interarm r e g i o n no p h y s i c a l f i t i s possible, i . e . f o r a f i t F i s 

negative. The only possible f i t s are f o r the sun i n an arm of small 

compression. Figure 7.6. presents the best f i t t i n g p r o f i l e whioh has 
2 the sun i n an arm of compression k = 1.7 w i t h R = 327 and F = 1.1. o 

This f i t i s seen s t i l l t o be r a t h e r too angular. This i s of course due 
3 8 

t o the f a c t t h a t the e m i s s i v i t y i s now v a r y i n g as H " causing the 
arm emission t o be considerably greater than t h a t from Model A. The 

0 E 0* o peaks at t as 80 a n d I * 260 are due t o the t a n g e n t i a l d i r e o t i o r o 
t o the l o c a l arm t h a t was introduced such t h a t peaks were produced a t 

these l o n g i t u d e s . I n the f o l l o w i n g sections i t w i l l be shown t h a t Model B 

i s i n c o n s i s t e n t w i t h the high l a t i t u d e observations thereby r e j e o t i n g the 
2 

hypothesis t h a t I i s p r o p o r t i o n a l t o H . o 
Before c o n t i n u i n g t o the 3 - dimensional models i t should be noted 

t h a t the p r o f i l e s so f a r presented have been a r r i v e d at by an . i t e r a t i v e 
0* Is-

procedure. They have a l l been convolved i n * and o i n agreement 

w i t h the o b s e r v a t i o n a l beams assuming the f i n a l 2 dependance as 

derived i n l a t e r seotions. Model A.3 i s used as the basis f o r a l l the 

3 - dimensional models t h a t are now going t o be discussed. The 

parameters c h a r a c t e r i s i n g the various 2 - dimensional models are 

summarised i n Table 7.3. 

7.4. Results of the 3 - D Model C a l c u l a t i o n s . 

7.4.1. Model B. 

A model i n which the sun has t o be located i n a s p i r a l arm, suoh as 

Model B, runs i n t o severe d i f f i c u l t i e s when the emission a t high l a t i t u d e 

i s considered. I f the demodulation of the s p i r a l arms w i t h height above 
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T A B L E 7.3 

Model Location of the Sun 1 . » F £ ^ ( l o c a l ) 

144K *»(>e"' A . l I n an arm of compression 
k = 1.7 

\J 

249 0.375 

£ ^ ( l o c a l ) 

144K *»(>e"' 

A.2 I n an i n t e r a r m r e g i o n 195 0.7179 64K kfc"' 

A.3 I n an i n t e r a r m r e g i o n 
w i t h a l o c a l arm a t 
0.5kpc towards the a n t i ­
centre . 131 0.75 62.5Kfcpc"' 

B I n an arm of compression 
k = 1.7 

327 1.1 45.7K hpc"* 
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the plane i s given by f i g u r e 4. £7. the e m i s s i v i t y a t 0.5 kpc above the 

plane, even i f the e l e o t r o n d e n s i t y i s kept oonstant, i s only 6 K kpc-*. 

Since the emission w i t h i n 0.5 kpo of the plane i s only 11.5K. t h i s leaves 

a f u r t h e r 158.5K t o be obtained from high^emission such t h a t the 

c a l c u l a t e d pole temperature agrees w i t h the observed value of 170K. 

( a f t e r 50K e x t r a g a l a c t i c has been taken i n t o aooount). Therefore f o r 

Model B a u n i f o r m a l l y e m i t t i n g halo w i t h a l i n e of s i g h t of 26.4 kpo i n 
• V o 

the d i r e c t i o n b = 9 0 i s r e q u i r e d t o ob t a i n agreement w i t h observation. 

Suoh a vast halo seems h i g h l y improbable. Model B i s t h e r e f o r e r e j e o t e d 

as a v i a b l e model f o r the d i s t r i b u t i o n of e l e c t r o n s i n the galaxy. 

7.4.2. Model A. 

I n a l l the f o l l o w i n g the demodulation of the s p i r a l arms w i t h height 

above the plane i s assumed t o be t h a t given i n f i g u r e 4.17. 

7.4.2.1. Model 3D 1 

This model assumes t h a t the e l e c t r o n density f a l l s l i n e a r l y w i t h 

height above the plane as suggested i n chapter 2 from a simple one 

dimensional d i f f u s i o n approximation. The magnetio f i e l d i s assumed 

oonstant a t the value i n the plane f o r interarm regions. An e q u i v a l e n t 

h a l f w i d t h of 2.75 kpc i s r e q u i r e d t o ob t a i n agreeanent w i t h the 

observed pole temperature. For a l i n e a r f a l l - o f f t h i s r e q u i r e s the 

e l e o t r o n density t o f a l l t o zero a t a height of 5.5 kpo above the plane. 

Figure 7.7 shows the p r e d i c t e d contour p l o t of the d i s t r i b u t i o n of 

brightness temperature f o r t h i s model a f t e r the a d d i t i o n o f spur 
emissions, according t o Van de Laan, and an e x t r a g a l a o t i a background of 

o 

50 K. To f a c i l i t a t e comparison w i t h the Landeoker and •<• W i e l e b i n s k i a l l 

sky map f i g u r e 7.8 a shows l a t i t u d e outs f o r various longitudes 

aoross f i g u r e 7.7 i n comparison w i t h the Landeoker and W i e l e b i n s k i data. 

These outs have been excluded from the region 60° - 150° as t h i s r egion 

i s known t o be oonfused by souroe oomplexes. I t i s c l e a r from these 
0^ O 49 O 

p r o f i l e s t h a t f o r longitudes C > 270 and c <C 90 the p r e d i c t e d 

p r o f i l e s are too broad f o r jit I ^ £°. For the remaining l o n g i t u d e 
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range the f i t i s reasonable. To deorease the emission ooourring at 

intermediate latitudes the width of the emissivity disc needs to be 

decreased. The thickness of the s p i r a l arms in I only a f f e c t s the 

p r o f i l e s for { \>* ) -C S°. 

7.4.2.2. Model 30 2 . 

The width of the emissivity diso at the earth cannot be deoreased 

as the pole temperature and looal emissivity are fixed. One therefore 

needs to postulate that the width of the emissivity diso deoreases as one 

approaches the galaatic oentre i n order to narrow the latitude p r o f i l e s 

for directions, towards the g a l a c t i a centre. As dismissed i n chapter 3 

seotion 3.3.2 the soale height of the neutral gas i s observed to decrease 

for R < 10 kpo and inorease for R > 10 kpo (Jackson and Kellman 1974). 

Figure 3.4 shows that in the l i m i t 23$ deoreases to half i t s value at 

the sun at 4 kpo from the galaotio oentre and increases to twloe i t s 

value at the sun at 15 kpo. Such a variation may be represented by the 

polynominal. 

W (R) = Ws*.n (0.591 - 0.0652R + 0.0106R2) 7.1. where R i s the 

galactooentrio distance and Wsun i s the width, scale height, of the 

d i s t r i b u t i o n at the sun, R - 10 kpo and W(R) i s the width corresponding to 

a r a d i a l distance R. I t i s possible to argue that i f the magnetic f i e l d i s 

t i e d to the gas and in t h e i r turn the electrons are t i e d to the f i e l d then 

i t might be expeoted that the width of the eleatron d i s t r i b u t i o n would 

decrease with decreasing R i n a s i m i l a r manner to the way in whloh 2?J 

for the gas deoreases. Here one i s extrapolating rather as the width of 

the gas i s only a few hundred parseos whereas the eleotrons have a width 

of several kiloparseos. I f equation 7.1 i s applied to Model 3D 1 then 

the r e s u l t s presented in fugures 7.9 a - f are obtained for Model 3D 2. 

As oan be seen from figure 7.9 the introduction of suoh a f l u t i n g of 

the emissivity diso has indeed narrowed the p r o f i l e s for C » $0 and 

330° when they are oompared with figures 7.8a and 7.8f respectively. 
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For the p r o f i l e s v s 150°, 180° and 240° the agreement i s s t i l l f a i r 

but the emission from latitudes between /30°| and |80°/ now seems to be 

above rather than below the observations. This i s due to the emissivity 
a* o 

disc increasing in thickness for R y 10 kpo. The € %. 300 p r o f i l e i s 

s t i l l much broader than the observations. This i s due to the faot that 

for t h i s longitude the closest distance of approach to the galaotic 

centre i s only 8.6 kpc and therefore the width of the Z d i s t r i b u t i o n 

of electrons has not changed s i g n i f i c a n t l y from 5.5 kpc. (W(8.6 kpo) = 

4.5 kpc). 

Before considering further variations of the electrons distribution 

i t i s worthwhile investigating the e f f e c t of a greatly increased extra-

g a l a c t i c contribution. 

7.4.2.3. Model 3D 3. This model has the same electron d i s t r i b u t i o n as 

the previous model but with an extragalactio contribution of 100K instead 

of 50K. Although t h i s i s at variance with observation i t i s i n s t r u c t i v e 

to consider t h i s situation as the p o s s i b i l i t y e x i s t s that the sun has 

some emission region close by i t which gives the effect of a further 

isotropic component. This w i l l also give some indication of the e f f e c t of 

a very large diffuse halo on the latitude p r o f i l e s . As the extragalaotic 

contribution has been increased i t i s necessary to renormalise the 2-
2 

dimensional disc model. The new parameters are found to be R q = 114 

and F a 0.77 resulting in a l o c a l emissivity of 60°K kpc"? The 

p r o f i l e i s not s i g n i f i c a n t l y different from the p r o f i l e presented for 

Model A.3 and w i l l not therefore be presented here. The temperature 

required at the pole resulting from galactic emission i s now reduced to 

120K and therefore an equivalent thickness of 2 kpc i s required for 

oonsistanoy with observation. The half width of the emissivity 

distribution at the sun i s therefore decreased to 4 kpc. Figure 7.10 

presents the r e s u l t s for model 3D 3. The p r o f i l e s appear f l a t t e r for 
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intermediate and high latitudes as would be expected. The f i t s at 
o o 0 & o o = 330 and 30 are s l i g h t l y improved, the f i t s for P s 150 , 180 and 

o S & o 

240 are about as good as for Model 3D 2 and the f i t at <• 300 i s 

marginally improved. This f i t w i l l be compared with the f i n a l f i t and 

discussed in the next chapter. To avoid such an introduction of an 

extra ad hoc isotropic component further models w i l l now be considered. 

7.4.2.4. MQdel 3D 4 

To try and further reduce the emission predicted for intermediate 

latitudes an exponential decrease of electron density with height above 

the plane w i l l be considered rather than the presently assumed l i n e a r 

variation. Such an exponential variation might be expected i f the mean 

free path for electron propagation increases with height above the plane. 

This i s in fact probably the si t u a t i o n as the f i e l d probably becomes 

more regular as one moves to larger values of j? due to the supernovae, 

that produce the large scale randomising of the f i e l d , being r e s t r i c t e d to 

the plane of the galaxy and therefore there are fewer i r r e g u l a r i t i e s to 

scatter the electrons thus causing their mean free path to increase with 

increasing 2 . In Model 3D 4 the electron density i s assumed to vary 

according to exp ( - Z/Z-Gbkfc,) and i s truncated at J = 8.58 kpc. 

This electron density variation i s assumed for a l l values of R. 

Figures 7.11 presents the r e s u l t s for Model 3D 4. The f i t for 

directions towards the g a l a c t i c centre i s marginally better than that for 

a linear f a l l - o f f , Model 3D 1, figure 7.7 and 7.8. For directions away 

from the g a l a c t i c centre the f i t i s e s s e n t i a l l y unaltered. I f a varying 

width to the electron d i s t r i b u t i o n i s now introduced a considerable 

ef f e c t on the width of the p r o f i l e s i s to be expected. Before considering 

such a model a phenomenologiaal halo model w i l l be considered. 

7.4.2.5. Model 3D 5. As many previous authors have postulated large 

uniformally emitting haloes i t was thought in s t r u c t i v e to consider such a 

model in the framework of the derived 2-dimensional model, Model A.3. 
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The halo i s taken as being spherical centred on the gal a c t i c centre 

with a radius of 15 kpc. The galaxy i s assumed to have a disc of half 

width 1 kpc i n which the electron density i s constant. For agreement 

with the pole temperature i t i s required that the electron density i n the 

halo i s 0.169 times that in the disc. Figure 7.12 presents the 

re s u l t s from such a model. A uniformaIW emitting halo i s seen to 

produce several c h a r a c t e r i s t i c tracers i n the latitude plots. For the 
0^ „ o o o directions c = 30 ,330 and to some extent 300 ; large quantities of 

emission are produced for intermediate latitudes causing a large 

discrepancy between the observed and predicted p r o f i l e s . This could be 

reduced but only by the introduction of a much larger, much weaker halo. 

As discussed for Model B such a large halo i s considered unphysical. For 
4 o o o the directions t s 150 , 180 and 240 a minimum i s observed at 

o 
latitudes of approximately + 45 . This i s c h a r a c t e r i s t i c of any large 
low emission halo. Such a minimum i s i n fact c l e a r l y seen i n the 

o 

observations. The calculated p r o f i l e at c =300 i s in f a i r agreement 

with theobservations for such a model. A possible way of reducing the 

intermediate latitude emission for direotions towards the galaotio oentre 

i s by making the halo oblate. The pole temperature must s t i l l agree with 

the observed temperature and th i s immediately puts a li m i t on how oblate 

the halo can be made. In fact making the halo oblate reverts to having 

a thick d i s c . 

Table 7.4 summarises the various 3-D models disoussed i n the previous 

sections. 

7.4.2.6. Model 3D 6. 

In t h i s , the f i n a l Model, the best features of the previous models 

are combined to obtain a f i t to the observational data. The electron 

density i s assumed to f a l l approximately exponentially with height above 

the plane with the width of the dis t r i b u t i o n varying with galaotio radius. 
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T A B L E 7.4. 

C h a r a c t e r i s t i c s 

Very large low e m i s s i v i t y 
halo r e q u i r e d due t o the 
sun being i n an arm. 

Comparison w i t h observations 

Suoh a model i s r e j e c t e d as a 
s p h e r i o a l halo w i t h a radius 
of a t l e a s t 36 kpo i s r e q u i r e d . 

Linear f a l l o f f of e l e c t r o n 
d e n s i t y oonstant f o r a l l R 

P r o f i l e s f o r € = 30,330° o 
and 300 too broad, agreement 
f o r a n t i o e n t r e d i r e c t i o n s . 

Linear f a l l o f f .Of e l e o t r o n 
d e n s i t y v a r y i n g w i t h R i n 
accordance w i t h equation 
7.1. 

jB- o 
Improved f i t f o r C = 30,330 
but = 300° p r o f i l e s t i l l 
too broad. A n t i o e n t r e p r o f i l e s 
e s s e n t i a l l y unchanged. 

As f o r model 3D2 but w i t h 
the e x t r a g a l a c t i c c o n t r i ­
b u t i o n increased t o 100 K 
R 2 = 114, F = 0.77. 
° /^,= 60 K kpc 

Improved f i t as compared 
w i t h t h a t f o r Model 3D2. 

Exponential v a r i a t i o n i n 
e l e c t r o n d e n s i t y , exp 
(-a/2.86) f o r Z * 8 . 5 8 kpo 
and zero f o r 2 >t».58 kpo, 
constant f o r a l l R. 

S l i g h t improvement of the 
f i t obtained f o r Model 3D1 

Halo model. Constant 
e l e c t r o n density out t o 1 
kpc and then 0.169 of 
plane value f o r a s p h e r i c a l 
halo of radius 15 kpc. 

F i t f a i r except f o r 
intermediate - h i g h l a t i t u d e s 
f o r d i r e c t i o n s towards the 
g a l a c t i c oentre where the 
pre d i c t e d emission i s too hi g h . 
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Figure 7.13 shows the way i n whioh the e l e c t r o n density f a l l s w i t h 

i n c r e a s i n g Z> Rather than a t r u e e x p o n e n t i a l , the d i s t r i b u t i o n i s 

force d t o zero a t 2 = 10.85 kpc, the value r e q u i r e d t o obtain the 

c o r r e c t pole temperature. For ease of o a l o u l a t i o n the v a r i a t i o n of the 

e l e c t r o n density a t the sun i s represented by the polynomial. 

where N ^ (0) i s the e l e c t r o n density at the plane. This i s rescaled 

f o r other g a l a o t o c e n t r i c distances such t h a t i t s w i d t h decreases f o r 

R <C 10 kpc and increases f o r R > 10 kpo according t o 

W*) = o &l -o.obSZ* * - 0 O / £ > 6 R l 7 . 3 

The r e s u l t a n t v a r i a t i o n of the e l e c t r o n density i s given by:-

I n t h i s model as i n the previous models the magnetic f i e l d i s assumed 

constant a t the JS. - 0 value. I t should be remembered, however, t h a t 

the v a r i a t i o n given by equation 7.4 f o r the e l e c t r o n , d e n s i t y i n f a c t 

gives the r e q u i r e d f a l l of e m i s s i v i t y i . e . the r e s u l t a n t f a l l associated 

w i t h both the e l e o t r o n density and magnetic f i e l d decreasing w i t h height 

above the plane. As seen i n f i g u r e 7.13 the 2 - v a r i a t i o n , 

p a r t i c u l a r l y f o r R ^ 10 kpo, p a r a l l e l s a halo d i s t r i b u t i o n and t h e r e ­

f o r e should produce minima i n the l a t i t u d e p r o f i l e s a t approximately 

l i t o 
t> = + 45 f o r a n t i o e n t r e d i r e c t i o n s . The problem of the emission 

o. j*. o 

being too large f o r intermediate l a t i t u d e s a t 270 <. C < 90 should be 

avoided as t h i s pseudo-halo decreases i n siz e as one approaches the 

g a l a c t i c oentre. Figures 7.14 and 7.15 present the r e s u l t s f o r Model 3D 6. 

As seen from f i g u r e 7.15 the d i s t r i b u t i o n of e l e c t r o n s used hero does 

produce minimu i n tho p r o f i l o y at O * ± 45 f o r u n t i u e n t r o 

d i r e c t i o n s w i t h o u t produoing too much emission a t intermediate l a t i t u d e s 

f o r g a l a c t i o centre d i r e c t i o n s . The p r o f i l e s presented i n fugure 7.15 
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a l s o show how muoh of the emission i s assumed t o be coming from the 

r a d i o spurs. When two s o l i d l i n e s are present on a p r o f i l e the lower 

l i n e represents the d i f f u s e g a l a o t i o oontinuum emission whereas the upper 

l i n e i s the sum of the d i f f u s e emission and the emission expected from 

the spur-S.. Figure 7.16 presents the i n t e n s i t y contour p l o t s f o r the 

three spurs as obtained by Spoelstra (1972) and used here t o estimate 

the emission from the spurs at 150 MHz. 

The p r o f i l e s presented are r e p r e s e n t a t i v e cuts f o r the whole sky map, 
o a* o 

f i g u r e 7.14, excluding the region 150 ? € y 60 where the Cygnus complex 
aB o © 

and a complex centred on € = 120 — 130 considerably d i s t o r t the 

p r o f i l e s close t o the g a l a o t i o plane. The p r o f i l e s presented i n 

f i g u r e 7.15 w i l l now be disoussed i n d e t a i l . 
(a) / * = 3 0 ° 

For southern l a t i t u d e s the p r e d i c t e d p r o f i l e agrees w e l l w i t h the 

observations. The peak temperature a t b = 0 i s somewhat higher 

than the observed g a l a c t i c plane temperature suggesting t h a t the s p i r a l 

p a t t e r n used i n t h i s a n a l y s i s i s perhaps too t i g h t l y wound f o r t h i s 

l o n g i t u d e . The same i s also seen t o be t r u e f o r the c = 40 , 
*K o o 
C = 5 0 and, t o a lesser e x t e n t , the C = 6 0 p r o f i l e s . The 

g a l a o t i o plane p r o f i l e , f i g u r e 7.3, c l e a r l y shows t h i s discrepancy f o r 

the whole of t h i s l o n g i t u d e range. The North Polar Spur makes a very 

large c o n t r i b u t i o n t o the observed brightness temperature f o r i n t e r ­

mediate p o s i t i v e l a t i t u d e s . The c o n t r i b u t i o n added, assuming the 

Van de\Laan model seems unable t o aocount f o r a l l the emission. As the 

f i t i n t h i s l a t i t u d e range i s good f o r the southern hemisphere i t i s 

l i k e l y t h a t the Van deALaan model i s underestimating the brightness of 

the North Polar Spur i n t h i s r e g i o n . 

(b) 40° 

The c o n t r i b u t i o n from the North Polar Spur a t t h i s longitude f o r 

n o r t h e r l y l a t i t u d e s b r i n g s the t h e o r e t i o a l p r o f i l e i n t o agreement w i t h the 
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b-+60 l = 1'iO° .1 = 120° 1=90 7 -
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t 
Da-20 

F i g u r e 7 . l a s 
I n t e n s i ty contour p l o t s f o r the r a d i o s p u r s as pr e s e n led Ly 
S p o e l s t r a ( 1 9 7 2 ) using- the Van de^Laan model. 
(A) North P o l a r Spur. 
("B) Cetus Arc. 
(c) Loop I I I . 
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observations. For southerly latitudes the f i t i s good apart from the 

observed peak being rather broad for <£ tO . A s the northern 

hemisphere f i t s well for Jh / 4(O i t i s probable that t h i s 

broadening i s not due to the diffuse emission but rather due to some 

s p a t i a l l y localised source or distortion of the plane. 

( c ) / * = 50° 

This profile has contributions from the Cetus arc for southerly 

latitudes and from the North Polar spur for northern lat i t u d e s . Again 

the added spur emissions do not seem to agree i n d e t a i l with the spur 

emission needed for compatability with the observations. 

4* o 
(d) <C = 60 

The agreement for t h i s longitude i s rather poor. The calculated 

profile for negative latitudes even after the subtraction of the 

contribution assumed from the Cetus Arc i s too broad whereas for positive 

latitudes the predicted distribution i s too narrow. Obviously in t h i s 

region some spur emission i s present. As seen from figure 7.16b Spoelstra 

does not predict any emission from the Cetus Arc for positive latitudes at 

t h i s longitude. I t would appear that the model presented by Spoelstra for 

the Cetus Aro i s too small in angular extent to be consistent with the 

observations. This i s p a r t i c u l a r l y noticeable for southern latitudes 

where Spoelstra predicts a ridge of emission for C 60 while the 

observations in fact show minima at t h i s longitude and the ridge of 
^ZT o 

emission at approximately C = 50 . 

(e) * * = 150° 

After the addition of the spur emissions (Cetus Arc and Loop I I I ) the 

agreement with the observations i s good. 

( f ) = 180°, (g) J*= 210° and (h) ^ = 240° 
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The agreement with observation for these longitudes i s f a i r apart 

from the observed enhanced emission for negative l a t i t u d e s . This may be 

due to a distortion of the galaotio disc, an effect of the sun not being 

exaotly on the galaotic plane or some nearby emission. Suoh di s t o r t i n g 

influences as the above are l i k e l y to be more pronounced in p r o f i l e s for 

the anticentre directions where the l i n e s of sight are r e l a t i v e l y short, 

( i ) < f f f = 270° 

Here the emission added for the north polar spur at northern 

latitudes i s muoh greater than that observed. As seen from the calculated 

contour plot, figure 14, the emission over a very large range of t 

and positive & i s greatly in exoess of that observed (see figure 5.1). 

This extensive exoessive emission i s c l e a r l y due to the addition of the 

North Polar Spur. This would suggest that Spoestra, using the Van de Laan 

model, prediots too much emission for t h i s ridge region. 

For the remaining p r o f i l e s , ( j ) - (o) >the predioted emission i s 

s l i g h t l y broader than the observations for 50° > fa*/ and the 

predicted spur emissions seem to be at variance with the observations. 

Figure 7.17 shows the way i n which the emissivity varies along 

various l i n e s of sight for Model 3D 6. The components of the emissivity 

from the regular f i e l d and the irregular f i e l d are plotted. 

In the plane about half of the emission i s coming from s p i r a l arms 

and about half oomes from each of the f i e l d components. Plots are 
o o 

presented for longitudes 330 and 180 for various l a t i t u d e s . The l i n e 
if o 

of sight distance for o > 0 i s the l i n e of sight projected onto 
4* o 

the plane of the galaxy. For the tr = 330 direction i t i s c l e a r l y 
seen that the s p i r a l arms only contribute to the emission for O <c 2-> 

4& o 
whereas for the c » 180 direction the l o c a l arm introduced at 

ijC o 

0.5 kpo from the sun s t i l l makes a small contribution at £> = 40 . 

Therefore i n general the emission from the arms only affeots the predicted 
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temperature p r o f i l e s for jk j <• 20° re s u l t i n g i n the predioted p r o f i l e 

being rather i n s e n s i t i v e to the form taken for the demodulation of the 

s p i r a l arms. 

Comparison aan now be made direotly between the predicted emission 

in front of the H regions oonsidered by Caswell and the values inferred I I 

from observation. Table 7.5 presents the r e s u l t s for the brightness 

temperatures in front of the nine regions. Apart from NGC 1805 and 

NGC 1848 the calculated brightness temperatures in front of the regions 

are consistently lower than the observed values. The values for 

NGC 1499 the ^ Orion nebula and Barnards Loop are p a r t i c u l a r l y low as 

the l i n e of sight does not reach into the next arm. This would suggest, 

from these measurements alone, that the arm introduoed at 0.5 kpo away 

from the sun should have perhaps been closer. Unfortunately i f t h i s i s 

done the magnetic f i e l d measurements from the rotation measures of 

pulsars become inconsistent with the predioted l i n e of sight f i e l d s from 

such a model. The l i n e s of sight to several of the nearby pulsars 

would now extend to and beyond t h i s looal arm predicting a greatly 

inoreased l i n e of sight magnetic f i e l d . (Figure 3.11) The uncertainty 

i n the distanoe to the pulsars, deduoed from their dispersion measures 

may be s u f f i c i e n t to overcome t h i s disagreement. The distanae to a 

par t i c u l a r pulsar may be overestimated i f clouds of thermal electrons 

denser than the assumed background thermal electron density are present 

i n the l i n e of sight. I t should also be born i n mind that the Orion arm, 

not being part of the 'grand design', may in fac t be a material arm 

rather than a density wave feature perhaps making i t rather non uniform 

both in looation and i n inten s i t y r e s u l t i n g i n the expeoted magnetic 

f i e l d varying along i t s length. Also presented in Table 7.5 i s the 

brightness temperature observed and calculated for distances beyond the 
H I I r e S i o n s « Both temperatures have had an extragalaatic contribution 

4 
removed: 50K for the calculated values and a value of 9.8 x 10 K at 
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10 MHz (Simon 1977). In a l l cases excluding NGC 1805 and 1848 the 

calculated emission i s greatly in exoess of the Caswell values. Care 

must be taken in the interpretation of t h i s r e s u l t as the free-free 

absorption of the 10 MHz radiation i s probably considerable when long 

l i n e s of sight are considered. This i s probably one of the reasons for 

the emission behind S.249 being inferred to be zero. 

In the next chapter the various conclusions that oan be reaohed 

regarding the distribution of oosmio ray electrons and magnetio f i e l d i n 

the galaxy are disoussed. 
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CHAPTER 8. 

Conclusion 

I n t h i s the f i n a l chapter the v a r i o u s c o n c l u s i o n s that can be 

reached on the d i s t r i b u t i o n of cosmic ray e l e c t r o n s and magnetic f i e l d 

i n the galaxy from the models developed i n c h a p t e r s 6 and 7 w i l l be 

d i s c u s s e d . I n the l a s t s e c t i o n s e v e r a l comments on the c l o s e d 

galaxy model w i l l be made. 

8.1 C o n c l u s i o n s regarding the d i s t r i b u t i o n of e l e c t r o n s and magnetic 
f i e l d i n the plane of the galaxy. 

Within the framework of the s p i r a l s t r u c t u r e assumed the 

v a r i o u s two dimensional models have been ab l e to i d e n t i f y some important 

f a c t s concerning the g a l a c t i c continuum d i s c . Of the two extreme 

models assumed f o r the e l e c t r o n d i s t r i b u t i o n , Model A i n which the 

d i s t r i b u t i o n i s uniform throughout the galaxy was found to give a good 

f i t to the data. Model B, i n which the e l e c t r o n d e n s i t y v a r i e s as 

the square of the magnetic f i e l d , was found to be untenable as the sup. 

was r e q u i r e d to be l o c a t e d i n a s p i r a l arm thereby c a u s i n g d i f f i c u l t i e s 

when agreement between the observed and c a l c u l a t e d pole temperature was 

r e q u i r e d . The longitude p r o f i l e p r e d i c t e d from the f i n a l two dimen­

s i o n a l model, Model A3, agreed with o b s e r v a t i o n when l o c a l sources were 

a K 

taken i n t o account for a l l longitudes except f o r the r e g i o n < s 

30° to 60°. T h i s discrepancy suggests t h a t the s p i r a l form assumed 

i s too t i g h t l y wound. The magnetic f i e l d r e q u i r e d was found to have 

the s t r e n g t h of i t s two components, the r e g u l a r component and the 

i s o t r o p i c a l l y random component i n the r a t i o 1 : 1.3. T h i s i s c o n s i s t e n t 

w i t h previous o b s e r v a t i o n s of the magnetic f i e l d , ( c h a p t e r 4 ) . The 

best f i t to the o b s e r v a t i o n s for Model A r e q u i r e d t h a t the sun should be 

l o c a t e d i n an i n t e r a r m r e g i o n as f a r as the magnetic f i e l d s t r e n g t h was 

concerned. To help reduce the d i s c r e p a n c y between the c a l c u l a t e d l o c a l 
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e m i s s i v i t y and t h a t i m p l i e d from the o b s e r v a t i o n of H I I regions a l o c a l 

arm was introduced at a few hundred p a r s e c s away from the Sun i n the 

d i r e c t i o n of the a n t i c e n t r e . As seen i n the l a s t s e c t i o n of Chapter 7 

the f i t to the o b s e r v a t i o n s was s t i l l not good. U n f o r t u n a t e l y the 

observations r e s u l t i n g i n the l o c a l e m i s s i v i t y estimate are r a t h e r l i a b l e 

to e r r o r caused by the H I I region not completely f i l l i n g the beam, 

the H I I region not being o p t i c a l l y t h i c k enough, e r r o r s i n the d i s t a n c e 

assumed fo r the H I I region and, i n p a r t i c u l a r when the temperature 

behind the r e g i o n i s considered, the a b s o r p t i o n of the low frequency 

r a d i a t i o n by f r e e - f r e e absorption. As d i s c u s s e d i n Chapter 7 the 

agreement w i t h the o b s e r v a t i o n s can be improved i f the arm i s considered 

to be c l o s e r than 500 pc from the Sun. The problems then encountered 

w i t h the implied l i n e of s i g h t f i e l d s i n comparison w i t h the observed 

f i e l d s from the o b s e r v a t i o n of p u l s a r s can then be e i t h e r a t t r i b u t e d to 

e r r o r s i n the d i s t a n c e s to the p u l s a r s or to i r r e g u l a r i t i e s i n the 

l o c a l arm i t s e l f . I t i s t h e r e f o r e c l e a r t h a t a t present due to the 

above d i f f i c u l t i e s the disagreement between the d e r i v e d e m i s s i v i t i e s and 

the o b s e r v a t i o n s i s perhaps not as s e r i o u s as i t f i r s t appears. 

Observations of the l o c a l , Orion, arm do suggest that the sun i s 

indeed l o c a t e d near to i t s inner edge which i s c o n s i s t e n t w i t h the 

requirement of the model to have an arm w i t h i n 500 pc of the sun i n the 

a n t i c e n t r e d i r e c t i o n . Before moving to the 3 - D s t r u c t u r e of the 

continuum emission i t i s worth c o n s i d e r i n g the r e s u l t s f o r e l e c t r o n 

d i s t r i b u t i o n s i n t e r m e d i a t e between Model A and B. I f the e l e c t r o n 

d e n s i t y was assumed to vary l i n e a r l y w i t h the magnetic f i e l d then the 

e m i s s i v i t y from the s p i r a l amis would be g r e a t l y i n c r e a s e d compared w i t h 

that from Model A. T h i s would make the longitude p r o f i l e c o n s i d e r a b l y 

more angular i f not r e s u l t i n g i n the sun having to be i n a s p i r a l arm to 

o b t a i n agreement i n the plane. I t i s t h e r e f o r e l i k e l y t h a t such a 

d i s t r i b u t i o n would run i n t o s i m i l a r problems as to those encountered by 
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Model B although not quit© so s e v e r e . 

8.2 Conclusions r e g a r d i n g the d i s t r i b u t i o n of e l e c t r o n s and magnetic 
f i e l d above the plane of the galaxy. 

I t has been shown i n chapter 5 t h a t the s p i r a l arm compression 

produoed by the shocks of the d e n s i t y waves d e c r e a s e s r a p i d l y w i t h 

the height above the plane. The way i n whioh the demodulation was 

c a l c u l a t e d to vary w i t h % i s c o n s i s t e n t w i t h the observed width, i n Z 

of o p t i o a l s p i r a l arms and w i t h the l a t i t u d e p r o f i l e s observed f o r the 

continuum e m i s s i o n . The arm e m i s s i o n i s shown to c o n t r i b u t e only 

towards the b r i g h t n e s s temperature d i s t r i b u t i o n w i t h i n 5 ° of the 

g a l a o t i c plane. The way i n which the e m i s s i v i t y f a l l s w i t h h e i g h t 

above the plane was found to be c o n s i s t e n t w i t h the aontinuum 

o b s e r v a t i o n s f o r two s e p a r a t e models. Model 3 D 3 , i n whioh the e m i s s i v i t y 

f a l l s l i n e a r l y w i t h h e i g h t above the plane and the width of t h i s 

d i s t r i b u t i o n v a r i e s w i t h g a l a c t o c e n t r i c d i s t a n c e , was found to r e q u i r e 
o 

an e x t r a g a l a c t i c component of 1 0 0 K a t 1 5 0 MHZ to o b t a i n agreement 

w i t h the o b s e r v a t i o n s . Such an ad hoc i n c r e a s e i n the e x t r a g a l a c t i c 

temperature i s c o n s i d e r e d unreasonable i n the l i g h t of tho present 
o 

o b s e r v a t i o n s of an e x t r a g a l a c t i o component of approximately 5 0 K a t 
1 5 0 MHz. To o b t a i n a f i t to the o b s e r v a t i o n s w i t h an e x t r a g a l a c t i o 

o 

c o n t r i b u t i o n of only 5 0 K i t was found n e c e s s a r y to have the e m i s s i v i t y 

f a l l i n g w ith h e i g h t i n a pseudo e x p o n e n t i a l manner w i t h the width of 

t h i s d i s t r i b u t i o n v a r y i n g w i t h g a l a c t o c e n t r i c d i s t a n c e . The best, f i t 

t o the high l a t i t u d e o b s e r v a t i o n s r e q u i r e s t h a t the galaxy p o s s e s s e s a 

t h i c k d i s c or h a l o . The parameters of the h a l o being as f o l l o w s : -

At the sun the e m i s s i v i t y f a l l s i n a pseudo e x p o n e n t i a l manner out to 

1 0 . 8 5 kpc such t h a t i t s e q u i v a l e n t h a l f width, i n o l u d i n g the d i s c 

e m i s s i o n , i s 2 . 7 5 kpc and i t s h a l f width t o h a l f maximum i s 2 kpo. For 

l o c a t i o n s c l o s e r to the g a l a c t i c c e n t r e the d i s t r i b u t i o n i s narrower, 

whereas at l o c a t i o n s f u r t h e r from the g a l a c t i c c e n t r e the d i s t r i b u t i o n i s 

broader. I f a galaxy such as NGC 8 9 1 , possessed such an e i n A s s i v i t y 
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d i s t r i b u t i o n and was observed edge-on the temperature d i s t r i b u t i o n 

around the galaxy would not look very d i s s i m i l a r to t h a t observed f o r 

NGC 891. The p e o u l i a r i t y of the e m i s s i v i t y d i s t r i b u t i o n would be 

hidden by the l i n e of s i g h t e f f e c t of the observed b r i g h t n e s s temperature. 

The b r i g h t n e s s temperature expeoted from the f i n a l model f o r 

C - O f b e O can be determined i f f o r the r e g i o n i n s i d e 

R = 4 kpo the f i e l d i s assumed t o be t h a t of an i n t e r a i m r e g i o n f a l l i n g 

to z e r o a t the g a i a o t i o c e n t r e as r e p r e s e n t e d by the £ I — C*^ K 

term of equation 6.2 and the s p i r a l alms are assumed 

symmetrio on e i t h e r s i d e of the g a i a o t i o oentre. The value obtained 

a f t e r c o n v o l u t i o n to a beam shape appropriate to the survey used f o r 
o 

the g a l a c t i o oentre region of the Landeoker and W i e l e b i n s k i map i s 4200 K. 
o 

The observed temperature of the g a i a o t i o oentre i s approximately 7000 K 

a t 150 MHz. Using the 408 MHz. survey of Green (1974), the 

g a i a o t i o c e n t r e temperature, a f t e r souroes have been removed, i s found 
o 

to be 375 K a t 408 MHz. Convolving t h i s to the Landeoker and 

W i e l e b i n s k i survey and c o n v e r t i n g to 150 MHz. usi n g a s p e o t r a l index 
o 

of p = 2.8 the g a l a a t i o oentre temperature i s 5700 K without souroes 
and 6700°K w i t h s o u r c e s . T h i s would suggest t h a t a t 150 MHz. 

o 
approximately 1000 - 1500 K of the observed temperature i s c o n t r i b u t e d 

from souroes at the g a l a c t i c c e n t r e , e.g. Sgr. A, and approximately 
o o 5700 K from the d i f f u s e continuum e m i s s i o n . T h i s value of 5700 K i s 
o o 1500 K higher than the value of 4200 K predioted by the model s u g g e s t i n g 

t h a t w i t h i n 4 kpo of the g a i a o t i o oentre t h e r e must be regions of high 

non-thermal e m i s s i v i t y . 

8.3. The Spur E m i s s i o n s . 

As i n d i o a t e d i n the l a s t s e o t i o n of ohapter seven the spur 

emissions predioted by S p o e l s t r a (1972) on the b a s i s of the Van de\ 

Laan model (1962) do not appear to f i t the 150 MHz .observations very w e l l , 

S p o e l s t r a produced h i s model of the spur emissions f o r a frequency of 

1415 MHz. As the s i z e of the spurs i s dominated by 
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the compression c r e a t e d i n the s h e l l s , on the van de*Laan model, and 

not by the energy l o s s of the e l e o t r o n s i t i s to be expeoted t h a t the 

spurs a r e of comparable s i z e a t a l l f r e q u e n c i e s . I n f a o t the ri d g e 

l i n e s observed a t 820MHz. by B e r k h u i j s e n (1971) agree w i t h those of 

the Landeoker and W i e l e b i n s k i 150MHz. map. The apparent s i z e s of the 

spurs p r e d i c t e d by S p o e l s t r a appear i n ge n e r a l , to be r a t h e r s m a l l e r than 

the s i z e s implied from both the 150 and 820 MHz. obs e r v a t i o n s perhaps 

i n d i c a t i n g t h a t the d i s t a n c e s assumed by S p o e l s t r a for the spurs were 

too g r e a t . 

8.4 The Closed Galaxy Model. 

The r e v i s e d olosed galaxy model of P e t e r s and Westergaard (1977a) 

w i l l be di s o u s s e d i n the l i g h t of the r a d i o continuum o b s e r v a t i o n s . I n 

t h i s model, i n c o n t r a s t to the o r i g i n a l olosed galaxy model d i s c u s s e d i n 

s e o t i o n 2.5 of ohapter 2, the e a r t h and the oosmio r a y sources are 

l o c a t e d w i t h i n the g a l a o t i o s p i r a l arms. The cosmic r a y s may d r i f t 

r a p i d l y along the arms but d r i f t more sl o w l y out of the arms w i t h a 

r i g i d i t y dependent l i f e t i m e i n t o the g a l a o t i o d i s c and surrounding h a l o . 

The galaxy i s olosed. i n t h a t n u c l e i of a l l e n e r g i e s are r e t a i n e d 

i n d e f i n i t e l y i n the h a l o u n t i l t h e i r energy i s l o s t by nuolear 

i n t e r a c t i o n s . At the . e a r t h the oosmio r a y s are made up of 'young' 

p a r t i c l e s whioh have y e t to es cape from the s p i r a l arm f o r the f i r s t 

time and 'old' p a r t i c l e s whioh f i l l the whole galaxy. The parameters of 

the s p i r a l arms are then ohosen to agree w i t h o b s e r v a t i o n s on nuolear 

composition up to 100 Ge V and the i s o t r o p y of the f l u x a t r a t h e r higher 

e n e r g i e s . Up to 100 Ge V the f r a c t i o n of 'old' p a r t i o l e s a t the e a r t h 

i s then l e s s than 20% and i n t h i s energy r e g i o n the model i s not 

s i g n i f i o a n t l y d i f f e r e n t from the u s u a l leaky box model exoept i n the 

power requirement of the oosmio ray souroes. At higher e n e r g i e s where 

the 'old' p a r t i o l e s predominate the p r e d i c t i o n s of the two models d i f f e r 

widely w i t h r e s p e c t to nuolear composition and i s o t r o p y . P e t e r s and 
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Westergaard (i9 7 7 b ) show t h a t t h e i r model would give agreement w i t h the 

observed p o s i t i o n f l u x . The problems of the p o s i t i o n f l u x f o r the 

o r i g i n a l c l o s e d galaxy model of Rasmussen and P e t e r s (1975) was pointed 

out i n the l a s t s e o t i o n of chapter 2, Frenoh and Osborne ( 1 9 7 6 ) . 

The r e q u i r e d p r o p e r t i e s of the s p i r a l arms are t h a t they should 

c o n t a i n only about 1% of the t o t a l gas i n the galaxy and t h a t t h e i r 

diameter should be ~ v o.24 kpo. Beoause of the s m a l l f r a o t i o n of the 

galaxy f i l l e d w i t h oosmio r a y s a t the i n t e n s i t y observed a t the e a r t h 

the power requirements of the model are an order of magnitude l e s s than 

f o r the c o n v e n t i o n a l leaky box. For the same reason, however, there 

are g r e a t d i f f i c u l t i e s i n aooounting f o r the l e v e l of synchrotron 

r a d i a t i o n from the galaxy. The l o c a l e m i s s i v i t y of j j j 60K kpo"' a t 

150 MHz. would be t h a t i n suoh an arm,. Outside the arm there are 

e s s e n t i a l l y no primary e l e o t r o n s i n the olosed galaxy model due to t h e i r 

high r a t e of energy l o s s oompared to nuoleons. The i n t e n s i t y of 

secondary e l e o t r o n s i n e q u i l i b r i u m w i t h the f l u x of 'old' cosmio ray 

n u c l e i o utside the arm can be no more than a few per cent of the 

i n t e n s i t y of primary e l e c t r o n s i n s i d e . Thus the synohrotron e m i s s i v i t y 

o u tside the arm: must be very low. The b r i g h t n e s s temperature 
o o p r e d i c t e d by t h i s model are then <w7 K towards the poles and «"V 50 K 

towards the a n t i c e n t r e (assuming three s p i r a l arm- beyond the e a r t h i n 

the a n t i c e n t r e d i r e o t i o n ) . These are to be oompared w i t h observed 
o o o v a l u e s of 170 K and 420 K r e s p e c t i v e l y , a f t e r the s u b t r a c t i o n of a 50 K 

e x t r a g a l a c t i o component. To o b t a i n the r e q u i r e d r i g i d i t y dependent 

grammage i n escape from the s p i r a l arm a f i e l d of 7 y t G i s r e q u i r e d by 

the P e t e r s and Westergaard model. T h i s f i e l d i s muoh higher than t h a t 

i n d i c a t e d by p u l s a r r o t a t i o n measures but even so would r a i s e the 
o o 

temperatures i n the pole and a n t i c e n t r e d i r e c t i o n s only to 16 K and 111 K. 

Thus although the model i s c o n s i s t e n t w i t h the f l u x e s of oosmio ray 

e l e c t r o n s a t the e a r t h i t i s not compatible w i t h t h e i r d i s t r i b u t i o n 

throughout the galaxy as i m p l i e d by the synohrotron e m i s s i o n . I t i s 
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important to note t h a t t h i s oonolusion i s independent of the model 

developed i n t h i s t h e s i s f o r the r a d i a t i o n d i s t r i b u t i o n . S t a t e d 

simply the observed l e v e l of synchrotron r a d i a t i o n i n the a n t i c e n t r e 

d i r e o t i o n r e q u i r e s t h a t the e m i s s i v i t y averaged over the l i n e of s i g h t 

i s a p p r e c i a b l y higher than the l o c a l v a l u e w h i l e the Peters and 

Westergaard model would give a very muoh lower average than the l o c a l 

v a l u e . 
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A P P E N D I X I 

SYNCHROTRON THEORY 

I 1. Ba s i c t h e o r y f o r a m o n o e n e r g e t i c e l e c t r o n i n a u n i f o r m m a g n e t i c 

f i e l d . 

S y n c h r o t r o n r a d i a t i o n i s e m i t t e d by r e l a t i v i a t i c e l e c t r o n s t h a t a r e 

s p i r a l l i n g a b out m a g n e t i c f i e l d l i n e s . An e l e c t r o n o f v e l o c i t y V moving . 

i n a f i e l d o f s t r e n g t h H has a g y r a t i o n f r e q u e n c y ; 1 

where H ^ H s i n C © ) , © b e i n g t h e a n g l e between V and I I . As t h e e l e c t r c - u i s 

a c c e l e r a t i n g c o n t i n u o u s l y i t r a d i a t e s as a d i p o l e w h i c h i n t h e frame o f 

t h e o b s e r v e r has t h e f o r w a r d l o b e o f t h e r a d i a t i o n p a t t e r n compressed i n t o 

a s m a l l cone w i t h i t s a x i s a l o n g t h e i n s t a n t a n e o u s v e l o c i t y v e c t o r . The 

To H 
Observ 

s 
H 

e 

c 
1.1: S y n c h r o t r o n r a d i a t i o n FlgU 

p e n c i l beam of h a l f a n g l e i n a 
about th',:? instantaneous v e l o c i t 

l/f!lT. uO v e c t o r v 
the observer must l i e w i t h i n 
t h i 3 cone f o r an aDprecian 
amount of r a d i a t i o n t o be observeri 
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h a l f - a n g l e of t h i s cone can be approximated by: 

1.2 

For ener g i e s of a few Gev. ^ i s a few minutes of a r c . The v e l o c i t y 

v e c t o r V sweeps out a cone of h a l f - a n g l e (9around H. The observer must 

be s i t u a t e d w i t h i n the angle i n order t h a t he d e t e c t s a pulse of 

r a d i a t i o n each time the v e l o c i t y v e c t o r sweeps past him, assuming t h a t 

the observer i s s u f f i c i e n t l y d i s t a n t such t h a t the motion of the e l e c t r o n 

p a r a l l e l to H w i l l not a l t e r the angle between H and the l i n e of s i g h t 

from the observer to the e l e c t r o n . 

Each p u l s e of synchrotron r a d i a t i o n i s d o p p l e r - s h i f t e d such t h a t i t s 

g y r a t i o n frequency, 

The p u l s e s of the r a d i a t i o n t h e r e f o r e repeat a t t h i s frequency and the 

observed r a d i a t i o n has a frequency spectrum t h a t i s the sum of a l l the 

1.3 

harmonics of t?^ . Most of the energy i s r a d i a t e d i n those harmonics 

which y i e l d f r e q u e n c i e s of the order of (2.1T&6) where &4 i s the 

approximate pulse width given by, 

At * (i - vVfcy i. 4 
a t f r e q u e n c i e s around 

/ * / * * A 
*" kS/«. 

e HL j_£ y-

For E»inc. 1 the harmonics a r e so c l o s e l y spaced t h a t the spectrum appears 

as a continuum. 

A c r i t i c a l frequency i s defined a s : 

*>c * 3 e Hi. f £ ? - flHxE* 1.5 
if.1T mC ( pie. */ 

where A = 16.08 i f H ^ i s measured i n ^ G , E i n Gev. and ^ i n MH2. 

The power spectrum f o r the r a d i a t i n g e l e c t r o n i s found by summing the 

emission from the v a r i o u s harmonics by t a k i n g the F o u r i e r transform of 

http://if.1T
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the e l e c t r i c f i e l d I n the r a d i a t i o n cones. The power emitted by an 

e l e c t r o n of energy E over a l l f r e q u e n c i e s for a l l p o l a r i s a t i o n s per 

s t e r a d i a n may be expressed i n terms of X s to be;-

Pte,-»)J* * 7 * c 3 HX x C Kr/ s &*LtU)<l* 1.6 
where B= J$ c\lT - /. 2iS % Id' * C £ S. 

and K 5/3 {j) i s a modified B e s s e l f u n c t i o n of the second k i n d . 

The f u n c t i o n F ( X ) = X. £ K.f ij) Jj 
tt. 

has the form as shown i n f i g u r e 1.2 

I . 2. Emission from a power law d i s t r i b u t i o n of e l e c t r o n s i n a uniform 

magnetic f i e l d . 

For a power law energy d i s t r i b u t i o n of number d e n s i t y of e l e c t r o n s 

given by n (g) - rt, £ et€ 

u n i f o r m l y d i s t r i b u t e d i n space the volume e m i s s i v i t y power per u n i t 

volume) i s given by 

which equals £ J « ... * 

o 

where C=,£jj£5£& = 6.23X10 1 9 c.g.s. and the other symbols have the same 

meaning as i n the previous equations. 

t o t a l m f l y ^ e v a i u a t e d £ n t e r m 8 0 f gamma f u n c t i o n s to give 
v 

where 

o x. r + ' I /z / I 12. / 
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\ 

1.6 0.65 

30 U •8 

F i g u r e 1.3 ^ 
, the r e d u c t i o n f a c t o r f o r H *• for an i s o t r o p i c magnetic f i e l d 

atO?) > a s defined i n the text equation 1.8. 
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d Of) i s p l o t t e d i n f i g u r e 1.3. 

Equation 1.8 may be expressed i n more u s e f u l u n i t s . 

The i n t e n s i t y of r a d i a t i o n a t a p a r t i c u l a r frequency may be w r i t t e n as 

where 1 i s the l i n e of s i g h t through the emitting r e g i o n . 

From equation 1.8 
XT i * *+! , x -I , 

Xh) - 3.010% to' (4.00%) tl0 HL * «" A / * . * ^ 

where 1,H A and tf a r e measured i n kpc.,^tG. and MHZ. r e s p e c t i v e l y and I Q 

i s the i n t e n s i t y of e l e c t r o n s a t lGeV. measured i n (m 2.s.sr.GeV. 

The e m i s s i v i t y may a l s o be expressed i n terms of b r i g h t n e s s temperature 

per u n i t length along the l i n e of s i g h t through the e m i t t i n g r e g i o n . 

Using T^s jjl£ » where k i s Boltzmann's constant, 

9 

2 k > * -22? Sv « ni<\.t*S U.OCA) dMl9 tf±
 a ^ «• K Jrfe. i . i o 

I 0 , H and >7 are i n the same u n i t s as used i n equation 1.9. 

Equation 1.10 i s the form of the equation of synchrotron emission used 

throughout t h i s t h e s i s . T D i s p r o p o r t i o n a l to 

and i n t h i s t h e s i s fis I s d efined as the temperature s p e c t r a l index. 
' a. 

For a p a r t i c u l a r v a l u e of H^, and i f i t i s of i n t e r e s t to know 

over what range of energie s e l e c t r o n s a r e c o n t r i b u t i n g to the synchrotron 

emission. For / - J . b the f u n c t i o n & * hi* J i s p l o t t e d i n f i g u r e 1.4. 

To o b t a i n the energy range of e l e c t r o n s c o n t r i b u t i n g 80% of the t o t a l 

e mission the value of Xi and X2 a r e found such t h a t the area between 

X=0 and Xi and the area between X2 and X=«0equal 10% of the t o t a l area 

which i s p r o p o r t i o n a l to the t o t a l e m i s s i o n . F o r f = 2.6 X\ - 0.14 and 

X£= 2.5 which correspond r e s p e c t i v e l y to e n e r g i e s of 0.63E C and 2.7E C 

where E c i s the c r i t i c a l energy corresponding to the c r i t i c a l frequency 

as d e f i n e d i n equation 1.5. 
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Figure 1.5 
Energy ranges of electrons contributing 807. to the t o t a l emission for 
various values of the magnetic f i e l d — — — corresponds to «/ = 1.8 
and — — . corresponds to if = 2.6. 
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Figure 1.5 shows the energy range of electrons contributing 80% 

to the t o t a l emission for various values of the magnetic f i e l d 

assuming a spectral index of 2.6. The corresponding range of 

energies i s also shown for tf = 1.8. Both sets of curves are 

calculated for a frequency of 150 MHz. 

I . 3. Emission i n an isotropic magnetic f i e l d . 

So far the magnetic f i e l d H has been assumed to be uniform, 

i. e . orientated i n a particular d i r e c t i o n . I f the f i e l d i s now 

considered to be completely isotropic i n space the ef f e c t i v e magnetic 

f i e l d H e f f must appear i n equation I.10 rather than Hj_-

&! 
Sin O 1 must be averaged over a l l d . 

& r « . 
Therefore H e f f - H * J 2Ksi«9si*.G * J& 

o 
i r 
o 

r [*& 
p (JT) i s plotted i n figure 1.3. 

Therefore for an isotropic f i e l d equation I.10 becomes; 

I . 4. The polarisation of synchrotron radiation. 

For an electron radiating i n a uniform f i e l d the emitted radiation i s 

i n general e l l i p t i c a l l y polarised with components nearly i n and perpendic­

ular to the plane of the electron's o r b i t . The e l l i p t i c i t y of the 

polarisation varies with the position of the observer i n r e l a t i o n to the 

electron's o r b i t . The polarisation becomes linear when the observer's 

li n e of sight l i e s on the surface of the cone swept out by the electron's 

instantaneous velocity vector. The rotation of the e l e c t r i c vector around 
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the polarisation e l l i p s e i s i n opposite directions for the observer's 

l i n e of sight lying either inside or outside the instantaneous 

vel o c i t y cone. For synchrotron emission from an ensemble of electrons 

i t can be assumed that there are equal numbers lying w i t h i n and without 

th i s cone and the radiations with d i f f e r e n t senses of e l l i p t i c a l polaris­

ation cancel resulting i n the observed radiation being p a r t i a l l y l i n e a r l y 

polarised. 

For a power law d i s t r i b u t i o n of electrons i n a uniform magnetic f i e l d 

the degree of polarisation i s dependent only on the electron spectral 

index and i s given by: 

I T * o. 15 -fa* Ysl 

In practise the magnetic f i e l d i s usually tangled resulting inevitably i n 

a reduction i n the degree of polarisation from that given above. Another 

p o s s i b i l i t y of decreasing the polarisation i s Faraday rot a t i o n w i t h i n the 

emitting region. The polarisation of an o p t i c a l l y thin homogeneous 

emitter vanishes for those frequencies for which the ro t a t i o n angle 7( 

for the traversal through the whole region i s a multiple of IT. 

This results i n the radiation being polarised at high frequencies while TT 

drops rather suddenly p r a c t i c a l l y to zero at the polarisation - cutoff 

frequency which i s approximately given by J(s W. 
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