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ABSTRACT 

A survey has been made of the information about the galactic, magnetic f i e l d 

strength and configuration which has been obtained from a var i e t y of astron

omical measurements. These measurements comprise the. polarization of s t a r l i g h t , 

the background synchrotron radiation emitted by r e l a t i v i s t i c electrons, the 

Zeeman s p l i t t i n g observed i n absorption lines produced by clouds of neutral 

hydrogen and the Faraday rot a t i o n of the plane of the electric, vector of 

l i n e a r l y polarized r a d i a t i o n from extragalactic radio sources and. pulsars. 

Using these data four magnetic f i e l d models have been devised t o represent 

the coherent galactic fieldo These are denoted models A, B, C, and D. Model 

A describes a f i e l d directed along the galactic s p i r a l arms towards galactic 

longitude^ ~ 270° above the galactic plane and towards 90° below the plane 

at the Sun. Model D also describes a longitudinal type pf_ f i e l d _ b u t with no . 

reversal above the galactic plane* The model C f i e l d has a h e l i c a l configura

t i o n , while model B i s a combination of model C near the Sun and model D at 

greater distances, A model has also been formulated f o r the ir r e g u l a r component 

of the magnetic f i e l d . 
17 

The t r a j e c t o r i e s of particles with energy above 5. 10 eV have been 

followed through the coherent galactic f i e l d and, using the assumption that the 

sources are uniformly d i s t r i b u t e d w i t h i n the galactic disc or s p i r a l arms* 

predictions are made of the expected anisotropy of high energy cosmic rays of 

galactic o r i g i n reaching the Earth.. 

Measurements of the a r r i v a l directions at the Earth of extensive a i r 

shower primaries obtained by the Volcano Ranch, Haverah Park and P i l l i g a Forest 

experiments are then compared with the a r r i v a l d i r e c t i o n distributiorfc predicted 

assuming various percentages of primary particles t o be of galactic o r i g i n . 

Assuming t h a t the metagalactic cosmic rays are isotropic upper l i m i t s are 

obtained f o r the percentage of cosmic rays that could be of galactic o r i g i n . 
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Consideration of the irregular f i e l d component produces modifications i n 
the values for these upper l i m i t s . 

I n general, assuming that the galactic f i e l d can be represented by a 

model such as A or D, together with i r r e g u l a r i t i e s , and that a l l primary cosmic 
IT 

rays are protons, i t would appear that most cosmic rays of energy -w 6.10 eV 
19 . . . 

to 10 eV must be of metagalactic o r i g i n . 
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PREFACE 

The work described i n t h i s thesis was carried out i n the period 1969 -

1972 while the author was a research student under the supervision of 

Professor A. W. Wolfendale i n the Cosmic Ray Group of the Physics Department 

of the University of Durham. 

The formulation of the coherent galactic magnetic f i e l d models, t h e i r 

use i n calculating cosmic ray t r a j e c t o r i e s and i n deducing predicted anisotropics, 

and the comparison with measurements was shared with the author's colleagues. 

The author was solely responsible for the comparison of model predictions 

with measurements of the Faraday r o t a t i o n of radiation from the pulsars, and 

the work on the f i e l d i r r e g u l a r i t i e s except where indicated otherwise. 

Reports were presented at the 12th International Conference on Cosmic Rays 

(Hobart, 1971) on the p o s s i b i l i t y of energetic cosmic rays a r r i v i n g from the 

Crab Nebula (Osborne J.L., and Roberts, E., Proceedings; Hobart: University 

of Tasmania, Vol. i , 3^0) and on the anisotropy of cosmic rays of galactic 
17 

o r i g i n above 10 eV (Karakula, S., et a l . , Proceedings; Hobar.t: University 

of Tasmania, Vol. A, 310). The l a t t e r was also reported on by Karakula, S., 

et a l . , 1971j ( J ; Phys. A: Gen. Phys., Vol. 5, 90U). The effects of the 

i r r e g u l a r i t i e s i n the f i e l d were described by Osborne, J.L., et a l . , at the 

Third European Symposium on Cosmic Rays held i n Paris i n September 1972. 
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CHAPTER 1 

INTRODUCTION 

One of the basic problems associated with cosmic rays, p a r t i c u l a r l y those 

of high energies ( Z l O 1 ^ eV) i s the question of where they originate. Theories 

of high energy cosmic ray o r i g i n divide i n t o two groups. Those which postulate 

that the majority of such cosmic rays are produced i n the Galaxy and those 

which favour extragalactic sources". . . 

U n t i l the discovery of pulsars i t was thought that cosmic rays of energy 
l 8 

^ 10 eV could not be produced i n the Galaxy. For the bulk of cosmic rays 

the proposed galactic sources included stars, novae, supernovae and the 

galactic centre. From considerations of maintaining a quasi-steady state f o r 

the d i s t r i b u t i o n and energy of cosmic rays i n the Galaxy, non-exploding stars 
were ruled out as sources for the. bulk of particles with energy greater than 

9 - . 
^ 10" eV/nucleon. I t was thought possible that small explosions (giving 

10^ ergs to cosmic rays) i n the galactic nucleus or, perhaps, novae could 

supply s u f f i c i e n t power to make s i g n i f i c a n t contributions t o the cosmic ray 

f l u x i n the Galaxy. However, on t h i s basis, supernovae appear to be the most 

l i k e l y galactic source of the bulk of cosmic rays of a l l energies. Strong 

radio emission i s also observed from supernovae which would seem to indicate 

that they are responsible f o r accelerating electrons, and probably the nuclear 

components of cosmic rays. Thus supernovae appear to be good candidates for 

the ro l e of the main sources of cosmic rays i n the Galaxy, although i t i s not 

d e f i n i t e l y proved that they f u l f i l t h i s r o l e (Ginzburg and Syrovatskii, 1971). 

Although supernovae could produce the cosmic rays, the question of whether 

they can be produced with the required i n t e n s i t y , energy and charge spectra 

remains unresolved-

Various mechanisms have been proposed for accelerating cosmic rays i n 

supernovae, including acceleration by shock waves produced during the explosion 

and acceleration i n the supernova s h e l l . I n a supernova s h e l l of radius 

173 J 80IEN0E 
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18 ^ 

^ ^.10 cm, containing a f i e l d ^10~ gauss, particles could be accelerated 
up t o energies^ l O 1 ^ eV /nucleon. ( c . f . lO 1^ ev/nucleon for a t y p i c a l nova). 

Thus t h i s mechanism could not be responsible for producing cosmic ray 
19 

particles up to energies % 10 eV, and p r i o r to the discovery of pulsars i t 

seemed that such particles must be of metagalactic o r i g i n . 

The discovery of pulsars, which were subsequently i d e n t i f i e d as supernovae 

remnants, provided an alternative solution. Although the exact acceleration 

mechanism operating i n pulsars i s not yet clear they are very probably high 

energy cosmic ray sources (e.g. Gunn and Ostriker, 19&9; Gold, 1969). (For 
a pulsar of radius ^'10^ cm with a magnetic f i e l d ^ lO 1^ gauss, energies up 

20 
to 3. 10 eV/nucleon are possible). 

I n an alternative model Kulikov et a l . (1969) suggested that high energy 

cosmic ray particles were formed i n an explosion i n the galactic nucleus 

^ 10 years ago. By assuming that p a r t i c l e propagation i s of a d i f f u s i o n a l 

nature and by superimposing the energy spectra of pa r t i c l e s with a range of 

Z values, they were able to reproduce the observed spectral shape. However, 

this d i f f u s i o n a l approach i s not r e a l l y applicable when the radius of curvature 

of the pa r t i c l e s i s of the order of the disc thickness. Thus,this' model would 

give incorrect predictions f o r the cosmic ray anisotropy i n t h i s energy 

region. 

I f high energy particles are of galactic o r i g i n i t i s un l i k e l y that they 
17 

w i l l arrive at the Earth i s o t r o p i c a l l y . Particles with energy £ 10 eV 

would not be completely trapped w i t h i n the Galaxy by the galactic magnetic 

f i e l d and t h e i r a r r i v a l directions at the Earth would'reflect the source 

d i s t r i b u t i o n i n the Galaxy and the effect of the magnetic f i e l d . (Syrovatskii, 
17 

1969). Thus i f cosmic rays of energies > 10 eV were found to arrive at the 

Earth with the appropriate degree of anisotropy t h i s would be an indication 

that they could be of galactic o r i g i n . 



A l t e r n a t i v e l y high energy cosmic rays could be of metagalactic o r i g i n , i n 

which case they would presumably arrive at the Earth i s o t r o p i c a l l y . Possible 

extragalactic sources include radio galaxies and quasars. The biggest problem 

encountered by such a hypothesis is a result of the existence of the 2.7°K 

blackbody r e l i c t r a d iation f i r s t detected by Penzias and Wilson (1965), I f 

t h i s radiation is indeed of Universal o r i g i n and i f ' the cosmic rays pervade the 

whole universe, then the r e s u l t i n g interactions would produce a cut-off i n the 
19 

cosmic ray spectrum at -v 3.10 eV. (Greisen, 1966; Zatsepin and Kuzmin, 1966). 

H i l l a s (196'8) studied the effects of t h i s r a d i a t i o n on cosmic rays i n an evolving 

universe, i n which the suggested extragalactic sources of cosmic rays (strong 

radio emitters) were more active i n the past,. He postulated that the interac

tions with the microwave r a d i a t i o n would have produced much greater energy loss, 

with lower threshold energies i n the past, and calculated the energy loss by-

protons, i n extragalactic space, due to interactions w i t h microwave radiation 

both under present conditions and i n a universe ten times smaller. Thence he 

predicted a steepening of the cosmic ray proton primary energy spectrum between 
1*5 l8 

6.10 eV and 3=10 eV due t o the effects of electron pair production. Assuming 
17 l8 

that at 10 - 10 eV most primary cosmic rays are protons (Linsley and 

Scarsi, 1962), Hillas suggested that the ankle of the primary energy spectrum, 

often a t t r i b u t e d t o a t r a n s i t i o n from galactic t o extragalactic primaries, i s 

actually a r e s u l t of t h i s proton-photon i n t e r a c t i o n . As a r e s u l t of ̂  produc-
19 

t i o n a steepening of the spectrum was also predicted at ̂  3.10 eV, r e s u l t i n g 

i n an effective cut-off i n the spectrum at t h i s energy. 

However, t h i s cut-off i s not confirmed by a i r shower measurements - pa r t i c l e s 

of higher energies having been detected by, for example, Andrews et a l . (1968) 
and. Brownlee et a l . (1970a), I n f a c t , the l a t t e r claim to have detected 

20 
energies .-> 10 eV. 

In general the absence of cut-off would only appear to be compatible with 

a universal r e l i c t microwave radiation i f the high energy cosmic rays are of 
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l o c a l ( i . e . e f f e c t i v e l y g a l a c t i c ) o r i g i n * 

Attempts have been made to r e t a i n the theory of extragalaetic o r i g i n by 
19 

proposing that the u l t r a high energy ( > 10 eV) particles have a d i f f e r e n t 

source. For example i t has been suggested that the u l t r a high energy primaries 

are neutrinos produced by secondaries of proton-microwave photon interactions 

(Berezinskii and Zatsepin, 1969; Berezinskii and Zatsepin, 1971)* 

One piece of evidence that would seem t o be i n favour of the extragalactic 

o r i g i n theory i s the observed isotropy i n the d i s t r i b u t i o n of a r r i v a l directions 

at the Earth of E„A*S,. primaries (e*g. Linsley, 1963; Brownlee et a l . , 1970). 

Analysis of the data t c f i n d anisotropics i n the r i g h t ascension d i s t r i b u t i o n 

has usually yielded negative r e s u l t s . Within the experimental l i m i t s high 

energy cosmic ray primaries arrive i s o t r o p i c a l l y . The l i m i t s to the compatibility 

of t h i s with high energy primaries being cf galactic o r i g i n can be investigated 

by studying the anisotropi.es t h a t would be present, i n the a r r i v a l direction- -

di s t r i b u t i o n s assuming various galactic source d i s t r i b u t i o n s and galactic 

magnetic f i e l d configurations. This forms the basis of the present work. 

By c o l l a t i n g the results of" the various measurements of the galactic 

magnetic f i e l d i t i s possible to construct alternative f i e l d models to 

represent t h i s f i e l d * Hence cosmic ray t r a j e c t o r i e s can be calculated for each 

model and assuming various source di s t r i b u t i o n s w i t h i n the Galaxy predictions 

for the a r r i v a l d i r e c t i o n d i s t r i b u t i o n s can be made. Comparison with the 

extensive a i r shower a r r i v a l d i r e c t i o n data yields a l i m i t to the f r a c t i o n of 

high energy cosmic rays that could be of galactic o r i g i n and yet not produce 

observable anisotropics. 

http://anisotropi.es
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CHAPTER 2 

MEASUREMENTS OF THE GALACTIC MAGNETIC FIELD 

2.1 Stellar polarization 

Evidence for the existence of a magnetic f i e l d i n the Galaxy was f i r s t 

found i n the polarization of s t a r l i g h t . 

Chandrasekhar (19^6) had predicted t h a t , i f Thomson scattering "by free 

electrons plays an important part i n the transfer of radiation i n the 

atmospheres of early type stars, then the continuous radiation emerging 

from these stars should be plane polarized. 

While attempting t o v e r i f y t h i s Hiltner (19^9) found that radiation 

from other types of stars i s also polarized and concluded that the polariza

t i o n i s not associated with each individual star but i s the effect on the 

ra d i a t i o n of passing through i n t e r s t e l l a r space. This polarization i s 

independent of wavelength, the amount of polarization i s greater near the 

galactic plane, and the plane of polarization i s associated with the galactic 

plane. Hiltner suggested that t h i s effect could be due to scattering of 

s t a r l i g h t by i n t e r s t e l l a r p a r t i c l e s , the particles being unsymmetrical and 

elongated, and aligned by some force, such as a magnetic f i e l d . 

Several mechanisms for aligning the i n t e r s t e l l a r p a r t i c l e s have been 

suggested but they are usually based on the Davis and Greenstein mechanism 

(1951). 

Davis and Greenstein calculated the various torques t h a t might act on 

a grain of dust i n a magnetic f i e l d ^ 10~^ gauss and concluded that only 

paramagnetic relaxation has an appreciable ef f e c t . They considered both 

prolate and oblate spheroidal grains, consisting mostly of hydrogen compounds 

but also 12$ i r o n by weight, and with mean r a d i i 10~^ to 3 .10"^ cm. These 

dust grains spin with an angular v e l o c i t y of 10~^ to 10~^ rad/sec, due to 

equ i p a r t i t i o n of energy between dust and gas. To obtain the smallest r o t a t i o n 

ki n e t i c energy for t h e i r angular momentum the short axes of these grains 
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tend;;-' to become the ax.es of r o t a t i o n . Paramagnetic absorption results i n 

these *ixes becoming aligned p a r a l l e l t o the galactic magnetic f i e l d . Thus 

the maximum extinction coefficient i s for l i g h t with i t s e l e c t r i c vector 

perpendicular t o the magnetic f i e l d . The degree of alignment due to t h i s 

mechanism was described by Davis and Greensteir- by a d i s t r i b u t i o n parameter 

F . 

F = 1/3 - <cos 2 a > 
z 

where a i s the angle between the axis of symmetry of a grain and the axis z 
2 

of symmetry of the orientating mechanism, <cos a > i s the average over a l l 

grains. I f there i s no alignment F = 0, i f the grains are a l l aligned with 

t h e i r axes of symmetry p a r a l l e l to the f i e l d F = - /3, and i f the grains 

are a l l aligned with axes of symmetry perpendicular to the f i e l d F = "*"/3» 

I f the grains are prolate spheroids Davis and Greenstein predict 
F = F = 6.3 x 10 6 B 2 

H 1 aN„* T2 T H g 
for small magnetic f i e l d s . 

B i s the magnetic f l u x density i n gauss, a i s the grain radius i n u , 
3 

the number of gas atoms per cm , T i s the temperature of the i n t e r s t e l l a r 
gas, and T i s the temperature of the dust grains. The above relationship 6 
holds so long as | F J < < 1/3. I f | F ^ | > > 1/3 then the grains become completely 
aligned with F = "*"/3. I f the grains are oblate spheroids F w i l l be negative 

2 
with a l i m i t i n g value of - /3 but the plane of polarization and order of 

magnitude of the effect w i l l be unchanged. 

Several modifications of t h i s theory have been introduced by considering 

d i f f e r e n t types of grains. Henry (1958), considered ferromagnetic dust 

grains, with a x i a l r a t i o s of 2:1, consisting of monocrystals of i r o n or nic k e l , 

or of f e r r i t e s . Diamagnetic grains such as graphite flakes have also been 

studied. 

http://ax.es
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Assuming N„ T2 = 100 (for neutral and ionized hydrogen regions between xi 
clouds), T = 10°K, the grains w i l l be p r a c t i c a l l y completely aligned for 

f i e l d s much greater than 

50 ugauss for graphite flakes 

30 ygauss for paramagnetic grains 
1*2 vgauss for f e r r i t e s 

-2 
1*3 x 10 pgauss for i r o n grains. 

-6 "5 £a ̂  It x 10 cm for i r o n grains and graphite flakes, and a ^ 2 x 10 cm 

for other grains J ( H a l l and Serkowski 1963). 

Since other measuring techniques indicate magnetic f i e l d s '° 10~^ gauss 

i t appears l i k e l y that the Davis and Greenstein method i s applicable^ 

producing polarization proportional t o the square of the magnetic f i e l d . 

Due to t h i s uncertainty of the type of" grain Thvolved, the d i s t r i b u t i o n 

of these grains and the alignment mechanism, the amount of polarization i s 

not a r e l i a b l e measure of the strength of the magnetic f i e l d , although the 

method may enable the orientation of the magnetic f i e l d i n the l o c a l s p i r a l 

arm of the Galaxy to be determined. 

Hiltner (19^9) found that stars of low galactic l a t i t u d e tend t o show 

polarization with the e l e c t r i c vector p a r a l l e l t o the galactic plane, 

indicating a magnetic f i e l d p a r a l l e l t o the plane of the Galaxy. Hoag (1953) 

measured the polarization of l i g h t from 92 stars and found that i n the 

d i r e c t i o n of the s p i r a l arms the polarisation i s small and randomly orientated, 

whereas l i g h t t r a v e l l i n g perpendicularly to t h i s d i r e c t i o n experiences 

maximum polarization. This led to the conclusion that the magnetic f i e l d 

l i e s along the d i r e c t i o n of the s p i r a l arms of the galaxy. 

Since 19U9 the polarization of the l i g h t from several thousands of stars 
has been investigated (Math.ewson and Ford 1970), 

Many models have been proposed for the configuration of the galactic 
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magnetic f i e l d . Basically, however, there are two types of model; the"quasi-

longitudinal" models i n which the magnetic f i e l d d i r e c t i o n l i e s p a r a l l e l to 

the s p i r a l arm axis (e.g. Chandrasekhar and Fermi, 1953), and the " h e l i c a l " 

models i n which the magnetic f i e l d l i e s along helices wound round the s p i r a l 

arms of the <».alaxy. (Hoyle and Ireland 1961), 

Optical polarization data appears to indicate that the l o c a l s p i r a l arm 

magnetic f i e l d has a h e l i c a l component (Ireland 196l, Mathewson 1968). 

Mathewson \'combiined his polarization measurements of 1800 stars with those 

of several other observers, including Hiltner (195.6) and Hall (1958), giving 

a t o t a l of nearly 7000 s t e l l a r polarization measurements, and plotted the 

e l e c t r i c vectors of the s t a r l i g h t (Figure 2.1). 

The e l e c t r i c vector plotted at a p a r t i c u l a r l a t i t u d e and longitude 

represents the projection of the magnetic f i e l d , i n that d i r e c t i o n , on the 

plane perpendicular t o the l i n e of sight. By t r y i n g d i f f e r e n t f i e l d 

configurations Mathewson found that the best f i t to his data would be given 

by a l o c a l magnetic f i e l d of a h e l i c a l form. In his model the f i e l d i s -

wound i n s p i r a l s , of p i t c h angle 7°, round coaxial e l l i p t i c a l cylinders 

whose axes l i e i n the d i r e c t i o n of the l o c a l s p i r a l arms ( l a t i t u d e b = 0, 

longitude £= 90° and 270°). The a x i a l r a t i o of the cylinders i s 3 and the 

helices are sheared through h0° anticlockwise looking from the North galactic 

pole. The sun i s 100 pc towards the galactic centre from the axis of the 

helices and 10 pc below the galactic plane. 

However, Gardner et a l . (1969c) interpret Mathewson1s data as being 

consistent with a longitudinal f i e l d directed towards longitude * = 50° . 

In t h i s case for longitudes ^= 1*K)° and * = 320°, the E vectors would be 

p a r a l l e l to the galactic plane at a l l l a t i t u d e s , whereas for I = 50° and 

£ = 230° the polarization would be randomly orientated. Mathewson's data 

does show these characteristics but, as seen i n the diagram many of the- lines 

are curved which seems t o indicate a better f i t from a h e l i c a l model 
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Figure 2.1. "Flow patterns" of E-veetorr. of o p t i c a l polarisation 
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(Verschuur 1970). Seymour (196-9) a l s o c o n c l u d e d , from a s t a t i s t i c a l s tudy 

of s t e l l a r p o l a r i z a t i o n measurements , t h a t the l o c a l s p i r a l arm magnetic 

f i e l d i s l o n g i t u d i n a l but on ly 550 measurements were i n v o l v e d . T h u s , t h e 

measurements o f t h e p o l a r i z a t i o n of s t a r l i g h t appear t o i n d i c a t e a l o c a l 

s p i r a l arm magnetic f i e l d t h a t i s h e l i c a l or has a h e l i c a l component. 

2.2 S y n c h r o t r o n e m i s s i o n : E x i s t e n c e o f h a l o f i e l d 

2.2.1 S y n c h r o t r o n mechanism 

R e l a t i v i s t i c e l e c t r o n s a c c e l e r a t i n g i n the g a l a c t i c magnetic f i e l d 

produce s y n c h r o t r o n r a d i a t i o n a t r a d i o f r e q u e n c i e s . An e l e c t r o n of energy 

E GeV i n a magnetic f i e l d of s t r e n g t h H gauss produces r a d i a t i o n w i t h t h e 

spectrum maximum c o r r e s p o n d i n g to f requency 

. . . . - S £ _ ( i V ^ 
2nac \ mc / 

13 2 
where m i s the e l e c t r o n mass . SoV = l * 6 l x 10 HE Hz,, I n order t o 

m 

r e l a t e t h e measured i n t e n s i t i e s o f s y n c h r o t r o n e m i s s i o n to t h e magnetic f i e l d , 

some knowledge o f the d i s t r i b u t i o n and energy spectrum o f r e l a t i v i s t i c 

i n t e r s t e l l a r e l e c t r o n s i s needed. I f t h e e l e c t r o n spectrum i s of t h e form 

N ( E ) dE = kE 'dE where k i s a c o n s t a n t , then i t c a n be shown t h a t t h e 

Y—1 
s y n c h r o t r o n e m i s s i o n has s p e c t r a l index <* = —— and i s g i v e n by 

J ( v ) . c c N ( > E ) & ( - Y + l ) / 2 H ( Y + l ) / 2 e p g B R z - 1 c m - 3 

at f r e q u e n c y v Hz where E i s the energy of e l e c t r o n s c o r r e s p o n d i n g t o v = v

m 

and W(>E) i s t h e number of r e l a t i v i s t i c e l e c t r o n s w i t h energy g r e a t e r t h a n 

E GeV (Biermann and D a v i s , 1960). 

I f t h e e l e c t r o n spectrum i s known, then by measur ing the s y n c h r o t r o n 

e m i s s i o n a t v a r i o u s f r e q u e n c i e s i t i s p o s s i b l e t o e v a l u a t e the magnetic f i e l d . 

Many measurements have been made of t h e s p e c t r a l index of r a d i o e m i s s i o n , 

e . g . C o s t a i n (1960), Smith (1961), L a r g e , Mathewson and Haslem (1961), and 

i n t h e range 80 - 1500 MH , a ^ 0 6 + 0*1, g i v i n g Y = 2*2. 
z 
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Many measurements have been made of the e l e c t r o n energy spectrum a t t h e 

e a r t h u s i n g c loud chambers i n b a l l o o n s ( e . g . C r i t c h f i e l d e t a l . (1952), Meyer 

and Vogt (1961), and E a r l ( I 9 6 l ) ) , and n u c l e a r emuls ion i n b a l l o o n s ( e . g . 

Anand et a l . (1968),(1970)) and counter t e c h n i q u e s ( e . g . Meyer and M u l l e r , 

1971). 

S p e c t r a l index v a l u e s ob ta ined f o r the e l e c t r o n spectrum a t t h e e a r t h a r e 

e . g . Y = 2*7 - 2*8 a t 5 - 600 GeV ( Z a t s e p i n , 1971) 

Y = 2*8 a t 10 - 1000 GeV (Meyer and M u l l e r , 1971). 

I f i t i s assumed t h a t t h i s e l e c t r o n spectrum extends throughout i n t e r s t e l l a r 

s p a c e , a l l o w i n g f o r t h e e f f e c t o f s o l a r m o d u l a t i o n , t h e i n t e r s t e l l a r magnet ic 

f i e l d s t r e n g t h can be c a l c u l a t e d . 

Due to a l a c k o f knowledge of t h e exac t form of t h e i n t e r s t e l l a r e l e c t r o n 

spec trum, and the d i s t r i b u t i o n o f t h e s e e l e c t r o n s i n t h e G a l a x y , an u n c e r t a i n t y 

i s i n t r o d u c e d i n t o t h e v a l u e of the magnetic f i e l d deduced from s y n c h r o t r o n 

. . . „ ( Y + l ) / 2 _ 1 e m i s s i o n because H 0 1 

Nf* E ) 

An e a r l y e s t i m a t e of t h e g a l a c t i c f i e l d based on s y n c h r o t r o n o b s e r v a t i o n s 

was made by D a v i e s (1965), who used measurements o b t a i n e d by M i l l s (1959) t o 

show t h a t N(>E) H 1 " 6 = 2-5 x 1 0 1 0 , g i v i n g H ^ 3 x 10"5 g a u s s . However, 

l a t e r measurements o f t h i s t y p e c o u l d g ive lower f i e l d e s t i m a t e s e . g . Anand e t a l . 
(1968b) give H * 6 - X 1 0 - 6 G . 

2.2.2 I s t h e r e a g a l a c t i c h a l o f i e l d ? 

Assuming a u n i f o r m e l e c t r o n d e n s i t y d i s t r i b u t i o n s y n c h r o t r o n r a d i a t i o n can 

be used to map t h e r e l a t i v e magnetic f i e l d s t r e n g t h s i n the G:alaxy and i t c a n 

g i v e i n f o r m a t i o n i n any d i r e c t i o n o f o b s e r v a t i o n . S u r v e y s of the s y n c h r o t r o n 

e m i s s i o n have been c a r r i e d out by many workers i n c l u d i n g D a v i e s and Hazard 

(1962) a t 237 MIfe , P a u l i n y - T o t h and S h a k e s h a f t (1962) at hok MHZ, Landecker and 

W i e l e b i n s k i (1970) have composed a' f u l l sky map a t 150 MHz. 

Al though the i n t e n s i t y o f the r a d i a t i o n i s g r e a t e s t i n t h e g a l a c t i c p l a n e , 

t h e s e surveys i n d i c a t e t h a t s y n c h r o t r o n r a d i a t i o n i s a l s o produced at h i g h 



N 

J - ON 

i 
CO 4-4 

4-> W £8—<L> 

ft .ES 
a to 0) 

CO 
I 

CO 
o 

i 

I 

CM 

En 



11 

g a l a c t i c l a t i t u d e s ( F i g u r e 2 . 2 ) , T h i s c o u l d be due t o t h e p r e s e n c e of a 

g a l a c t i c h a l o magnet ic f i e l d . Such a h a l o was o r i g i n a l l y p o s t u l a t e d a s a 

r e s e r v o i r of Cosmic R a y s , and l a t e r a h a l o was found i n s p i r a l g a l a x y M31 

(Ba ldwin (1955)). However, not a l l s p i r a l g a l a x i e s e x h i b i t such a r a d i o 

h a l o (Mathewson and Rome, 1963) and t h e q u e s t i o n of whether our Galaxy 

p o s s e s s e s a h a l o or not i s r a t h e r c o n t r o v e r s i a l . 

I n i t i a l l y t h e s u g g e s t i o n t h a t our Galaxy has a h a l o , of d iameter 20 -

30 k p c , r e c e i v e d much support on the b a s i s of s y n c h r o t r o n measurements and 

cosmic r a y containment t h e o r i e s , e . g . B a l d w i n (1955) 5 S p i t z e r (1956), 

W o l t j e r (1965) and P a r k e r (1965). However, i t has been suggested t h a t t h e 

s t r u c t u r e seen i n t h e background r a d i a t i o n at h i g h l a t i t u d e s :is.: of a l o c a l 

n a t u r e , probably w i t h i n the l o c a l s p i r a l arm, and cou ld be due to supernovae 

remnants ( D a v i e s , 196U). The p r e s e n c e o f t h e s e r a d i o spurs must be t a k e n 

i n t o account when i n v e s t i g a t i n g t h e s y n c h r o t r o n r a d i a t i o n to determine if__a_ 

g a l a c t i c ha lo e x i s t s . Surveys have been made t o study t h e s e loops and spurs 

(Berkui j sen 1971) and i t appears to be u n l i k e l y t h a t t h e r e i s a g a l a c t i c 

ha lo f i e l d . 

2 . 2 . 3 F i e l d c o n f i g u r a t i o n 

S y n c h r o t r o n r a d i a t i o n i s p o l a r i z e d , p e r p e n d i c u l a r l y t o t h e d i r e c t i o n of 

t h e magnet ic f i e l d . I f the magnetic f i e l d i s u n i f o r m and t h e r e i s an 

i s o t r o p i c d i s t r i b u t i o n of r e l a t i v i s t i c e l e c t r o n s , 72% p o l a r i z a t i o n would 

be s e e n . I n f a c t t h e observed p o l a r i z a t i o n i s on ly a few per c e n t . A l s o , 

a t f r e q u e n c i e s l e s s t h a n ^ 1000 UiP, F a r a d a y r o t a t i o n causes a r e d u c t i o n i n 

the percentage p o l a r i z a t i o n , except i n the d i r e c t i o n s where t h e r e i s no l i n e 

o f s i g h t component of t h e magnetic f i e l d . Thus t h e r a d i a t i o n s h o u l d e x h i b i t 

optimum p o l a r i z a t i o n i n d i r e c t i o n s p e r p e n d i c u l a r t o t h e magnetic f i e l d 

d i r e c t i o n , and t h i s f a c t was used by Mathewson and Mi lne (196U) t o determine 

t h e magnetic f i e l d c o n f i g u r a t i o n i n t h e l o c a l s p i r a l arm. They found t h a t 
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t h e p o l a r i z e d r a d i a t i o n at 1*00 MEz was c o n f i n e d t o a band l y i n g i n a c i r c l e 

which went through the p o l e s and cut t h e g a l a c t i c p l a n e a t = 3^0° and l 6 0 ° , 

i n d i c a t i n g a magnetic f i e l d d i r e c t e d a long t h e l o c a l s p i r a l arm t h e a x i s o f 

which i s d i r e c t e d towards 250° and 70°. However, Hornby (1966) p o s t u l a t e d t h a t 

Mathewson and M i l n e s 1 r e s u l t s a r e not i n c o n s i s t e n t w i t h a f i e l d i n the l o c a l 

s p i r a l arm of t i g h t l y wound h e l i c e s , i f t h e s e h e l i c e s a r e sheared by 

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 so t h a t t h e f i e l d d i r e c t i o n i s p e r p e n d i c u l a r 

t o I" = lh0u. U s i n g model f i e l d s of t h i s t y p e , Hornby attempted t o p r e d i c t 

t h e i n t e n s i t y o f s y n c h r o t r o n e m i s s i o n at kok MHz, and t h e n compared the r e s u l t s 

w i t h t h e P a u l i n y - T o t h and S h a k e s h a f t survey (1962). I n g e n e r a l he found t h a t 

t h i s h e l i c a l type of f i e l d model i s compatible w i t h t h e s y n c h r o t r o n measure

ments . Other surveys of t h e p o l a r i z e d r a d i o e m i s s i o n have been made by 

W i e l e r b i h s k i : " and S h a k e s h a f t (196U) at U08 MH^,; Mathewson, Broton and C o l e 

(1966) at 620 MHz, and Bingham (1966) at 1*407 MHz. 

Bingham and S h a k e s h a f t (1967) d e v i s e d a f i e l d model u s i n g t h e s e 

p o l a r i z a t i o n measurements, t a k i n g i n t o account t h e d i s t r i b u t i o n o f the i n t e n 

s i t y of s y n c h r o t r o n e m i s s i o n , and F a r a d a y R o t a t i o n measurements of e x t r a g a l a c t i c 

s o u r c e s . They concluded t h a t i n t h e g a l a c t i c p lane t h e magnet ic f i e l d l i e s 

a long t h e l o c a l s p i r a l arm towards = 7 0 ° , but w i t h a r e v e r s a l of d i r e c t i o n 

at p o s i t i v e l a t i t u d e s . They suggest t h a t t h i s r e v e r s a l of f i e l d cou ld be due 

to an e x t e n s i o n of t h e f i e l d above t h e g a l a c t i c d i s c . I f t h i s extended p a r t 

r o t a t e s more s l o w l y t h a n the g a l a c t i c d i s c i t s e l f a r e v e r s a l o f f i e l d would 

be produced . However, Bingham and S h a k e s h a f t admit ted t h a t a h e l i c a l model 

would a l s o e x p l a i n t h e r e v e r s a l o f f i e l d at p o s i t i v e l a t i t u d e s . 

Mathewson (1968) attempted t o show t h a t h i s h e l i c a l f i e l d model ( S e c t i o n 

2.1) i s compat ib le w i t h measurements of t h e s y n c h r o t r o n r a d i a t i o n . I n f a c t 

h i s model , d e r i v e d from s t u d i e s of o p t i c a l p o l a r i z a t i o n d a t a , i s v e r y 

s i m i l a r t o t h a t of Hornby (1966) d e r i v e d from t h e s y n c h r o t r o n r a d i a t i o n 

measurements . Mathewson t r i e d t o show t h a t t h e f i e l d d i r e c t i o n s i n r a d i o 
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spurs and loops supported h i s h e l i c a l model . S y n c h r o t r o n measurements show 

e longated r e g i o n s of h i g h e m i s s i o n i n t e n s i t y , t h a t a r e s t r o n g l y p o l a r i z e d 

w i t h the magnetic f i e l d d i r e c t i o n p a r a l l e l to t h e i r l e n g t h . Mathe'wson 

suggested t h a t t h e s e spurs and r i d g e s a r e due t o t h e compress ion of magnetic 

l i n e s o f f o r c e , and c a n be used t o determine t h e l o c a l magnet ic f i e l d 

d i r e c t i o n . Mathewson (1968) c l a i m e d t h a t the f i e l d d i r e c t i o n s i n d i c a t e d by 

such f e a t u r e s agree w i t h those found from o p t i c a l p o l a r i z a t i o n measurements 

and f i t h i s model ( F i g . 2.1)~ However, o b j e c t i o n s t o t h i s have been r a i s e d 

( e . g . S p o e l s t r a 1971) s i n c e not a l l r a d i o spurs and r e g i o n s o f h i g h p o l a r i z a 

t i o n f i t the model . Some of t h e p o l a r i z a t i o n d i r e c t i o n s i n these f e a t u r e s 

a r e p e r p e n d i c u l a r t o t h e h e l i c i e s . 

Mathewson a l s o c l a i m e d t h a t d i r e c t i o n s of zero or s m a l l l i n e of s i g h t 

magnetic f i e l d s p r e d i c t e d - b y such a h e l i c a l model agree w i t h those found 

from r a d i o p o l a r i z a t i o n measurements (Mathewson-and—Ni-choHs- l"96'8~h However 

optimum p o l a r i z a t i o n should be observed where the h e l i c i e s c r o s s t h e g a l a c t i c 

p l a n e . T h i s does not appear t o be the c a s e . I t appears r a t h e r d o u b t f u l t h a t 

r a d i o spurs and r e g i o n s of e x c e s s p o l a r i z a t i o n a r e i n d i c a t o r s of a h e l i c a l 

s t r u c t u r e . I n f a c t s y n c h r o t r o n e m i s s i o n p o s s i b l y cannot g i v e much r e l i a b l e 

i n f o r m a t i o n about magnet ic f i e l d c o n f i g u r a t i o n f o r t h e l a r g e s c a l e f i e l d . 

2.3 The Zeeman E f f e c t 

The u s e of the Zeeman s p l i t t i n g of a s p e c t r a l l i n e , i n the i n t e r s t e l l a r 

magnetic f i e l d , to determine the l a t t e r was f i r s t suggested by B o l t o n and 

Wi ld (1957)- T h i s method can be used t o determine t h e magnetic f i e l d s i n 

c louds of n e u t r a l hydrogen seen i n a b s o r p t i o n a g a i n s t s t r o n g r a d i o s o u r c e s . 

The s p l i t t i n g of t h e 21 cm a b s o r p t i o n l i n e can then be o b s e r v e d . However, 

the f i e l d measured i s not n e c e s s a r i l y r e p r e s e n t a t i v e of t h e g e n e r a l g a l a c t i c 

f i e l d . I n a weak magnet ic f i e l d the 21 cm l i n e , when observed i n t h e 

d i r e c t i o n of t h e magnetic f i e l d , i s s p l i t i n t o two components. These 
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components a r e c i r c u l a r l y p o l a r i z e d i n oppos i t e d i r e c t i o n s . 

The t o t a l s p l i t t i n g between t h e s e p o l a r i z e d components i s 2*8 H Z ^ Q ) " " * ' 

f o r t h e l o n g i t u d i n a l f i e l d component. T h i s i s much s m a l l e r , f o r H ^ 10 to 

- 7 

10 g a u s s , t h a n t h e observed l i n e w i d t h s . However to measure t h e s p l i t t i n g 

a d e v i c e s e n s i t i v e t o the d i r e c t i o n of t h e p o l a r i z a t i o n can be u s e d . The 

method used i s to s w i t c h from t h e measurement of one sense of r o t a t i o n to 

t h e o t h e r , and f i n d i n g t h e change i n t h e amount of l i g h t r e c e i v e d A<r, f o r a l l 

f r e q u e n c i e s a c r o s s the a b s o r p t i o n l i n e . Assuming t h a t t h i s l i n e has a 

g a u s s i a n p r o f i l e the maximum v a l u e o f AT can be r e l a t e d t o t h e f r e q u e n c y 

s e p a r a t i o n Av> by 
Av = 0-7P 

T 

where y and T a r e t h e h a l f width and depth o f the l i n e ( G a i t e t a l . , 1960). 

E a r l y measurements o f t h i s type f a i l e d t o produce any c o n c l u s i v e ev idence 

f o r t h e e x i s t e n c e of a magnet ic f i e l d i n any of t h e c l o u d s measured. G a i t , 

S l a t e r and Shuter observed t h i s a b s o r p t i o n l i n e u s i n g t h e r a d i o source 

C a s s i o p e i a A ( see F i g u r e 2 .3) . T h e i r observed v a l u e s -are/shown below. ( P o s i t i v e 

Av i n d i c a t e s a f i e l d d i r e c t e d away from thie o b s e r v e r ) . 

TABLE 2.1 

Source A v. i n Hz 

Cass A - 2 ^ + 6 0 

Cass A + 1 0 + 6 0 

* s 82-2° , b = - 2 . 3 8 ° + 1+0 + 60. 

These show no s i g n i f i c a n t Zeeman s p l i t t i n g and i n d i c a t e a f i e l d H < 5 10""̂  g a u s s . 

Other e a r l y measurements gave s i m i l a r upper l i m i t s . 
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TABLE 2.2 

( P o s i t i v e f i e l d i n d i c a t e s a f i e l d away from t h e o b s e r v e r ) 

Source 
( F i g u r e - 2.3) 

Mean l o n g i t u d i n a l f i e l d 
i n a b s o r b i n g c l o u d 

c l o u d 

D a v i e s e t a l . (1960) C a s s A. . *" = U 2 ° + 1 +• U l 
11 C a s s A r = 112 0 + 1 ± 7 2 
11 C a s s A A n = 112° + 3 + 7 3 
11 Ta.u A £" = 185° +10 ± 10 k 
11 Sgt A i " = 0° +lU- + ho 5 

D a v i e s et a l . (1962) Tau A < 2*5 
Tau . A < 5 
C a s s A < 5 
Cyg A < 5 

.Weinreb-(-l-962-) - -Cass -A- <- 3 - - -

Tau A < 5 

D a v i e s et a l . (1963a) C a s s A , Cyg A , Tau A 
and Sgt A < 7 

These e a r l y experiments thus on ly gave an upper l i m i t t o the magnet ic f i e l d . 

However a s t h e r e s o l v i n g powers of t h e apparatus used improved, . . v a l u e s o f 

of 10*0 t o 3*6 y gauss were d e t e c t e d going round t h e l o c a l arm" i n an 

a n t i c l o c k w i s e d i r e c t i o n (Dav ie s et a l . , 1963b). 

These measurements , however, i n d i c a t e d f i e l d s an order o f magnitude 

s m a l l e r than those found from t h e s y n c h r o t r o n r a d i a t i o n t e c h n i q u e , a t t h a t 

t ime ( D a v i e s and Shuter 1963). As mentioned i n 2.2.1, l a c k of knowledge o f 

t h e r e l a t i v i s t i c e l e c t r o n d e n s i t y makes t h e s y n c h r o t r o n method u n r e l i a b l e 

f o r e s t i m a t i n g t h e f i e l d s t r e n g t h , so t h a t the v a l u e of 10~^ gauss g i v e n 

by such measurements c o u l d be too h i g h . However, a t t h a t t i m e , i t was 
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thought t h a t the magnetic f i e l d was r e s p o n s i b l e f o r h o l d i n g t h e gas and dus t 

i n the s p i r a l arm and t h i s would r e q u i r e a f i e l d of ^ 10 ^ g a u s s . The f i e l d s 

found from Zeeman s p l i t t i n g thus appeared t o be too s m a l l , and s e v e r a l 

at tempts were made to account f o r t h i s by propos ing t h a t t h e f i e l d s i n the 

c l o u d s o f n e u t r a l hydrogen a r e not r e p r e s e n t a t i v e of the g e n e r a l g a l a c t i c f i e l d . 

W o l t j e r (1961) suggested t h a t t h e dense c l o u d s seen i n a b s o r p t i o n could be 

d iamagnet ic as they a r e more dense t h a n t h e r e s t of the i n t e r s t e l l a r 

m a t e r i a l and so cou ld c o n t a i n more heavy p o s i t i v e ions and e l e c t r o n s per 

c u b i c c e n t i m e t r e . Diamagnetism c o u l d be produced i n the c l o u d s by the a c t i o n 

of s u r f a c e c u r r e n t s i n the outer l a y e r s o f the c l o u d . Thus t h e f i e l d o u t s i d e 

the c l o u d c o u l d be l a r g e r t h a n t h a t w i t h i n i t . D a v i e s and Shuter (1963), 

however, showed t h a t n e u t r a l hydrogen c louds c o u l d not support s u c h l a r g e 

e x t e r n a l f i e l d s but would c o l l a p s e . W o l t j e r (1961) a l s o p o s t u l a t e d t h a t t h e 

f i e l d s i n s i d e t h e absorb ing c l o u d s c o u l d c o n s i s t of s m a l l c l o s e d loops of 

f i e l d ^ 1 J ? c . i n s i z e . However, g a l a c t i c r o t a t i o n and c l o u d c o l l i s i o n would 

r e s u l t i n the a n n i h i l a t i o n o f such loops of f i e l d . I t t h u s seemed l i k e l y t h a t 

t h e f i e l d measured by Zeeman s p l i t t i n g t e c h n i q u e s i s of t h e order o f t h e 

g e n e r a l i n t e r s t e l l a r magnetic f i e l d . 

Recent v a l u e s o f H., a r e shown i n T a b l e 2.3. 

TABLE 2 . 3 

P o s i t i o n of 
Absorb ing Cloud H i n y gauss 

V e r s c h u u r 1968 
(Conf irmed by D a v i e s , R . D . 

e t a l . , 1968) 

P e r s e u s arm i n 
d i r e c t i o n of Cass A 

10 - 12 u gauss 

V e r s c h u u r 1969a P e r s e u s arm i n 
d i r e c t i o n of T a u A 

- 3*5 + 0*7 v gauss 

V e r s c h u u r 1969a O r i o n arm ( l o c a l arm) ^ 1, 2*5, 1+ -8 y gauss 

These measurements a r e c o n s i s t e n t w i t h a f i e l d i n a c l o c k w i s e d i r e c t i o n 
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around the s p i r a l arm, observed from the North g a l a c t i c p o l e . 

U n t i l r e c e n t l y i t seemed t h a t t h e Zeeman s p l i t t i n g of the 21 cm l i n e 

would p r o v i d e a d i r e c t measurement of t h e l i n e of s i g h t magnetic f i e l d , 

i n d i c a t i n g f i e l d s t r e n g t h and d i r e c t i o n . The f i e l d s t r e n g t h s found a r e 

independent of d u s t , r e l a t i v i s t i c e l e c t r o n , or t h e r m a l e l e c t r o n d i s t r i b u t i o n s 

and r e p r e s e n t the f i e l d at a p a r t i c u l a r p l a c e , not an i n t e g r a t e d v a l u e . T h i s 

method a l s o shows whether t h e l i n e of s i g h t component i s d i r e c t e d towards or 

away from t h e o b s e r v e r , a l l o w i n g some i n f o r m a t i o n on f i e l d d i r e c t i o n s t o be 

f o u n d . Of course measurements can on ly be made from t h e a b s o r p t i o n s p e c t r a 

of i n t e n s e g a l a c t i c r a d i o s o u r c e s , which r e s u l t s i n a r e s t r i c t e d sampl ing of 

t h e i n t e r s t e l l a r magnet ic f i e l d and t h e complex i ty of the s p e c t r a makes 

e s t i m a t i o n of the f i e l d d i f f i c u l t , but t h e s e were not thought t o be i n s u p e r a b l e 

d i f f i c u l t i e s . However, i n 1969 i t was p o s t u l a t e d t h a t t h e s e n e u t r a l hydrogen 

c l o u d s c o n t a i n " frozen i n " magnet ic f i e l d s (Verschuur 1969b). V e r s c h u u r 

sugges ts t h a t t h e magnetic f i e l d may be s t r o n g e r i n t h e c louds as a r e s u l t of 

a m p l i f i c a t i o n by c o n t r a c t i o n of the c louds and he proposes t h a t the g r e a t e r 

the d e n s i t y o f the c loud the s t r o n g e r the f i e l d s t r e n g t h i n i t . I f a c l o u d 

-3 
c o n t r a c t s i s o t r o p i c a l l y i t s d e n s i t y i s p r o p o r t i o n a l t o r a d i u s and t h e 

-2 
magnetic f i e l d s t r e n g t h i s p r o p o r t i o n a l t o r a d i u s . Thus t h e magnet ic f i e l d 

2 

i s p r o p o r t i o n a l t o d e n s i t y /3« V e r s c h u u r (1970) at tempted t o show t h a t t h e 

a v a i l a b l e d a t a g i v e s a r e a s o n a b l e f i t to t h i s ( F i g u r e 2.k) so' t h a t by e x t r a 

p o l a t i n g back to the average i n t e r s t e l l a r hydrogen d e n s i t y he f i n d s a mean, 

i n t e r s t e l l a r magnetic f i e l d of 1 - 3/JL g a u s s . Assuming t h a t t h e c l o u d s of 

hydrogen have " f r o z e n - i n " f i e l d s , Zeeman e f f e c t measurements probab ly cannot 

be used t o g i v e f i e l d s t r e n g t h s and d i r e c t i o n s i n t h e g e n e r a l i n t e r s t e l l a r 

r e g i o n s , and a r e o f no v a l u e when a t tempt ing t o c o n s t r u c t a g a l a c t i c magnetic 

f i e l d model . 



Diraction A. b 
1 Tau A 185* -6° 
2 Tau A 
3 Cos A 112* -r 
4 Cas A 
5 Cyg A 76° • 6° 
6 Cyg A 
7 M 17 15* -1* 
8 Orion A 209* -10* 
9 Orion A 

l 1 1 i 1 ' — i — r 1 — r 

B«*n H 

' I . . I . J I . , I • • I 
0 1 1 10 10 2 10 3 

Density of cloud n.,(cm~ 3) 

F i g u r e 2.k. Magnetic F i e l d s i n n e u t r a l hydrogen c l o u d s as a f u n c t i o n o f t h e i r 
d e n s i t y . ( V e r s c h u u r 1970). 
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2.h F a r a d a y R o t a t i o n : E x t r a g a l a c t i c sources 

The p l ane of p o l a r i z a t i o n of p o l a r i z e d r a d i a t i o n i s r o t a t e d as i t 

p a s s e s through a r e g i o n of e l e c t r o n s i n a magnetic f i e l d . T h i s f a c t can 

he used t o determine t h e i n t e r s t e l l a r magnetic f i e l d . The ang le through 

w h i c h t h e p l a n e i s r o t a t e d , 9 , i s g i v e n by 6 = 0*8lA^ /N> H d i , r a d where X 

i s the wavelength o f the r a d i a t i o n i n m e t r e s , N g i s the e l e c t r o n d e n s i t y 

-3 . . . 

i n cm , i s the l i n e of s i g h t component o f the magnetic f i e l d i n y g a u s s 

and H i s the d e p t h , i n p a r s e c s , of the r e g i o n i n which r o t a t i o n o c c u r s . The 

magnetic f i e l d i s determined by measur ing t h e observed p o s i t i o n ang le of the 

p l a n e of p o l a r i z a t i o n of the r a d i a t i o n from a g i v e n r a d i o s o u r c e . T h i s i s 

done f o r s e v e r a l v a l u e s o f the wavelength and the r e s u l t a n t p l o t o f 8 a g a i n s t 
2 2 X g i v e s t h e r o t a t i o n measure ( R . M . ) 9 I X . V a l u e s o f the r o t a t i o n measure 

-2 . . 

a r e t y p i c a l l y 10 - 100i ;rad m . By u s i n g a s e r i e s of s o u r c e s i t i s 

p o s s i b l e to f i n d t h e r o t a t i o n measure i n many d i r e c t i o n s . A p o s i t i v e v a l u e 

of R . M . i n d i c a t e s a l i n e of s i g h t component of the f i e l d d i r e c t e d towards 

t h e o b s e r v e r . Then a knowledge o f U. and % a l l o w v a l u e s of t h e magnetic 

f i e l d i n t e n s i t y to be found . However, i t i s n e c e s s a r y to know i n which 

r e g i o n F a r a d a y r o t a t i o n o c c u r s and t h e e l e c t r o n d e n s i t y i n t h a t r e g i o n . 

E a r l y measurements of t h e p o s i t i o n angle of the p o l a r i z a t i o n from r a d i o 

s o u r c e s were made by 
Mayer et a l . (1962) 
Haddock and Hobbs (1963) 
Rose et a l . (1963) 
S e i e l s t a d e t a l . (1963) 
M o r r i s , R a d h a k r i s h n a n and S e i e l s t a d (196*0 
H o l l i n g e r et a l . (196U) 
Maltby and S e i e l s t a d (1966). 

Measuring t h e p o s i t i o n a n g l e 8 a t s e v e r a l wavelengths f o r a g i v e n source 

a l l o w s t h e r o t a t i o n measure f o r t h a t source t o be f o u n d . Some of the r e s u l t s 

o b t a i n e d by Gardner and Whiteoak (1963) a r e shown i n F i g u r e 2 . 5 . 

I t i s important t o know where t h i s F a r a d a y r o t a t i o n i s produced. F a r a d a y 

r o t a t i o n produced i n the ionosphere must be t a k e n i n t o a c c o u n t . I n f a c t , 
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the v a l u e s of observed R . M . a r e about a hundred t imes the expected i o n o s p h e r i c 

e f f e c t and the p o s i t i o n a n g l e s show l i t t l e v a r i a t i o n a t d i f f e r e n t t imes o f day 

or n i g h t , so t h a t i t would appear t h a t t h e ionosphere does not p l a y a 

s i g n i f i c a n t p a r t i n the measured r o t a t i o n (Cooper and P r i c e 1962). Thus 

most of t h e observed F a r a d a y r o t a t i o n o c c u r s i n t h e outer r e g i o n s of the source 

or i n our G a l a x y . S e i e l s t a d e t a l . (196U), f i n d i n g a pronounced v a r i a t i o n 

of R .M. w i t h g a l a c t i c l a t i t u d e i n f e r r e d t h a t t h e r o t a t i o n i s produced m a i n l y 

i n t h e G a l a x y , but t h i s i s f a r from c o n c l u s i v e . 

Some sources which a r e on ly a few degrees a p a r t show v e r y d i f f e r e n t 

R.Mis (Gardner et a l . , 1969b) which may i n d i c a t e l a r g e i n t r i n s i c F a r a d a y 

r o t a t i o n s i n t h e s o u r c e s . 

Assuming t h a t most of the r o t a t i o n i s g a l a c t i c , and i f the e l e c t r o n 

d e n s i t y i n t h e G a l a x y i s known, a v a l u e f o r the mean l i n e o f s i g h t magnetic 

f i e l d t o t h e edge"o"f the G a l a x y can. "be" found . However, i t i s p o s s i b l e t h a t 

t h e e l e c t r o n d e n s i t y i s not u n i f o r m , r e s u l t i n g i n an uneven sampl ing of t h e 

G a l a x y ' s magnetic f i e l d . Thus a l though a v a l u e of - ^ H ^ d J l c a n be found 

t h i s method i s not r e l i a b l e f o r o b t a i n i n g magnetic f i e l d s t r e n g t h s . (However , i f 

- 3 

N i s t a k e n as 0-05 cm t h e n a v a l u e of H^ ^ 5 JJgauss i s o b t a i n e d ) . The 

v a l u e s of r o t a t i o n measures found from s o u r c e s i n d i f f e r e n t d i r e c t i o n s g i v e 

i n f o r m a t i o n about t h e d i s t r i b u t i o n of t h e r m a l e l e c t r o n s and /or magnetic f i e l d 

i n t h e G a l a x y . Many o b s e r v e r s have i n v e s t i g a t e d the v a r i a t i o n of r o t a t i o n 

measure w i t h g a l a c t i c l a t i t u d e and l o n g i t u d e . M o r r i s and Berge (196^) 

c o l l e c t e d t h e R.M.s of 37 s o u r c e s and found a c y c l i c a l change of R . M . w i t h 

l o n g i t u d e . At p o s i t i v e l a t i t u d e s t h e i r r e s u l t s i n d i c a t e d a f i e l d away from 

t h e observer between l o n g i t u d e s l60° and 3^0°, and a f i e l d towards t h e 

o b s e r v e r a t l o n g i t u d e s 3h0° t o l 6 0 ° . At n e g a t i v e l a t i t u d e s t h e r o t a t i o n 

measures were r e v e r s e d . M o r r i s and Berge i n t e r p r e t e d t h e s e r e s u l t s as a 

h e l i c a l form of f i e l d w i t h t h e magnetic a x i s d i r e c t e d towards & = 250° and 

£ = 70° , which i s t h e l o c a l s p i r a l arm d i r e c t i o n . As more r o t a t i o n measures 
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were found t h e i r i n t e r p r e t a t i o n became more c o m p l i c a t e d . Gardner and 

D a v i e s (1966), u s i n g t h e r e s u l t s o f 86 measurements of R . M . , attempted t o 

draw contour l i n e s of R . M . a t 0, +_ 20, +_ kO e t c . r a d / m . Once a g a i n t h e 

r e s u l t s i n d i c a t e d a magnet ic f i e l d d i r e c t e d a long t h e s p i r a l arm, towards 

1 = 275° at l a t i t u d e * b > + 20° and towards A= 95° a t l a t i t u d e s b < + 2 0 ° , 

t h u s i n d i c a t i n g a l o n g i t u d i n a l t y p e of f i e l d w i t h r e v e r s a l o f d i r e c t i o n , 

a l o n g i t u d i n a l f i e l d w i t h some k i n d of anomaly, or a h e l i c a l f i e l d component. 

S i m i l a r r e s u l t s were o b t a i n e d by Berge and S e i e l s t a d (1967) f o r 79 

s o u r c e s , and Gardner et a l . (1967) f o r 133 s o u r c e s , a l though a s more r o t a t i o n 

measures were i n c l u d e d more i r r e g u l a r i t i e s i n t h e o v e r a l l p a t t e r n a p p e a r e d . 

T h i e l h e i m and Langhof f (1968) formula ted a q u a s i l o n g i t u d i n a l f i e l d 

model i n an attempt t o f i t t h e s e e a r l y measurements. The f i e l d d i r e c t i o n 

l i e s a long t h e l o c a l s p i r a l arm, i n oppos i te d i r e c t i o n s on e i t h e r s i d e o f 

the g a l a c t i c p l a n e , w i t h t h e sun at 85 pc below t h e p l a n e . I n t h e l o c a l 

s p i r a l arm, i n t h e r e g i o n of t h e sun^ t h e f i e l d i s towards ^£ = 270° above 

t h e p l a n e and towards £ ^ 90 0 below t h e p l a n e . 

D a v i e s (1968) sugges ted t h a t t h e f i e l d r e v e r s a l a t b > 20° c o u l d be due 

to a l o c a l i r r e g u l a r i t y , perhaps a s s o c i a t e d w i t h G o u l d ' s b e l t , superimposed 

on a g e n e r a l g a l a c t i c d i s c f i e l d p a r a l l e l t o t h e s p i r a l arm. 

Mathewson and N i c h o l l s (1968) proposed t h a t s u c h R .M. would be 

observed i f t h e i r h e l i c a l model t y p e of f i e l d was added t o a l o n g i t u d i n a l • 

f i e l d a long the s p i r a l arm towards SL = 90°. The h e l i c a l component would 

produce t h e r e v e r s a l of d i r e c t i o n , and the a d d i t i o n o f t h e l o n g i t u d i n a l 

component produces maximum and zero R . M . s a t t h e l o n g i t u d e s expected from 

measurements. S i n c e measurements of the p o l a r i z a t i o n of s t a r l i g h t g i v e 

i n f o r m a t i o n about t h e l o c a l f i e l d few x 10 p c , } w h i l e F a r a d a y 

r o t a t i o n measurements measure the f i e l d t o t h e edge o f t h e Galaxy (where 

t h e r e i s a magnetic f i e l d and e l e c t r o n s ) , Mathewson and N i c h o l l s suggest 

t h a t t h e h e l i c a l component i s a l o c a l p e r t u r b a t i o n o f the g e n e r a l l o n g i t u d i n a l 
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s p i r a l arm f i e l d , perhaps associated w i t h Gould's b e l t . 

As more RlM:»sare found (e.g. Gardner et a l . ( 1 9 6 9 a ) 3 6 6 sources) evidence 

f o r a r e v e r s a l of f i e l d d i r e c t i o n about t h e g a l a c t i c plane becomes more tenuous 

(Gardner et a l . , 1 9 6 9 c ) , although l i t t l e data i s a v a i l a b l e at p o s i t i v e l a t i t u d e s 

w i t h 6 0 ° < I < l 8 0 ° . See Figure 2 . 6 . 

I n conclusion i t would seem t h a t Faraday r o t a t i o n measurements of t h e 

p o l a r i z e d r a d i o emission from e x t r a g a l a c t i c sources, i n d i c a t e 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 along t h e l o c a l s p i r a l arm towards I ^ 9 0 ° w i t h l o c a l p e r t u r b 

a t i o n s , which could take the form of a h e l i c a l component. 

2 . 5 Faraday R o t a t i o n : Pulsar measurements 

2 . 5 * 1 I n t r o d u c t i o n 

When the Faraday r o t a t i o n s of e x t r a g a l a c t i c r a d i o sources are measured 

a l a c k of knowledge of "the e l e c t r o n d e n s i t y makes an estimate of f i e l d 

s t r e n g t h u n r e l i a b l e . This d i f f i c u l t y i s removed when pulsars are used as 

t h e source of t h e p o l a r i z e d r a d i o emission, as a value of /N d& can then 
e 

be found, but Faraday r o t a t i o n measurements have been made f o r o n l y ^ 2 0 . pulsars 

mostly w i t h i n 1 kpc of t h e sun. H ^ t h e mean l i n e of s i g h t component o f t h e 

magnetic f i e l d t o t h e p u l s a r , weighted by the thermal e l e c t r o n d e n s i t y i s 

then given by 

5, = W 
fE d£ e 

2 . 5 «2 The D i s p e r s i o n Measure 

I t has been shown (e.g. J, G. Davies et a l . 1 9 6 8 ) t h a t t h e a r r i v a l t i m e , 

t , of a r a d i o pulse from a pulsar i s d i f f e r e n t at d i f f e r e n t frequencies, v , 

due t o passage through i o n i z e d hydrogen. For a uniform plasma 

dt 8 1 0 0 _ „ - 1 — = - — — D sec Hz 
dv \) J 
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where D i s the d i s p e r s i o n measure i n pc cm and i s equal t o the l i n e 
_3 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 t o the source. D = fN ;d£ pc cm , e 

where & i s the distance t o the source i n pc, W i s the e l e c t r o n d e n s i t y i n 
e 

cm~^. 

Many measurements of d i s p e r s i o n measures of pulsars have been made 

e.g. Taylor ( 1 9 6 9 ) , B r i d l e and Venugopal ( 1 9 6 9 ) , Davies ( 1 9 6 9 ) , G o l d s t e i n 

and James ( 1 9 6 9 ) , Davies and Large ( 1 9 7 0 ) and Manchester ( 1 9 7 2 ) . 

2 . 5 . 3 Faraday R o t a t i o n measure 

Two methods of measuring /K H0d& have been applied t o pfulsars. 

One i s s i m i l a r t o t h a t described i n s e c t i o n 2.h f o r e x t r a g a l a c t i c sources, 

and can be used even f o r weakly p o l a r i z e d pulsars. This method was f i r s t 

used by Smith ( 1 9 6 8 a ) t o measure the f i e l d i n the d i r e c t i o n of CP 0 9 5 0 

(I = 2 2 9 ° , b = 1*3°) and he obtained a value of K 2 x 1 0 g a u s s . 

(Mathewson ( 1 9 6 9 ) suggested t h a t t h i s low value would be produced i f the l i n e 

of s i g h t t o the pulsar passed through both h e l i c a l and l o n g i t u d i n a l regions 

of f i e l d , although a randomly d i r e c t e d f i e l d would also give a small R.M.) 

Other e a r l y f i e l d measurements of t h i s type were made by Smith ( 1 9 6 8 b ) , and 

Radhakrishnan ( 1 9 6 9 ) . 

The second method can only be ap p l i e d t o s t r o n g l y p o l a r i z e d r a d i a t i o n 

and does not give the f i e l d d i r e c t i o n . The p o l a r i z e d r a d i a t i o n i s observed 

at a frequency ^ 1 5 0 M Hz w i t h a detector s e n s i t i v e t o one plane of p o l a r i z a 

t i o n . As the frequency of observation i s v a r i e d through a band of w i d t h 
% 5 MHz, a, ' s i n u s o i d a l ' v a r i a t i o n of pulse amplitude w i t h frequency i s 

observed, the separation of the. maxima g i v i n g a value f o r the r o t a t i o n 

measure, e.g. Lyne and R i c k e t t ( 1 9 6 8 ) , S t a e l i n and R e i f e n s t e i n ( 1 9 6 9 ) , 

V i t k e v i c h and Shitov ( 1 9 7 0 ) , Shitov ( 1 9 7 1 ) . 
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2.5*h Magnetic f i e l d s deduced from pulsar measurements 

Some recent values of dispersion measure, rotation measure, and the 

deduced magnetic f i e l d are shown in Table 2.h. A l l these f i e l d calculations 

are made on the assumption that there i s no i n t r i n s i c Faraday'rotation i n 

the source. Manchester (1972) states that since the form of variation of 

position angle across the pulse i s independent of frequency, there i s no 

d i f f e r e n t i a l rotation across the pulse. This would seem to indicate that 

there i s no i n t r i n s i c Faraday rotation. However, at present, t h i s question 

i s rather uncertain, especially as strong magnetic f i e l d s very probably 

e x i s t i n pulsars. 

The f i e l d valu63 obtained are the mean l i n e of sight components of the 

f i e l d , weighted according to the electron density. Verscfcuur (1970) 

suggests that i f a dense neutral hydrogen cloud, containing a strong 

magnetic f i e l d , i s included in the l i n e of sight i n t e g r a l , then the measured 

f i e l d w i l l be stronger than that expected from a coherent f i e l d model. 

Manchester (1972) found that low lati t u d e pulsars with small dispersion 

measures, which are probably at short distances i n the l o c a l arm, have stronger 

l i n e of sight f i e l d components than t h o s w i t h large dispersion measures. 

This could indicate that the l a t t e r are at large distances and that the 

f i e l d varies randomly along the path to the pulsar, or the pulsar could l i e 

in an interarm region where the f i e l d i s weaker. 

2.5.5 F i e l d configuration derived from pulsar measurements ' 

Manchester (1972) has interpreted his data as being consistent with a 

simple longitudinal f i e l d model; the f i e l d being directed along the l o c a l 

s p i r a l arm towards H = 90° and with a f i e l d strength ^ 3*5! \0-. l o c a l l y . 

(Figure 2.7). These values do not appear to be compatible with a h e l i c a l 

component i n the l o c a l f i e l d . 
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2 . 6 Conclusions 

I t seems reasonable t o assume t h a t the g a l a c t i c magnetic f i e l d i s 

connected w i t h the gas d i s t r i b u t i o n of the Galaxy, so t h a t the f i e l d i s 

strongest i n the s p i r a l arm r e g i o n s . Four types of s p i r a l arm f i e l d 

c o n f i g u r a t i o n s have been deduced from measurements. 

Thielheim and Langhoff ( l 9 6 8 ) ' s model of a l o n g i t u d i n a l f i e l d i n the 

d i r e c t i o n of the s p i r a l arm a x i s , r e v e r s i n g i n d i r e c t i o n about the g a l a c t i c 

plane, and d i r e c t e d , a t t h e E a r t h , towards & = 2 7 0 ° above the plane and 

H = 90° below the plane, was based on about ho e x t r a g a l a c t i c Faraday 

r o t a t i o n measures, and i s not confirmed by the pulsar measurements. A 

completely h e l i c a l l o c a l s p i r a l arm f i e l d i s i n agreement w i t h measurements 

o f s t e l l a r p o l a r i z a t i o n s , i f t h i s method i s a r e l i a b l e way of f i n d i n g the 

magnetic f i e l d . E x t r a g a l a c t i c Faraday r o t a t i o n measurements are not incom

p a t i b l e w i t h s u c h - a - f i e l d . -However, i t seems more l i k e l y t h a t t h e h e l i c a l - -

f i e l d i s a l o c a l p e r t u r b a t i o n of 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 along t h e 

s p i r a l arm. To discover t h e extent of t h i s h e l i c a l component Mathewson and 

Ford (Mathewson 1 9 6 9 ; Mathewson and Ford 1 9 7 0 ) d i v i d e d s t e l l a r p o l a r i z a t i o n 

data f o r 7 0 0 0 s t a r s i n t o distance i n t e r v a l s 0 - 5 0 pc, 50 - 1 0 0 pc, 1 0 0 -

2 0 0 pc, 2 0 0 - 1*00 pc, hOO - 6 0 0 pc , 6 0 0 - 1 0 0 0 pc , 1 0 0 0 - 2 0 0 0 pc and 

2 0 0 0 - UOOO pc. From the e l e c t r i c vector p l o t s ( s e c t i o n 2 . 1 ) , t h e h e l i c a l 
t o 

component was deduced ^e contained i n a r e g i o n extending % 1*00 pc along the 

s p i r a l arm i n both d i r e c t i o n s from the sun (Figure 2 . 8 ) . Pulsar Faraday 

r o t a t i o n measurements do not support t h i s model. 

A l o n g i t u d i n a l f i e l d i n the d i r e c t i o n of the l o c a l s p i r a l arm ^ 9 0 ° 

at t h e sun), i s i n d i c a t e d by pulsar measurements and i s not incompatible 

w i t h e x t r a g a l a c t i c r o t a t i o n measurements. 

The l o c a l s p i r a l arm coherent f i e l d thus appears, t o t h e author, t o be 

of a l o n g i t u d i n a l t y p e , d i r e c t e d along the s p i r a l arm towards & = 90°, w i t h 

p e r t u r b a t i o n s , p o s s i b l y of a h e l i c a l nature. Smaller scale i r r e g u l a r i t i e s 



• CP 0950 
250 

SUN d 750 250 
HELICAL 

LONGITUDINAL 

Figure 2 . 8 . Spacial d i s t r i b u t i o n of the h e l i c a l and l o n g i t u d i n a l 

magnetic f i e l d s . (Mathewson 1 9 6 ' ? ) 
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( % 1 0 - 1 0 0 pc) probably also e x i s t associated w i t h turbulence i n t h e i n t e r 

s t e l l a r medium. (Parker 1 9 6 8 , Parker 1 9 6 9 ) . 
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CHAPTER 3 

MODELS OF THE FIELD 

Information about t h e magnetic f i e l d w i t h i n a few kpc . of the Sun» which 

i s obtained from experimental measurements, i n d i c a t e s s e v e r a l p o s s i b l e f i e l d 

c o n f i g u r a t i o n s . To o b t a i n models f o r the l a r g e s c a l e g a l a c t i c magnetic f i e l d 

much e x t r a p o l a t i o n i s needed, so four such models, denoted A, B, C and D, have 

been considered. 

3 . 1 Mathematical formulation o f models 
(N.B. A l l d i s t a n c e s a r e i n kpc) 

3 . 1 . 1 F i e l d Model A 
r 

T h i s i s the f i e l d model d e s c r i b e d by Th i e l h e i m and Langhoff ( 1 9 6 8 ) , based 

on e x t r a g a l a c t i c Faraday r o t a t i o n measures. I t i s a q u a s i - l o n g i t u d i n a l model, 

w i t h the f i e l d d i r e c t i o n l y i n g along the s p i r a l arms, towards I = 2 7 0 ° above 

the g a l a c t i c plane and £ ^ 9 0 ° below the plane,at t h e Sun. The model does not 

i n c l u d e any halo s t r u c t u r e , as too l i t t l e i s known about t h i s , and i s not 

intended to d e s c r i b e the f i e l d c o n f i g u r a t i o n near the g a l a c t i c c e n t r e , as t h i s 

r e g i o n has l i t t l e e f f e c t on cosmic r a y s r e a c h i n g t h e E a r t h . 

I n c y l i n d r i c a l c o o r d i n a t e s R, § and Z (R i s t h e d i s t a n c e from t h e g a l a c t i c 

c e n t r e i n the g a l a c t i c p l a n e , Z i s per p e n d i c u l a r to t h e g a l a c t i c p l a n e ) the 

s p i r a l arm axes are d e f i n e d by 

* = ? R a r c t a n £ + 4, R k k o 

(see F i g u r e 3 . 1 ) . <d = 0 or II - " ' " , g i v i n g the two arms, the Sun l y i n g on t h e 

$ o = n arm. The constants a r e b = 1 and k = 1 - 5 . At l a r g e d i s t a n c e s from 

the g a l a c t i c c e n t r e the s e p a r a t i o n between the two arms becomes constant. I n 

t h i s model the Sun i s s i t u a t e d at R = 10 kpc, <J> = 6 * 5 ° , and i s 8 5 pc below 

the g a l a c t i c plane ( F i g u r e 3 . 1 ) . The magnetic f i e l d i n the plane i s d i r e c t e d 

along the s p i r a l arms, the d i r e c t i o n being given by t h e u n i t v e c t o r 
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a = R cos E + ( Z x R ) s i n £ —o —o —o —o 

where R i s a u n i t vector i n t h e R d i r e c t i o n , Z i s a u n i t vector i n the —o —o 
Z d i r e c t i o n , so t h a t Z x R i s a u n i t vector i n the $ d i r e c t i o n . ' —o —o 

e i s the angle between the tangent vector t o the s p i r a l arm and t h e 

radius vector (Figure 3 . 1 ) . 

, 2 
t a n e = R / b 

dR I k 
R bR R arctan — + — — _ 
* k 2

+ R 2 

Thielheim and Langhoff ( 1 9 6 8 ) propose t h a t the t o t a l magnetic f i e l d i s given 

by 

R = a, H + '£ Kn — —o a —o Z o o 

H . = 50Z a o 
exp - exp -

_ 2 — p 
1 + a cos (<j) - cj> ) 1 

1 - exp -

uG, 

Z Q = 0 - 1 7 5 kpc, R Q - 1 0 kpc . , R N 2 kpc,, and a = 2 . The mean f i e l d 

s t r e n g t h i s ̂  5 yG, 

The Z exp 

yG. 

[ 0 - 1 7 5 1 7 5 J term describes a f i e l d which decreases r a p i d l y 

lMaf)£--(f)a)] 

H along the Z axis through 
EL o 

outside the g a l a c t i c disc and which reverses i n d i r e c t i o n about the g a l a c t i c 

plane. Figure 3.2 shows the z dependence of 

the Sun. 

The I (exp - | —• \ J | 1 — exp - | ̂  / I \ term describes a f i e l d v a r y i n g 

along the s p i r a l arm l e n g t h . Figure 3.3. shows the R dependence of H at 

Z = - 0 . *085 kpc p a r a l l e l t o t h e axis of the s p i r a l arm. Thus |H | i s zero 
o 

at the centre of the Galaxy, reaches a maximum value a t R = 3 * 6 kpc and 

becomes n e g l i g i b l e a t R greater than about 1 8 kpc. 
The [ 1 + k cos (<t> - <i> R) ] term describes a f i e l d which has i t s 

maximum value on t h e arm axis (where cf> - cj> = nn ) , and reduces t o 0 - 2 times 
R 



C7» 

00 

6 I I I Ol H-1 

<D 

CJ 

CD 

(A 
• OJ 

on 
CD 

00 bD 

13 



u 

al 

o o l 

LT\ 
CO 
O 

6 
I 

SI • 
B CI •p a) 

al 
i - l 
a) •«: SH 
•H 

i-H. ft <U CO 
rtf 
O <D s & +> 

O
f
 

10 
•H 

O 
a) <U 

w" • a> 
CD +> 
X) 
c o 

•p 
<D H 

<D 
i—1 « iH « a) 

(U ^ 
EH P . 

CO 

(A 

•n 
a 



<0 
V) 
W5 V3 

0) 
CO 
(O CD to 

in o «o u oo CD P i 

O N 
co 

1 

to 

a) 

ft 

/ / 
14 +> 

/-/ n S 
\ 

II 

o 

(Ti 

DC 

on 
a: 

CM 
II 

CO 



4 
CO 

in 

60 
cn 

in 

EH c l/» I n 

r-

\ 
«C o U1 v«/> 

01 
II II 

r-

\ 
3 in 

II 
in •in 

03 

0) in l/l 

ITS I 

0 
r 

rvi O O O 
INI 



31 

t h i s value midway between adjacent arms. Figures 3.^ and 3-5 show contours 

of I H I = constant, i n the planes Z - - OO85 kpc and <j> = 6*5° respectively 
' V . 

(Thielheim and Langhoff 1968). 

In the gal a c t i c plane, at a point with coordinates x^, y * Ĥ . and H y the 

f i e l d strengths i n the X and Y directions respectively are given by 

H r 
a I = _ £ [ x x 

R 
cose - y s i n e J 

H 
and Y s i n E + y C O S E:J 

The f i e l d perpendicular to the galactic plane, denoted by H i s obtained by 
o 

setting Div H = 0 (Thielheim and Langhoff 1969). 

„2 

H = i H 

1+t 
1 -

2 2 2bk R t 

a o Z R ( l + t 2 ) ^ 

2R 
R 2 

2R_ exp| |-| - 1 

-1 

where t = tan £ 

However, values of H are ^ 1% or l e s s of those of H z a o o 

3 . 1 .2 F i e l d Model C 

This model consists of a h e l i c a l form of magnetic f i e l d , based on the 

interpretation of s t e l l a r polarization data by Mathewson and Nicholls (1968). 

Their r e s u l t s indicated a l o c a l f i e l d which i s h e l i c a l i n form, but i n t h i s 

model the h e l i c a l f i e l d i s taken to extend throughout the Galaxy. The f i e l d 

l i n e s wind around the s p i r a l arms from the g a l a c t i c centre out to R = 15 kpc. 

The s p i r a l arm axes are described by the function (()„ = CR + d) where 
H o 

C = 0*9^3. <f>o = 0 or 7T. This function produces a sim i l a r s p i r a l arm configur

ation, near the Sun, to that generated by the s p i r a l function of Thielheim and 
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Langhoff (1968), but i t s use si m p l i f i e s computation. 

The f i e l d directions l i e tangential to right handed helices of pitch angle 

7 ° , wound round tubes coaxial with the s p i r a l arms. The tubes are of e l l i p t i c a l 

cross section, the e l l i p s e s having a x i a l r a t i o 3, with t h e i r major axes ly i n g 

i n the galactic plane. The axes of the helices are sheared through h0° a n t i 

clockwise (looking downwards from the north), from the direction of the axis of 

the arm. Figures 3.6 and 3.7 show the locus of such a h e l i x with minor axis 

of length 0*6 kpc. Every point i n the region of t h i s h e l i c a l f i e l d i s 

considered to be ly i n g on a h e l i x , with the f i e l d direction tangential to the 

h e l i x at that point. 

The method used to.determine the f i e l d direction and strength at any point 

i s described i n Appendix I . 

Figure 3.8 shows contours of |H| = constant i n the plane <j> = 0, for the 

h e l i c a l model. |H| i s the f i e l d strength i n u.G. 

In t h i s model the Sun i s 0*1 kpc towards the g a l a c t i c centre from the arm 

a x i s , and i s 0*01 kpc below the g a l a c t i c plane. 

3.1 .3 F i e l d Model D 

F i e l d model D consists of a longitudinal f i e l d directed towards Si = 9 0 ° . 

The s p i r a l arms are defined as for model A with the Sun situated at 

R = 10 kpc, <j> = 6 « 5 ° , and Z = 0. 

The mathematical formulation of the magnetic f i e l d i s the same as for 

model A except that H i s given by 
o 

H = - 3-8 a o [ e x p " (oJlT^ ^ ~ (lo) )(* " e x p " ( f ) ) ] 

] 1 + k cos 2 (<j> - <j>R) I . VG 

This gives a f i e l d which does not reverse i t s direction across the g a l a c t i c 

plane, but has approximately the same magnitude and extent as f i e l d model A. 
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Figure 3.9 shows the Z dependence of H along the Z axis through the Sun. The 
o 

maximum f i e l d strength on t h i s axis i s the same as for model A (see Figure 

3 .2 ) . 

3 . 1 A F i e l d Model B 

Mathewson and Nicholls (1968) proposed that rotation measures of extra-

galactic sources, and the opti c a l polarization measurements of distant s t a r s 

indicate that the general s p i r a l arm magnetic f i e l d i s longitudinal, with only 

a l o c a l h e l i c a l component. The h e l i c a l f i e l d e x i s t s within a tube which has 

an e l l i p t i c a l cross section with major axis 0\5 kpc and which extends +0*5 kpc 

along the s p i r a l arm from the Sun. Within t h i s region the f i e i d i s as described 

for model C, while outside the f i e l d i s as described for model D. Since these 

models are only intended to be representations of the actual f i e l d , a smooth 

tr a n s i t i o n between the two regions was not defined. 

However, i t i s possible that the h e l i c a l region i s not as extensive- as. 

suggested above but i s merely a l o c a l perturbation of a longitudinal f i e l d , 

such as 1 represented by f i e l d model D. 

3.2 Comparison of model predictions with measurements of the Faraday 
rotation of radiation from pulsars 

Calculations were made of the mean l i n e of sight magnetic f i e l d between 

the Earth and various pulsars, using the models of the galactic magnetic f i e l d 

described above, and the r e s u l t s compared with values found experimentally from 

measurements of the rotation measure and dispersion measure of these pulsars. 

The calculations were repeated for three different electron density 

distributions 

1. N 1 e 0'062 cm' -3 (M i l l s , 1970) 

2. 

3. 

H 2 

N 3 e 

• 0-092 exp - (Z 2/(l-l+l*3 x 1 0 - 2 ) ) cm"3 (R.D. Davies, 1969) 

: 0*05 exp - ( | z | /0-152) cm"3 (Prentice and ter Haar, 1969) 

where Z i s i n kpc. 
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I n each case the l i n e integrals 

f N H 0d£ and f 

J o e * J c 

f 
Jo 

N dl e 

were calculated u n t i l \ J^dS, reached the experimental value of the dispersion 

measure of the pulsar ( i . e . the effective distance of the pulsar was found 

in each case) 

Then ^ = j Q N ^ d i l / ^ I d * 

was calculated and compared with the experimental values tabulated i n Table 

2.1*. The value of calculated using electron density distributions N e l , 

N 2, and N 3 are shown i n Tables 3.1, 3.2, and 3-3 respectively, e e 
(Positive f i e l d s are directed towards the observer, negative f i e l d s away 

from„the. observer.) 

The large experimental dispersion measures of some pulsars l y i n g away 

from the galactic plane may be due to the presence of HII regions. 

I n these ca l c u l a t i o n s , the expressions for-N 2 and Ng3 give a rapid 

decrease i n •.electron density above .and below the plane, and t h i s may r e s u l t 

Jo N g 
i n the terminal value of ) N

e
d ^ never being reached. This i s p a r t i c u l a r l y 

true i n the case of f i e l d model A, (with the Sun at Z = -.85 pc) for pulsars 

at negative latitudes (e.g. 0525, 0531, 1933, 20U5 and 2218). For model A 
i 

i t would probably be more reasonable if, the maximum of the electron density 

di s t r i b u t i o n occurred nearer the plane of the Sun. 

The ef f e c t i v e distance to the pulsar i s also very dependent on the 

electron density d i s t r i b u t i o n r e l a t i v e to the position of the Sun. N g l , N e 2 , 

and Ng3 each predict different e f f e c t i v e distances to the pulsars at high 

lati t u d e s . As a r e s u l t predicted values of can be considerably diff e r e n t . 

In the case of model A, a reversal of f i e l d direction may occur along the 
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TABLE 3.1 

MEAN LINE OF SIGHT MAGNETIC FIELDS BETWEEN ?HE SUN 
AND VARIOUS PULSARS, CALCULATED USING N 1 = 0-062, cm 

PULSAR 
EFFECTIVE 
DISTANCE kpc. 

MEASURED H„.M,G. 
PULSAR 

EFFECTIVE 
DISTANCE kpc. H 4 u.G. MODEL A MODEL B MODEL C MODEL D 

0329 0.535 -2.93 -3.57 +0.51 +1.16 -3.22 

0525 0.800 -O.96 +0.25 +1.86 +2.30 +0.85 

: 0531 0.810 -0.92 +0.28 +1-65 +2.07 +0.89 
0628 0.560 +1.6 +5.27 +5.52 . +5.62 +5.88 

'O808 0.100 -2,5- -2'. 61 -i.5o -1.50 -3.53 
0818 0.665 -0 .08 +0.70 -1 .92 -5.35 +5.17 
0833 0.810 +0.8 +6.52 +3.71 +2.57 +6.90 
0835 0.215 +2.3 +1.61+ -5.50 -5.50 +5.27 
0950 0.055 +0.7 +2.73 -2.65 -.2.65 +5. lb 

1133 O.O85 +0.99 +1.11 -2 .61 -2 .61 +2.29 
1237 0.155 -0.07 +0.02 -1.05- -1 .37 +0.32 
I508 0.320 +0.05 +1.55 _ ' -1,31 . +6.96 - -,-3.22 
1665 ~~ " 0.180 - -0.35 -0 .15 +0.85 -1*57 
1652 Ov580 +O.58 +0.55 -0.97 +1.53 -1.59 
fc.706 o.5io - -0.25 -6.85 +O.65 -1.32 
1.818 1.370 +1.0 -0.90 -2.35 +o.5o -2.78 

b i i 1.555 - -2 .19 -2.50 -0 .97 -2.85 ' 
I929 O.O65 -3.3 -5.53 -1.07 -1 .07 -5.68 

1.933 2.570 -0.015 ^•3.57 -3.92 -0.58 -5.59 
1016 0.235 -3.0 -.5.96 . -I . 1 6 -1.16 -6.83 
1:021 0.370 -0 . 36 -5.81 +1.27 +1.27 -6.98 

I0U5 0.-190 -1.15 -2*73 -2.2-7 -2.13 -3.30 . 
l i l - l 1.620 -2 .0 -6.71 -5.25 -1.86 -6.85 
I218 0.705 -1 .0 -6.36 -3.33 -1.70 -6.25 
I302 0.810 -2.06 -1.30 -3.25 



TABLE 3.2 
36 

MEAN LINE OF SIGHT MAGNETIC FIELDS BETWEEN THE SUN AND VARIOUS 
PULSARS, CALCULATED USING N 2 = 0-092 Exp - (Z 2/(l - U U 3 x 1 0- 2))cra" 3 

LSA 
MEASURED MODEL A MODELS B, C, and D 

LSA 
MEASURED EFFECTIVE 

DISTANCE 
kpe 

EFFECTIVE 
DISTANCE 

kpc 
•* »-°-LSA 

MEASURED EFFECTIVE 
DISTANCE 

kpe 

EFFECTIVE 
DISTANCE 

kpc MODEL B MODEL C MODEL D 

r 9 -2.93 0.520 -3.1+1 0.300 +1.1+6 +1.U6 -3.31+ 
25 -0.96 * * * * 0.655 • +2.. 37 +2.73 +O.9I+ 
31 -0.92 * * * * 0.620 +2.11 +2.52 +0.99 
>8 +1.6 * * x * * * K * * * * * 
)8 r-2.5 O.O85 T2 .69 0.070 -1 .29 -1.29 -3.1+5 
.8 -0 .08 0.505 +1.53 0.595 -3.26 -1+.31 +5.51 
13 ; +0.8 1.^55 +6.30 0.575 +2.1+1 +2.02 +6.98 
\k +2.3 0.170 +I . 96 0.155 -U.,06 -1+.06 +1+.1+0 . 
0 •' +0.7 0.050 +2.76 O.Ol+O -2 .18 -2.18 +U.17 
3 +0.99 0.070 +1.2U 0.060 -2.5I+ -2.51+ +2.33 
•7 -0.07 0.115 +0.08 0.150 -1.39'" -1.5-5 +6.3I+ 
8 +0.05 0.300 +0.68 * * * * * * # # 
it - O.ll+O -0.1+5 0.135 +0.28 +0.1+3 - 1 . 6 l 
2 +0.58. 0.555 +0.21 * * # * .* # # * 
6 - 0.325 -0 .29 0.300 -O.67 ! +0.1+1+ -I . 3 6 
3 . +1.0 1.060 -l.lk 1.050 -2.59 +0.39 -3.21+ 
L - * * * * * * * * * * * * 

-3.3 0.070. -k.5k 0.01+5 -1.06; -1.06 . -5.67 
3 -0.015 . * * * * 2.01*5 -1+.27 -0.55 -5.09 

-3.0 0.295 -6.00 0.160 -1.08 -1.08 -6.82 
L -0.36 0.325 -1+.8J. 0.255 +0.67 +O.67 -7.02 
i -1.15 * * * # O.165 -2.01 -1.91 -3.39 
• -2 .0 2.710 -6.68 1.135 -1+.61+ -1.97 -6.97 

-1 .0 * * * * 0.585 -2.59 -1.59 -6.1+5 

Indicates pulsars l y i n g away from the galactic plane, such that \ N &l never 
reaches i t s terminal value. J n 
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TABLE 3.3 

MEAN- LUTE OF SIGHT MAGNETIC F I E L D S BETWEEN THE SUN AND VARIOUS 

PULSARS, CALCULATED USING N 3 e = 0.05 exp -• ( | z | / 0 . 1 5 2 ) cm ~ 3 

PULSAR 
MEASURED MODEL A MODELS B, C, and D 

PULSAR 
v - G - E F F E C T I V E 

DISTANCE 
kpc 

E F F E C T I V E 
DISTANCE 

E F F E C T I V E 
DISTANCE 

kpc kpc MODEL B MODEL C MODEL D 

0329 -2.93 1.015 -2 .95 0.605 -0.39 +0.96 -3.07 
0525 -0.96 * * * * 2.290 +1.-26 +1.55 +0.57 
0531 -0.92 * * * * 1.765 +1.1*9 +0.6U 
0628 +1.6 * * * * # * * * * * * * 
0808 - 2 .5 0.155 -1.81 0.11*5 -1.32 -1.32 -3 .38 
0818 -0 .08 1.1*20 -0.79 * * * * * * * * 
0833 +0.8 2.580 +5.5^ 1.315 +U.50 +3.01 +6.JU 
083k +2.3 0.330 +0.38 O.I4UO -2 .U* -1*.37 +3.87 
0950 +0.7 0.090 +2.20 0.070 -2.99 -2.99 +l*.il* 
1133; +0.99 0.125 +0.52 O . IU5 -2.08 -2i,5l* +2.20 

- -123-7- - —-OT07- - O.-335 " - -.0 .10 # # - - # * * * " ~ * * 7 

1508 ' +0.05 * * * * # * * # . * * 
I60U - 0.280 -0.00 O.U15 -0.1*8 . ' +1.16 -1.39 
l6k2- +O.58 * * * # * * * * * * * * 

: 1706 - 0.61*5 -0.05 O.885 -O.78 +0.72 . - l . l U 
• 1818 +1.0 2.3U -0.12 I * . 230 -1.-9U +0.07 -2.28 

i 1911 - * * * * * * * * * # * # 
1929 -3 .3 0.135 - I t . 60 0.085 -1.01 -1 .07 -5 .68 

1933 -0.015 * H * * * * * * * * * * 
2016 -3 .0 0.570 -6.18 0.330 -1.21* -1.2U -6.82 
2021 -0.36 0.595 -3.23 0.550 +0.38 +1.7U -6.90 

20l*5 -1.15 * W # * 0.6U0 -1 .97 -2.22 -2 .63 
2111 -2 .0 U.96 -5.79 2.580 -5.28 -1.1*5 -6.1*5 
2218 -1 .0 * * * * 2.115 -3.11 -1.1*3 -1+.97 

Indicates pulsars, lying away from the galactic plane, such that 1 d£ never 
• . Jo 6 

reaches i t s terminal value. 
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l i n e of sight, r e s u l t i n g i n a reduction of JH I, (e.g. 08 l8 : - N 2 gives the 

ef f e c t i v e distance as 0'505 kpc and H as + 1*53 PG; W 1 gives 0*665 kpc 

and + 0-7 yG; and We3 gives l ' U 2 kpc and - 0-79 ) 

However, the exact form of the .electron density d i s t r i b u t i o n i s not known 

and since most of the pulsars l i e near the galactic plane, N g l probably gives 

a satisfactory d i s t r i b u t i o n . F i e l d values calculated using N 1 have been 
e 

used i n the following a n a l y s i s . 

Figure 3.10 shows values of H calculated using f i e l d model A and N 1, 

plotted against experimental values. There appears to be some correlation 

between measured and predicted values, especially i n the case of those pulsars 

for which the entire l i n e of sight distance i s below the plane. Of the 

pulsars considered few have large enough positive values of latitude and 

effective distance, for the l i n e of sight distance to include a s u f f i c i e n t 

distance above the g a l a c t i c pJLane,._f_tor _the. f i e l d - r e v e r s a l to. be apparent. 
—3 

Only i f the electron density i s much less than 0-062 cm would the reversal 

of f i e l d above the plane have any r e a l effect on the rotation measures of 

the pulsars at positive l a t i t u d e s . 

Thus the fact that the experimental Faraday rotation measures show no 

rev e r s a l at positive latitudes does not necessarily r u l e out t h i s f i e l d 

model. In f a c t , there i s a correlation of 0«72 between the predicted and 

measured f i e l d strengths. The best f i t to the experimental values i s given 

i f the f i e l d strengths predicted by model A ( H A ) , are reduced to 0*59 H^. 

As expected the f i e l d strengths predicted by models B and C are the 

same for pulsars' near the Sun. 

As the distance to the pulsar increases the model B values approach those 

obtained using model ^H^-Figures 3 « 1 1 , 3.12 and 3.13 show the values of 

calculated using models B, C and D respectively. The rotation measures 

predicted by models C and B do not appear to be compatible with measurements, 
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and i f a h e l i c a l component e x i s t s i t i s probably s m a l l e r i n extent than t h a t 

of model B. 

F i e l d Model 

A 

B 

C 

D 

TABLE 3.k 

C o r r e l a t i o n w i t h p r e d i c t i o n s L e a s t squares best f i t 

0*72 ( s i g n i f i c a n t c o r r e l a t i o n ) H„ = 1-69 H 
A exp 

0-0H5 

0-017 
0*67 ( s i g n i f i c a n t c o r r e l a t i o n ) H_ = 1*95 H 

D exp 

As can be seen from Table 3.U p u l s a r r o t a t i o n measurements are b e s t 

e x p l a i n e d by a model A, or model D, type f i e l d , but they seem to suggest a 

s m a l l e r f i e l d s t r e n g t h than used i n t h e s e models. 
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CHAPTER k 

CALCULATION OF TRAJECTORIES OF PARTICLES ARRIVING AT THE EARTH 
FROM VARIOUS REGIONS OF THE GALAXY 

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

Cosmic r a y p a r t i c l e s r e a c h the E a r t h a f t e r t r a v e l l i n g through th e g a l a c t i c 

magnetic f i e l d . The f o r c e a c t i n g on them due t o t h i s f i e l d causes them t o 
—21 ExlO s p i r a l about th e f i e l d l i n e s w i t h a Larmor r a d i u s of R ^ pc, 

. L ZH 

where E i s the energy of t h e p a r t i c l e i n ev, Z i s t h e atomic number and H i s 

t h e magnetic f i e l d s t r e n g t h i n gauss. 

I f t h i s r a d i u s i s s m a l l compared w i t h the s i z e o f any i r r e g u l a r i t i e s i n 

t h e magnetic f i e l d then q u a s i d i f f u s i o n a l motion o c c u r s . Clouds of str o n g e r 

magnetic f i e l d than t h e surrounding r e g i o n s a c t as s c a t t e r i n g c e n t r e s f o r the 

p a r t i c l e s . 

P a r t i c l e s w i t h higher e n e r g i e s , such t h a t the r a d i u s of c u r v a t u r e i s 

l a r g e r than t h i s but s m a l l e r than the c h a r a c t e r i s t i c s c a l e o f the r e g u l a r 

magnetic f i e l d , move, i n e f f e c t , along t h e l i n e s of f o r c e . T h i s type of 
15 17 

motion probably occurs f o r protons of energy b e t w e e n ^ 10 eV and 10 eV„ 
IT 6 However, f o r protons of energy E > 10 eV, i n a f i e l d ^ 10~ G, t h e 

Larmor r a d i u s i s l a r g e compared w i t h the s c a l e of t h e r e g u l a r f i e l d and q u a s i -

r e c t i l i n e a r motion o c c u r s . At lower energies w i t h i n t h i s r e g i o n the p a r t i c l e s 
l8 

are trapped w i t h i n t h e Galaxy. However, at - v 10 eV ( f o r p r o t o n s ) , R, i s of 
l i 

t h e order of the t h i c k n e s s of t h e g a l a c t i c d i s c and at higher e n e r g i e s t h e 
19 

p a r t i c l e s can escape from t h e Galaxy. For e n e r g i e s ;> 10 eV t h e t r a j e c t o r i e s 

approximate t o s t r a i g h t l i n e s . The t r a n s i t i o n from complete t r a p p i n g of 

p a r t i c l e s i n t h e Galaxy, t o complete escape i s of i n t e r e s t when c o n s i d e r i n g 

whether t h e s e high energy p a r t i c l e s o r i g i n a t e i n the Galaxy or are of e x t r a -

g a l a c t i c o r i g i n . The exact e f f e c t of t h e magnetic f i e l d on t h e paths of t h e 

p a r t i c l e s depends on the c o n f i g u r a t i o n of the magnetic f i e l d . To i n v e s t i g a t e 

t h i s t h e t r a j e c t o r i e s o f p a r t i c l e s r e a c h i n g t h e E a r t h were c a l c u l a t e d u t i l i z i n g 

each of t h e magnetic f i e l d models d e s c r i b e d above. I n p r a c t i c e t h i s i s done . 
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by f o l l o w i n g t h e t r a j e c t o r i e s o f a n t i p a r t i c l e s from t h e E a r t h u n t i l t h e y i n t e r a c t 

w i t h t h e i n t e r s t e l l a r gas (A d i s t a n c e n- 500 kpc i f t h e gas d e n s i t y i s 1 cm" ) , 

or u n t i l t h e y l e a v e the Galaxy. 

T h i s method was used by T h i e l h e i m and Langhoff (1968, 1969), f o r t h e i r 

f i e l d model (model A ) , t o c a l c u l a t e 18 i n d i v i d u a l proton t r a j e c t o r i e s at s e v e r a l 
20 19 

e n e r g i e s . They found t h a t protons of energy 10 eV and 10 eV t r a v e l along 

s t r a i g h t paths from t h e edge of the g a l a c t i c regiono Thus at t h e s e energies 

t h e p a t h i e n g t h i n the Galaxy was found t o be q u i t e s h o r t i n most d i r e c t i o n s . 
17 

Protons of energy 10 eV were found t o be completely trapped^' by t h e 

magnetic f i e l d , i n the s p i r a l arms of the Galaxy<, Thus protons a r r i v i n g at 

t h e E a r t h from a l l the d i r e c t i o n s considered were found t o have long pathlengths 

i n t h e Galaxy a t t h i s energy. 

T h i e l h e i m and Langhoff a l s o found t h a t p a r t i c l e s w i t h energies corresponding 
18 

t o protons o f energy 10 eV appear t o come from t h e hemisphere around the a n t i 

c e n t r e , and no such p a r t i c l e s reach the E a r t h from t h e g a l a c t i c c e n t r e . At 

t h i s energy t h e r e i s a l s o a wide d i s t r i b u t i o n i n t h e l e n g t h s of paths w i t h i n 

t h e Galaxy. 

I f i t i s assumed t h a t t h e cosmic r a y sources are uniformly d i s t r i b u t e d i n 

t h e Galaxy, then the i n t e n s i t y of cosmic r a y s from a c e r t a i n d i r e c t i o n w i l l be 

p r o p o r t i o n a l t o t h e pathlength i n t h e Galaxy of p a r t i c l e s from t h a t d i r e c t i o n , 

i f t h e i r motion i s q u a s i r e c t i l i n e a r . 

Thus, t h e s e r e s u l t s i n d i c a t e t h a t protons of g a l a c t i c o r i g i n r e ach the E a r t h 
20 19 17 comparatively i s o t r o p i c a l l y a t 10 eV, 10 eV and 10 eV, a n d . a n i s o t r o p i c a l l y 

• I Q 

at 10 eV. 

However, only 18 t r a j e c t o r i e s were c a l c u l a t e d at each energy and only one 

f i e l d model was used by T h i e l h e i m and Langhoff. To extend t h e s e r e s u l t s a 

i a r g e r number of t r a j e c t o r i e s have been c a l c u l a t e d f o r each of the f i e l d models 

(A, B, C and D). 
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1+.2 C a l c u l a t i o n of t r a j e c t o r i e s 

An e l e c t r o n i c computer was used t o c a l c u l a t e the t r a j e c t o r i e s of protons, 

or p a r t i c l e s of t h e same r i g i d i t y , a r r i v i n g at t h e E a r t h a f t e r t r a v e l l i n g 

through t h e g a l a c t i c magnetic f i e l d . Each path was c a l c u l a t e d by f o l l o w i n g an 

a n t i p r o t o n of a p a r t i c u l a r energy l e a v i n g the E a r t h i n a c e r t a i n d i r e c t i o n . 

The t r a j e c t o r i e s were c a l c u l a t e d i n short s t e p s of d i s t a n c e , over which the 

a c c e l e r a t i o n was assumed t o be c o nstant. 

The f o r c e , p_ due t o a magnetic f i e l d Ji uG, a c t i n g on a p a r t i c l e of charge 

q coulombs and v e l o c i t y V m/sec i s given by 

p_ = 10~ 1 0 q (V x H) j hewtons. 
2 2 

T h i s produces an a c c e l e r a t i o n of ^ c m/sec where E i s t h e p a r t i c l e energy 

i n j o u l e s , and c i s t h e v e l o c i t y of l i g h t i n m/sec, Hence i t can be shown 

t h a t 

= 9.25 x l O 1 7 (U x H) | ( k p c j - 1 

c 
2- • 

where a. i s t h e a c c e l e r a t i o n o f t h e p a r t i c l e i n kpc/sec , c i s t h e v e l o c i t y 

of l i g h t i n kpc/sec, U_ i s a u n i t v e c t o r i n t h e d i r e c t i o n of t h e v e l o c i t y of 

t h e p a r t i c l e , II i s t h e magnetic f i e l d i n VG, Z i s t h e atomic number of t h e 

p a r t i c l e (taken t o be negative f o r a n t i p a r t i c l e s ) , and E i s t h e energy of 

t h e p a r t i c l e i n eV. 

During the c a l c u l a t i o n of t h e t r a j e c t o r y of a p a r t i c l e , i t s a c c e l e r a t i o n 

was c a l c u l a t e d at t h e beginning of each s t e p , u s i n g the e x p r e s s i o n above. S i n c e 

i n f a c t , t h e a c c e l e r a t i o n i s not constant over the s t e p l e n g t h , an e f f e c t i v e 

a c c e l e r a t i o n was found. T h i s was equal t o t h e a c c e l e r a t i o n at t h e midpoint 

of t h e s t e p and was c a l c u l a t e d by i n t e r p o l a t i o n u s i n g the a c c e l e r a t i o n s at 

t h e beginning of t h e s t e p and the two previous s t e p s . T h i s e f f e c t i v e a c c e l e r a 

t i o n was then used i n t h e c a l c u l a t i o n of the p o s i t i o n and the d i r e c t i o n of 

motion of the p a r t i c l e at t h e end of t h e s t e p . 
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By c a l c u l a t i n g the t r a j e c t o r i e s of p a r t i c l e s i n a uniform magnetic f i e l d , 

i t was found t h a t s t e p s i z e s of 0°01 kpc were s m a l l enough f o r e n e r g i e s of 
18 

2 x 10 ev and above. At lower energ i e s s m a l l e r s t e p s i z e s were needed. 

I n i t i a l l y the p a r t i c l e t r a j e c t o r i e s were f o l l o w e d u n t i l the p a r t i c l e s were 

more than 20 kpc from the g a l a c t i c c e n t r e . Some of t h e s e t r a j e c t o r i e s are shown 

i n f i g u r e s 4.1, 4.2, 4.3, 4,4, and 4.5. I n t h e s e f i g u r e s the t r a j e c t o r i e s are 

i d e n t i f i e d by numbers 1 to 11, which correspond to the d i r e c t i o n s l i s t e d i n 

Table 4.1. 

a = g a l a c t i c l o n g i t u d e - 173*5° f o r f i e l d models A and D 

a = g a l a c t i c l o ngitude - l80° f o r f i e l d models B and C. 

TABLE 4.1 

T r a j e c t o r y number D i r e c t i o n i n which the p a r t i c l e l e a v e s the Eftrth 

• a • G a l a c t i c l a t i t u d e (b:'f) 

• 1 - 90° 

2 0° . . 4 5 ° 

3 0° ' 0° 

4 45° 0° 

5 90° 0° 

6 90° 45° 

7 135° 0° 

8 180° 0° 

9 225° 0° 

10 270° • 0° 

11 315° 0° 

F i e l d model A has only a s m a l l e f f e c t on the t r a j e c t o r i e s of p a r t i c l e s w i t h 

E/Z = - 3 x 10 1 8 eV. The p a r t i c l e s l e a v i n g the E a r t h a t b"= + 45° orb 1 1 ^ 0° 

and 90°< a < 270° ( i . e . t r a j e c t o r i e s 7 S 8 and 9) tend to escape from the 



Ykpc 
Axis of 

spiral arm 10 

8 * 5 

8 

9 11 

10 

8 

10 

12 

8 10 12 14 Xkpc 

F i g u r e U.l. T r a j e c t o r i e s i n f i e l d .nodel A . k/Z = -3 * 10I80V 



CM 

CM 

in 
a> GO en 

CM 
CO 

(0 

0) 

CM 

to 
0J 

u 

CD 

CJ 

0) to 
b0 
Km 

CM 

CM to CD <0 CM N 



Ykpc 
Axis of 

spiral arm 10 

8 

11 

10 8 

10 

12 
L 

14 Xkpc 8 10 12 
18 F i g u r e ^. 3 - T r a j e c t o r i e s i n f i e l d model A. E/Z 10 eV 



Ykpc 
AXIS Of 
spiral arm 10 

8 

8 

10 
11 

9 

8 

10 

12 
• ' I L_ J I 1 : 1 
0 2 4 6 8 10 12 14 Xkp 

F i g u r e k .U. T r a j e c t o r i e s i n f i e l d mode?! C. V.I'L = -3 x 10 



Ykpc 
Axis of 

spiral arm 10 

8 

8 

10 

12 

10 14 X kpc 8 12 
18 F i g u r e 4.5 T r a j e c t o r i e s i n f i e l d model C. F/Z 10 eV 
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g a l a c t i c d i s c , w h i l e those l e a v i n g t h e E a r t h a t b " ^ o° and -90° £ a £ 9c? 

( i . e . t r a j e c t o r i e s 3,^,5, 10 and 11) tend t o make s m a l l o s c i l l a t i o n s about 

the g a l a c t i c plane. T h i s o s c i l l a t i o n i s probably caused by the p a r t i c l e 

being i n i t i a l l y d e f l e c t e d across the g a l a c t i c p l a n e , where the r e v e r s a l of 

f i e l d d i r e c t i o n produces o s c i l l a t i o n s , which continue u n t i l the p a r t i c l e 

reaches a r e g i o n where the f i e l d i s weak enough t o a l l o w i t to escape. The 
1 o 

e f f e c t of f i e l d model A on the t r a j e c t o r i e s of p a r t i c l e s w i t h E/Z = -10 eV 

i s much big g e r . The p a r t i c l e s a r e much more e a s i l y trapped w i t h i n the r e g i o n 

of the g a l a c t i c d i s c and some ( i . e . t r a j e c t o r i e s 5 and 10) s p i r a l about the 

g a l a c t i c arm. T r a j e c t o r i e s 7, 8 and 9 are bent s t e e p l y downwards so t h a t 

p a r t i c l e s f o l l o w i n g them cannot reach the g a l a c t i c c e n t r e . These r e s u l t s 

agree w i t h those o f T h i e l h e i i j i and Langhoff (1968, 1969). 

F i e l d model C i s more e f f e c t i v e i n the t r a p p i n g of p a r t i c l e s w i t h i n 
18 

the d i s c and s p i r a l arms- Even a t E/Z = - 3 x 10 eV some t r a p p i n g i n the-

d i s c occurs of p a r t i c l e s l e a v i n g the E a r t h a t b'- + H50. At t h i s energy 

t r a j e c t o r i e s 3 and k are s i m i l a r t o t h o s e i n f i e l d model A i n t h a t t h e 

p a r t i c l e s o s c i l l a t e about the g a l a c t i c plane. (A r e v e r s a l o f f i e l d d i r e c t i o n 

about t h e g a l a c t i c plane a l s o occurs i n t h i s model). P a r t i c l e s f o l l o w i n g 

t r a j e c t o r i e s 5, 7 and 8 escape from t h e d i s c . However, some p a r t i c l e s , such 

as those f o l l o w i n g t r a j e c t o r i e s 9, 10 and 11 a r e trapped s p i r a l l i n g about 1-the 
18 

g a l a c t i c arm. At E/Z = - 10 eV t h i s t r a p p i n g i n the' s p i r a l arms i s more 

widespread and i t i s n o t i c e a b l e t h a t t h e t r a j e c t o r i e s tend t o f o l l o w t h e 

s p i r a l arm towards t h e g a l a c t i c c e n t r e . T h i s e f f e c t may be produced by t h e 

r e v e r s a l i n d i r e c t i o n of the Z component of t h e f i e l d about t h e s u r f a c e 

p e r p e n d i c u l a r t o the g a l a c t i c plane, through t h e s p i r a l arm a x i s . 
2 2 ~ 

I n l a t e r c a l c u l a t i o n s t h e t r a j e c t o r i e s were followed u n t i l R = (X +Y ) z 

> 15 kpc or jz|>lkpc. Beyond t h i s t h e magnetic f i e l d i s weak and the p a r t i c l e s 

have e f f e c t i v e l y l e f t the Galaxy. 
To r e l a t e t h e s e t r a j e c t o r i e s t o cosmic r a y a n i s o t r o p i e s at the E a r t h , 
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some knowledge of t h e d i s t r i b u t i o n of cosmic r a y sources w i t h i n t h e Galaxy 

i s r e q u i r e d . 

k.3 D i s t r i b u t i o n of cosmic r a y sources i n t h e Galaxy 
17 

I f cosmic r a y s o f energy £ 10 eV r e a c h i n g the E a r t h a r e of g a l a c t i c 

o r i g i n then t h e i r most probable sources are p u l s a r s or p o s s i b l y the g a l a c t i c 

n ucleus. 

P u l s a r d i s t a n c e s obtained from d i s p e r s i o n measures or absorption by 

n e u t r a l hydrogen at 21 cm show t h a t most observed p u l s a r s l i e w i t h i n 1 or .. 

2 kpc of the sun (e , g . R.D. Davies, 1969), and t h e i r measured p o s i t i o n s 

i n d i c a t e t h a t t h e y l i e mainly i n the g a l a c t i c d i s c (Hewish, 1970). 

However i t has been suggested (e.g. M i l l s , 1970; C a v a l l o , 1971) t h a t 

most p u l s a r s a r e s i t u a t e d w i t h i n the g a l a c t i c s p i r a l arms. S i n c e the form 

of t h e source d i s t r i b u t i o n a f f e c t s the p r e d i c t e d cosmic r a y an i s o t r o p y a t 

t h e E a r t h t h e s e c a l c u l a t i o n s were-done f o r both a uniform d i - s t r i b u t i o n - o f • 

sources i n t h e d i s c and f o r a uniform d i s t r i b u t i o n of sources i n t h e s p i r a l 

arms. That i s , i n each d i r e c t i o n the l e n g t h of the,, t r a j e c t o r y -.lying within- .. 

the d i s c (or t h e pathlength i n the d i s c ) and the len g t h o f-the t r a j e c t o r y 

l y i n g w i t h i n t h e s p i r a l arms were c a l c u l a t e d . 
17 

I t i s a l s o i n t e r e s t i n g t o know i f p a r t i c l e s of t h e s e energies (> 10 eV) 

produced i n t h e g a l a c t i c nucleus can r e a c h t h e E a r t h i n t h e presence of a 

magnetic f i e l d such as those d e s c r i b e d above, and what the cosmic r a y 

aniso t r o p y at the E a r t h would be i f these cosmic r a y s do come from the g a l a c t i c 

nucleus. Thus f o r each t r a j e c t o r y the f o l l o w i n g pathlengths were c a l c u l a t e d . 

(1) The pathlength w i t h i n 1, 2 and 3 kpc of t h e g a l a c t i c c e n t r e 

(2 ) The pathlength i n t h e d i s c d e f i n e d by |z|< 0.3 kpc 

(3 ) The pathlength i n the s p i r a l arms d e f i n e d , f o r s i m p l i c i t y , as having a 

r e c t a n g u l a r c r o s s s e c t i o n of 0.6 kpc by 1„2 kpc. 
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4.4 T r a j e c t o r i e s c a l c u l a t e d 

T r a j e c t o r i e s were followed from the E a r t h i n the 146 d i r e c t i o n s l i s t e d 

below. 

TABLE 4.2 

D i r e c t i o n s of t r a j e c t o r i e s f o l l o w e d 

G a l a c t i c l a t i t u d e a —r&r— 
^ rj^a From 0° a t 90° i n t e r v a l s t o 270° 
+ 60° From 0° at 45° i n t e r v a l s t o 315° 

+ 1^° From 0° at 30° i n t e r v a l s t o 330° 

+ 30° From 0° at 22.5° i n t e r v a l s t o 337-5° 

+ 15° From .0° at 18° i n t e r v a l s t o 342° 

0° From .0° at 15° i n t e r v a l s to 345° 

T h i s s e t of t r a j e c t o r i e s w a s • c a l c u l a t e d u s i n g each o f the field.models f o r 
17 20 

s e v e r a l d i f f e r e n t v a l u e s of -E/Z between 4.5 10 eV and 10 eV. _At.lower 

e n e r g i e s t h e t r a j e c t o r i e s r e q u i r e so many s t e p s t h a t t h i s method of c a l c u l a 

t i o n i s i m p r a c t i c a b l e , w h i l e at higher e n e r g i e s t h e t r a j e c t o r i e s a r e e f f e c t i v e l y 

s t r a i g h t l i n e s . 

The f o l l o w i n g combinations of energies and f i e l d models were used. 

TABLE- 4.3 

En e r g i e s and f i e l d models f o r which t r a j e c t o r i e s were 
c a l c u l a t e d 

- E/Z i n eV F i e l d Modei 

4.5 1 0 1 T A 
6 1 0 1 T A 
7.5 1 0 1 T A,B,D' 

1 0 1 8 A,B,C,D 
2 1 0 1 8 B,D 

1 Q 
3 10 A,B,C,D 
6 1 0 1 8 B,C 
8 1 0 1 8 C 

19 
10 y A,B,C,D 

3 1 0 1 9 A 
1 0 2 0 A 
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Pathlength c a l c u l a t i o n s were a l s o done us i n g modified forms of t h e s e b a s i c 

models. 

For example th e t r a j e c t o r y c a l c u l a t i o n s performed u s i n g model A w i t h the 

Sun at R = 10 kpc were repeated f o r t h e Sun at R = 9 kpc i n an attempt t o 

d i s c o v e r how s e n s i t i v e the pathlengths are t o changes i n t h i s parameter. 
17 1R Pathlengths were a l s o found at E/Z = - 7.5 10 eV and E/Z = - 10 eV u s i n g 

f i e l d model A w i t h H = 0 . S i n c e H i s t y p i c a l l y % ~ r x H t h i s change 
2 ' Z J.UU EL 
o o o 

would not be expected t o produce much a l t e r a t i o n i n t h e r e s u l t s . I n f a c t 

both t h e s e adjustments were found to have a n e g l i g i b l e e f f e c t on t h e pathlengths 

and t h e i r d i s t r i b u t i o n over t h e g a l a c t i c l a t i t u d e - l o n g i t u d e sphere. 

A m o d i f i c a t i o n was a l s o made t o f i e l d model A t o determine t h e e f f e c t of 

a h a l o f i e l d . Obviously i f a halo magnetic f i e l d e x i s t s i t w i l l a f f e c t 

a n i s o t r o p i e s c o n s i d e r a b l y . Although, at p r e s e n t , t h e r e i s not g e n e r a l l y 

considered t o be much evidence i n support of a h a l o f i e l d i t i s d i f f i c u l t t o 

prove t h a t i t d e f i n i t e l y does not e x i s t . Even i f a h a l o f i e l d does e x i s t so.. .. 

l i t t l e i s known about i t s p o s s i b l e s t r u c t u r e t h a t i t i s d i f f i c u l t t o c o n s t r u c t 

a model f o r t h i s f i e l d . I n t h i s case a halo f i e l d model was produced by 

modifying model A such t h a t the f i e l d s t r e n g t h i s constant f o r |z|>0.28 kpc 

at a v a l u e ^ 2uG and t h e f l u x l i n e s i n t h i s h a l o f o l l o w the s p i r a l arm d i r e c t i o n . 
• I O |Q 

T r a j e c t o r i e s were found u s i n g t h i s model f o r - E/Z = 10 eV, 3.10 eV 

and 1 0 1 9 eV. 

F i e l d model C was adapted by u s i n g a f i e l d s t r e n g t h w i t h a g a u s s i a n depend

ence on b, and i t was found t h a t t h e pathlength d i s t r i b u t i o n i s . e f f e c t i v e l y , 

the same as f o r . t h e unmodified f i e l d , i n d i c a t i n g t h a t t h e h e l i c a l form of t h e 

f i e l d i s more i n f l u e n t i a l than t h e exact d i s t r i b u t i o n of f i e l d s t r e n g t h . 

U.5 Cosmic r a y s from t h e g a l a c t i c nucleus 

The p o s s i b i l i t y of cosmic r a y s from the g a l a c t i c c e n t r e r e a c h i n g t h e E a r t h 

can be determined f o r each f i e l d model from t h e s e t r a j e c t o r y c a l c u l a t i o n s . 
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I n general there i s an energy band w i t h i n which no par t ic les can reach 

the Earth from the galact ic centre. At higher energies the par t i c les t r a v e l 

along almost s t ra igh t paths and may h i t the Earth, while at lower energies 

pa r t i c les can t r a v e l along the s p i r a l arms from the centre to the Earth. 

For f i e l d model A t h i s ' fo rb idden ' band i s given by 7. lO1"^ eV S E/Z £ 

19 
3. 10 eV. For the other models the lower l i m i t to t h i s band occurs at 

18 

higher energies. Part icles wi th E/Z £ 10 eV f o r models D and B, and 

19 

S> 10 eV f o r model C can reach the Earth by t r a v e l l i n g along the s p i r a l arms. 

The addi t ion of a halo f i e l d would make p a r t i c l e t ransfer from the 

galact ic centre t o the Earth easier. 

However, i n each case, cosmic rays exclusively from the galact ic centre 

would produce large anisotropies at the Earth - larger i n f a c t , than the 

anisotropies produced by cosmic rays coming from sources uni formly d i s t r i bu t ed 

i n the galact ic disc or s p i r a l arms. . . . 
k.6 Fathlength d i s t r i bu t i ons • 

The d i s t r i b u t i o n over the galact ic l a t i tude- long i tude sphere was found fjdt' 

pathlengths i n the galact ic disc and f o r pathlengths i n the s p i r a l arms. 

For a ' l i the f i e l d models and energies considered pathlengths i n the disc were: 

found to have a s imi la r d i s t r i b u t i o n to those i n the s p i r a l arms.but t o be 

approximately twice as long. 

From the lh6 t r a j e c t o r i e s calculated i n each case, i t was possible t o 

in terpolate t o produce contour maps of the maximum pathlength i n the disc 

or s p i r a l arms of par t i c les a r r i v i n g at the Earth i n a given d i r e c t i o n . These 

maps were p lo t t ed on an equal area pro jec t ion i n c e l e s t i a l coordinates to 

f a c i l i t a t e l a t e r comparison wi th measured cosmic ray anisotropies. 

Figures U.6 t o U.19 show some of these maps although not a l l the contours 

are marked. 

For f i e l d model A the longest pathlengths are i n the s p i r a l arm direct ions 
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with the & = 9 0 ° s p i r a l arm maximum tending t o be larger and more extended than 

the & = 270° s p i r a l arm maximum. At E/Z = 6. 10"^ eV the pathlengths i n 

the d i r ec t i on of the galact ic centre are very short and at higher energies 
18 

t h i s minimum becomes more extensive. Above 10 eV the longest pathlengths 
tend to occur i n a band about the galact ic equator between & ^ 90° and 

o - - - . 
& ^ 270 . The width of t h i s band decreases at higher energies and by 3 10 . eV 

a l l the pathlengths are < 1 kpc except f o r those i n a narrow band (U"^ + 30°) 

along the galact ic equator i n the d i r ec t ion of the anticentr.e. This band 

represents those direct ions i n which part icles , are trapped i n the s p i r a l arm 

or o s c i l l a t e about the plane so that they t r a v e l through successive s p i r a l 

arms. 
1 8 

Above 3 10 eV the addi t ion of the 'halo ' t o f i e l d model A has l i t t l e 

e f f ec t but at lower energies a t h i r d peak i n the pathlength d i s t r i b u t i o n occurs 

towards"the galact ic centre. Probably those par t i c les which i n f i e l d A are 

bent out of the disc are trapped i n the s p i r a l arms by th i s ' halo f i e l d . 

For f i e l d B the peaks i n the pathlength d i s t r i b u t i o n are not so closely 

associated wi th the s p i r a l arm direct ions as they are f o r model A, and t h e i r 
. , - ^ g • » j 

pos i t ion varies wi th energy. Above 3 10 eV the longest pathlengths are i n 

a band about the galact ic equator. 

F i e l d C traps par t i c les much more eas i ly than the other models. As 

mentioned i n h.2 there i s tendency f o r pa r t i c l e s t o be trapped i n the s p i r a l arm 
' 18 

and t o f o l l o w i t towards the galact ic centre. As a r e su l t at E/Z < 10 eV. 

the pathlength d i s t r i b u t i o n shows a wide range of incident angles f o r which 

the pathlength i n the disc i s greater than 1+0 kpc. This region represents 

di rect ions i n which the pa r t i c l e s are trapped i n the s p i r a l arms. At these 

energies the pathlength minimum occurs i n the d i r ec t ion of the I = 270° s p i r a l 
19 

arm. As the energy increases the maximum contracts u n t i l , at 10 eV, 

pathlengths > 1»0 kpc are only found i n the d i r ec t i on of the & = 90° s p i r a l arm, 

and the long pathlengths l i e i n a band along the galact ic equator. 
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At t h i s energy models B and C produce very similar pathlength d i s t r i b u t i o n s . 

The model D pathlength di s t r i b u t i o n s are similar t o those of model B and 

t h i s s i m i l a r i t y becomes more marked at higher energies where the h e l i c a l 

component of f i e l d B has less e f f e c t . 
19 

Above a few times 10 eV, where the magnetic f i e l d has l i t t l e influence 

on the p a r t i c l e t r a j e c t o r i e s , the pathlength d i s t r i b u t i o n i s independent of 

the f i e l d model and merely r e f l e c t s the geometry of the Galaxy. 

As mentioned above i f cosmic ray sources are uniformly d i s t r i b u t e d w i t h i n 

the regions considered, then f o r the energy band where the motion i s quasirecti-

l i n e a r , the i n t e n s i t y of cosmic rays from a given di r e c t i o n i s proportional t o 

the maximum pathlength i n these regions of particles from that direction. 

That i s the contour maps of pathlength are also contour maps of cosmic ray '• 

in t e n s i t y and can be used t o predict anisotropics at the Earth. The predicted 

anisotropics at each energy f o r each f i e l d model can then be compared with 

observations. 
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CHAPTER 5 

COMPARISON OF PREDICTED. COSMIC RAY INTENSITIES, WITH EXTENSIVE AIR-
SHOWER ARRIVAL DJRECTIOH"l̂ A*Sy,REMEN'rs" ' 

The predicted v a r i a t i o n of cosmic ray i n t e n s i t y with a r r i v a l d i r e c t i o n 

obtained from each contour map of pathlength have "been compared with extensive 

a i r shower measurements of the corresponding energy region. 

5.1 Extensive a i r shower detectors 

The measurements made by three a i r shower arrays, of the a r r i v a l directions 
17 

of E.A.S, produced by cosmic ray primaries of energy s 10 eV, have been 

used. These arrays are the Massachusetts I n s t i t u t e of Technology array at 

Volcano Ranch, the Haverah Park array and the University of Sydney array at .' 

P i l l i g a Forest -
5.1.1 M.I.T. array at Volcano Ranch 

Volcano Ranch i s situated at l a t i t u d e 30°N and at an atmospheric depth 
2 

of 820 g/cm . The a i r shower array, which was i n operation during 1960-61, 
2 

had an area of 8 km and consisted of a hexagonal arrangement of 19 s o l i d 
2 

s c i n t i l l a t o r s , each with an area of 3.3 m . 

The a r r i v a l d i r e c t i o n data (Linsley, 1963 and private communication) 

covers declinations + 90° to - 30°. 

For the comparison with predicted i n t e n s i t i e s , the energies of the Volcano 

Ranch data have been adjusted to be consistent with the Haverah Park values. 

Hillas (1969) f i r s t suggested that the use of d i f f e r e n t methods of analysis f o r 

the data from these two experiments was re s u l t i n g i n inconsistencies between 

them i n the number spectrum and primary energy deduced. The reason fo r t h i s 

is as follows. The energy of the primary p a r t i c l e i s related to the size of 

the shower produced. To obtain the shower size from measurements of p a r t i c l e 

densities at the i n d i v i d u a l detectors i t i s necessary to assume some l a t e r a l 

d i s t r i b u t i o n for the shower. The exact form of t h i s l a t e r a l d i s t r i b u t i o n i s 

not w e l l known and the use of d i f f e r e n t types of l a t e r a l d i s t r i b u t i o n may re s u l t 
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i n considerably d i f f e r e n t estimates for shower size. The l a t e r a l d i s t r i b u t i o n 
used by Linsley with the Volcano Ranch data to obtain the size spectrum was of 
a d i f f e r e n t form from that employed at the Haverah Park and Sydney arrays e 

H i l l a s (1969) f i t t e d a l a t e r a l d i s t r i b u t i o n of the type used at Haverah Park 
to the Volcano Ranch data and obtained shower sizes approximately twice as large 
as those given by Linsley. Thus, i n e f f e c t , the same detector response was 
interpreted as a shower of a di f f e r e n t size produced by a primary p a r t i c l e of 
a d i f f e r e n t energy. Thus, to ensure consistency, the energies of the Volcano 
Ranch data have been adjusted t o correspond to the Haverah Park values, for the 
purpose of t h i s work of comparison with predicted i n t e n s i t i e s . 

The adjustment was made by taking the "equivalent Haverah Park energy" as 

the energy given by the Haverah Park spectrum ( H i l l a s et a l , , 1971) corresponding 

to the i n t e g r a l f l u x measured at Volcano Ranch for the unadjusted energy 

(Linsley, 1963). 

The following groups of data were used f o r comparisons with predicted 

cosmic ray i n t e n s i t i e s . 

TABLE $.1 

Volcano Ranch data groups 

Number of Showers Energy quoted by V.R. "Equivalent H.P. energy" 

538 3.2 10 1 T - 6,k 10 1 7 eV 6„2 10 1 T - 1.18 10 1 8 eV 

U09 6.k 10 1 T - 2.5 10 1 8 eV " 1.18 10 1 8 - 3.65 10 1 8 eV 

90 > 2,5 10 1 8 eV > 3.65.10l8,eV 

5.1.2 The Haverah Park Array 

Haverah Park i s situated at l a t i t u d e 5̂ °N at approximately sea l e v e l 
2 . 2 (1030 g/cm ). The a i r shower array covers an area of 11 km and i s composed 

of an inner 500 m array and an outer 2 km array. The 500 m array consists of 

four detectors, each composed of water Cerenkov tanks of depth 120 cm viewed 

by photoraultipliers (Tennent, 1968). The a r r i v a l d i r e c t i o n results obtained 
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i n 1963-6 using t h i s array are given by Hollows (1968), During 1967 the Haverah 
Park array was extended to include a 2 km array composed of six l o c a l arrays 

2 

each of which contains 1 four 13.5 ni detectors (Earnshaw et a l . , 1968). This 

extended array has "been i n operation since la t e 1967. A r r i v a l d i r e c t i o n data 

fo r the years 1963-70 has been obtained from Lapikens et a l (1971) and by private 

communication. Only: showers of zenith angle less than 60° have been included 

so the data covers declinations + 90° to - 6°. 

The following groups of data were used for comparisons with predicted cosmic 

,ray i n t e n s i t i e s . 

TABLE 5°2 

Haverah Park data groups 

Kumber of showers Energy range 

2291 5 10 1 T - 10 l 8 eV 

99k . 10 1 8 - 3 10 1 8 eV 

172 3 10 1 8 - 10 1 9 eV 
19 

29 > 10 eV 

5.1.3 The University of Sydney array at P i l l i g a Forest 

P i l l i g a Forest i s at l a t i t u d e 30.5°S. The array covers an area of 0̂ km^ 

and consists of a number of stations (3^ by January 1969) arranged on a square 
2 

g r i d . Each sta t i o n comprises two 6 m l i q u i d s c i n t i l l a t o r tanks buried 50 m 

apart, at about 2 m below the surface of the ground. 

A r r i v a l d i r e c t i o n results (Brownlee et a l . , 1970.and private communication) 

cover declinations + 30° to - 90°. 

TABLE 5.3 

P i l l i g a Forest data groups 

Number of showers Energy range 

682 10 1 8 - 10 1 9 eV 

86 > 10 1 9 eV 
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5.2 Comparison of predicted cosmic ray i n t e n s i t i e s with experimental 
Measurements 
For the purpose of t h i s comparison a l l these high energy cosmic rays were 

assumed t o be protons ( i . e . Z = +1). 

Each pathlength contour map was divided i n t o hins of 10° declination 

by 10° R.A. (15° R.A. for comparison with Haverah Park results) and the average 

pathlength i n each b i n was found. This pathlength was taken to be proportional 

to the intensity of cosmic ray protons and, by allowing for the s o l i d angle 

contained i n each b i n , a value proportional to the number of protons of a 

parti c u l a r energy expected to reach the Earth w i t h i n each d i r e c t i o n a l b i n was 

obtained. 

The predicted numbers apply to protons of galactic o r i g i n . Protons of 

metagalactic o r i g i n would arrive at the Earth i s o t r o p i c a l l y . Of a l l the protons 

a r r i v i n g 0% were taken t o be of galactic o r i g i n with an anisotropy as derived 

above, while (100 - G)% were taken to be of metagalactic o r i g i n a r r i v i n g 

isotropic.ally* For each f i e l d model and energy a range of values of G from 

0 to 100$ were used, and i n each case a prediction of the number of protons 

expected i n each b i n was made to compare wi t h experimental measurements. 

I n making t h i s comparison i t i s necessary t o take i n t o account the 

va r i a t i o n with zenith and azimuth angle of the aperture of 'the a i r shower 

array. The aperture depends on the way i n which the shower i s propagated 

through the atmosphere and on the geometry of the array, and the exact form 

of t h i s v a r i a t i o n i s d i f f i c u l t t o obtain. However, i f the predicted numbers 

of showers i n a l l the declination bands are added f o r each r i g h t ascension 

band, the aperture v a r i a t i o n only influences the weighting of the summation. 

Thus i t i s not important t o know the exact form of the aperture v a r i a t i o n i f 

a comparison i s made between the d i s t r i b u t i o n i n R.A. of the predicted and 

measured shower numbers. I n fact i t i s possible t o use an empirical aperture 

v a r i a t i o n obtained from the observed zenith angle d i s t r i b u t i o n . , I f an 
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expression which gives a good f i t t o the observed zenith angle d i s t r i b u t i o n can 
be obtained then, assuming a uniform azimuth angle d i s t r i b u t i o n i t i s possible 
t o deduce a declination d i s t r i b u t i o n . This can be used to give detection 
prob a b i l i t i e s f o r the conversion of predictions of numbers of protons reaching 
the Earth i n each b i n to predictions of the numbers of showers detected by a 
particular array i n each b i n . Brownlee (1970) f i t t e d a d i f f e r e n t i a l zenith 
angle d i s t r i b u t i o n of the form dN = (n+l)N cos 1^ sin6 d0 t o the P i l l i g a Forest 
data, where N i s the number of showers and 0 is the zenith angle. For an 
isotropic zenith d i s t r i b u t i o n and no atmospheric attenuation of a i r shower muons 
n i s predicted t o be 1 giving 

dN = 2 Ncos6 sin8 d6. 

A zenith angle d i s t r i b u t i o n of t h i s form was used i n the present calculations • 

to obtain detection p r o b a b i l i t i e s . Despite the f a c t that Brownlee (1970) finds 

that the P i l l i g a Forest results indicate an exponent value of n = 2 over a l l 
17 l8 energy ranges ( £ 10 eV), f o r the higher energy band ( 2 5 10 eV) he 

obtains n = 1.0 ± 1.0, so that the use of n = 1 i s not unreasonable, especially 

considering that the exact form of aperture v a r i a t i o n i s unimportant i n t h i s 

context. Hollows (.1968) found that the zenith angle d i s t r i b u t i o n of a l l 

30556 showers observed at Haverah Park, during 1963-6 could be represented by 

p(>9) =0 . 5 (cos^9 + cos^O) d9, where P(>6) i s the p r o b a b i l i t y of a shower 

a r r i v i n g at a zenith angle greater than 6. Hollows deduced an expected declina

t i o n d i s t r i b u t i o n and found that the numbers of showers observed exceeded the 

predictions f o r declinations less than + ^0°, with a corresponding d e f i c i t 

at larger declinations. This he interpreted as being due t o a v a r i a t i o n of 

the aperture of the array w i t h azimuth angle, caused by i t s t i l t e d p o sition, 

rather than being the r e f l e c t i o n of any large scale cosmic ray anisotropy. 

For comparisons with Volcano Ranch results the observed declination d i s t r i b u 

t i o n was used to give detection p r o b a b i l i t i e s . 
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When the predicted shower number f o r each 10° x 10° (or 15°) b i n had been 

obtained from a given contour map, for a part i c u l a r value of G and f o r 

comparison with results from a particular array, the numbers corresponding 

to each declination band were added f o r each r i g h t ascension band t o obtain the 

predicted d i s t r i b u t i o n i n R.A. of shower numbers. 

Comparisons between predicted and measured R.A, shower number dis t r i b u t i o n s 

were then made f o r the combinations shown i n table 5'̂ > after normalizing the 

t o t a l number of predicted showers i n each case to the corresponding number of 

observed showers. Each comparison was made using a range of values of G and 
2 . . . 

a X test was u t i l i z e d t o obtain the G value that gives the best agreement 
between prediction and measurement. Figures 5«1> 5-2, 5-3, and 5.k show plots of 

2 
X against G for each of the comparisons made. The numbers refer t o those 
l i s t e d i n table 5.^. The Haverah Park results for 10 eV to 3 10 eV, were 

18 18 18 compared with predictions at 10 eV and at 3 10 eV, and those f o r 3 10 eV 
19 • 18 19 to 10 eV were compared with predictions at 3 10 eV and at 10 eV, I n a l l 

2 
cases the plots of x against G were very similar f o r the two prediction 
energies and those shown represent average values. 

2 
The minimum value of x occurs at the value of G f o r which there i s the 

closest agreement between prediction and measurement. An upper l i m i t to G 
2 2 i s given by that corresponding t o a X p r o b a b i l i t y of 5$ (X = ^9 .5 .for 35 

degrees of freedom ( i . e . comparisons with Volcano Ranch and P i l l i g a Forest 
2 

results) or X = 35•2 for 23 degrees of freedom ( i . e . comparisons w i t h 

Haverah Park r e s u l t s ) ) . Table 5-^ shows best f i t and upper l i m i t ( i n parenth

esis) values of G f o r each of the groups of data and f i e l d models. Negative 

values of G indicate an a n t i correlation between prediction and measurement 
l8 

but have no physical meaning. Since at energies greater than about 3 10 eV 

the effects of f i e l d model D are basically the same as those of model B, the 

best f i t and upper l i m i t values of G w i l l be similar for the two models above 

t h i s energy. 
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18 

At energies less than about 10 eV f i e l d model C predicts very small 

anisotropics. The pathlength d i s t r i b u t i o n i s quite isotropic and by making the 

assumption t h a t , while the cosmic ray i n t e n s i t y i s proportional to pathlength 

for pathlengths less than 50 kpc, for longer pathlengths there i s a uniform 
17 

i n t e n s i t y , the anisotropy i s underestimated. In fact at 8. 10 eV the 

predicted galactic component observable at Volcano Ranch and Haverah Park is 

isotropic. Consequently at these energies f i e l d model C would allow a large 

galactic component. Values of G for f i e l d model C were thus only calculated for 
18 

prediction energies > 10 eV. 

The Volcano Ranch results f o r 6.2 lO 1^ eV to 1.18 1 0 l 8 eV show l i t t l e 

agreement with the predictions of any f i e l d model. For f i e l d model B the 
2 2 2 minimum X occurs outside the 5$ X p r o b a b i l i t y l i m i t (x = 50) and the minimum 

2 
X f o r the other models are also large (^ 8̂ f o r model A and 1+9 f o r model D). 
These results are also inconsistent with the G=0 prediction. This i s probably 

17 18 
due to the marked anisotropy of the 6.2 10 eV •+ 1.18 10 eV Volcano Ranch 

result s . 

The recorded shower numbers are below the mean f o r R.A. 330° t o 150° and 

above the mean for R.A. 150° t o 330° (Figure 5«5)« However, t h i s anisotropy 
2. 

does not correspond to that predicted by any of the models, thus making X large. 

I l l the other a r r i v a l d i r e c t i o n measurements are compatible with G=0; that 

i s with no galactic cosmic ray component. 

At the higher energies larger upper l i m i t s of G are the resu l t of the 

r e l a t i v e l y isotropic predicted i n t e n s i t i e s . (However the shower numbers are 
2 

small at the highest energies so that the use of a X test with 35 (or 23) 
degrees of freedom may be inappropriate), 

I n general model B seems to allow the largest galactic component above 
l 8 

^ 1 0 eV. Below t h i s energy models A, B, and D predict small upper l i m i t s 

to G, due to the sharp peaks i n the pathlength d i s t r i b u t i o n s . I t i s possible 

that the addition of an irregular f i e l d component, which could have considerable 
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18 effect on the t r a j e c t o r i e s of protons of energy •< 10 eV, would reduce the 

magnitude and increase the area of these peaks thus allowing a larger galactic 

component. The effect of i r r e g u l a r i t i e s is considered further i n Chapter 6. 

The addition of a halo magnetic f i e l d of the type mentioned i n Chapter h 
l8 

has a considerable effect on the pathlength d i s t r i b u t i o n maps below ^ 3. 10 eV. 

Despite t h i s the pathlength d i s t r i b u t i o n s are rather non-uniform so that although 

a halo f i e l d would probably remove much of the anisotropy associated with the 

disc f i e l d models t h i s halo model w i l l not produce an isotropic d i s t r i b u t i o n at 
the Earth, of cosmic rays of galactic o r i g i n at the energies considered 

17 
{> 6 10 eV). However, i t i s probable that a larger galactic cosmic ray compon

ent would be feasible i f there were an extensive halo f i e l d . 

I t i s possible that not a l l high energy cosmic ray particles are protons 

but that they are of a mixed composition, as at lower energies. To obtain a 

pathlength ( i . e . i n t e n s i t y ) d i s t r i b u t i o n f o r such cosmic rays i t i s necessary 

to take a weighted sum of the d i s t r i b u t i o n s f o r a range of values of E/Z. 

However, as can be seen from the pathlength contour maps, t h i s w i l l not r e s u l t 

i n an isotropic d i s t r i b u t i o n as the peaks i n the d i s t r i b u t i o n occur i n approxi

mately the same place f o r a l l values of E/Z. I f , however, these cosmic rays 

are a l l heavy (Z £ 20) pa r t i c l e s then trapping by the galactic magnetic f i e l d 
18 

oould persist up to energies of the order of a few times 10 eV, re s u l t i n g i n 

an isotropic i n t e n s i t y d i s t r i b u t i o n below t h i s energy. 

I f the primary particles are a l l heavy (Z > 20), then the presence of an 

extensive halo f i e l d could give s u f f i c i e n t isotropy i n the i n t e n s i t y d i s t r i b u -
l 8 

tions t o allow most of the cosmic rays with energy greater than ^ 10 eV 
t o be of galactic o r i g i n . Without these conditions the majority of cosmic 

l8 

rays (E ̂  10 eV) would appear t o be of metagalactic origin.. Despite t h i s i t 

i s possible that some of these cosmic rays are of galactic o r i g i n and the size 

of the galactic contribution compatible with the observed isotropic conditions 

i s larger, i f the galactic magnetic f i e l d has an irr e g u l a r component. This 
w i l l be considered i n the next chapter. 
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CHAPTER 6 

IRREGULARITIES IN THE GALACTIC MAGNETIC FIELD 

6.1 Evidence for the existence of i r r e g u l a r i t i e s ; t h e i r extent 
and f i e l d strength 

6.1.1 Introduction 

The magnetic f i e l d models considered so far assume that the magnetic 

f i e l d i n the Galaxy i s coherent and regular. However, there i s evidence 

to suggest that t h i s i s not the case. For example the observed i r r e g u l a r i t y 

i n the d i s t r i b u t i o n of stars and clouds of dust and gas i n the Galaxy suggests 

that the magnetic f i e l d i s also irregular i n form. Moreover, whereas Faraday 

r o t a t i o n measurements, which give the average l i n e of sight magnetic f i e l d , 

indicate a f i e l d s 3 )jgauss, measurements of synchrotron radiation could 

indicate larger values, - up t o 10 ugauss (Anand et a l . 1968b), for the magnetic 

f i e l d at the source of radiation. This would seem to show that there i s a 

random component of the magnetic f i e l d . 

I n the present work a s i m p l i f i e d model i s taken where the random component 

is considered as consisting of cells of f i e l d , w i t h i n each of which the f i e l d 

d i r e c t i o n i s constant but randomly orientated w i t h respect to that of the 

other c e l l s . I n each c e l l the random f i e l d strength i s assumed constant. 

As far as the t r a j e c t o r i e s of cosmic ray p a r t i c l e s of energy: above aboû t" 
17 

10 ' eV are concerned, only those i r r e g u l a r i t i e s of size greater than 10 pc 

w i l l have any effect i f the f i e l d strength i s a few microgauss. I r r e g u l a r i t i e s 

larger than 100 pc constitute a large scale change i n f i e l d d i r e c t i o n and 

strength. Thus, i n t h i s context, i r r e g u l a r i t i e s of 10 - 100 pc i n extent are 

of i n t e r e s t . 

Some information about the strength of f i e l d w i t h i n the c e l l s , and t h e i r 

sizes can be deduced from various observational r e s u l t s . 

Observations of gas clouds suggest t h a t , although there i s a spectrum of 

cloud sizes, t y p i c a l clouds are of radius 7 pc and are 125 pc apart, ( i . e . 8 
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per kpc i n the l i n e of s i g h t ) ( S p i t z e r 1968). These measurements i n d i c a t e 

the type o f values t h a t might be expected f o r t h e separations and cloud sizes 

o f p o l a r i z i n g m a t e r i a l or m a t e r i a l producing Faraday r o t a t i o n . 

Since there i s probably some c o r r e l a t i o n between magnetic f i e l d and gas 

d i s t r i b u t i o n i t i s not unreasonable t o assume t h a t each of these clouds contains 

a c e l l of i r r e g u l a r f i e l d . 

6.1.2 S t e l l a r p o l a r i z a t i o n measurements 

S t e l l a r p o l a r i z a t i o n measurements can give i n f o r m a t i o n about the s i z e and 

s t r e n g t h of any i r r e g u l a r component of the magnetic f i e l d i n regions occupied 

by dust g r a i n s . 

J o k i p i i et a l . (1969) considered the v a r i a t i o n w i t h distance of the mean 

s t e l l a r p o l a r i z a t i o n and the variance of values about t h i s mean. They p r e d i c t e d 

t h a t t h e mean should increase l i n e a r l y w i t h distance- D e f i n i n g a c o r r e l a t i o n 

l e n g t h of the i n t e r s t e l l a r medium, which f o r t h e Davis-Greenstein mechanism i s 

t h e c o r r e l a t i o n l e n g t h of f i e l d or the distance between the dust clouds, 

whichever i s the g r e a t e r , they p r e d i c t t h a t t h i s variance increases as' phe 

square of the distance f o r distances less than the c o r r e l a t i o n l e n g t h , and. 

increases l i n e a r l y w i t h distance f o r distances v e r y much greater than the 

c o r r e l a t i o n l e n g t h . Using p o l a r i z a t i o n measurements given by Behr (1959) they 

considered d i r e c t i o n s approximately p a r a l l e l or perpendicular t o the s p i r a l arm; 

t h a t i s - 25°4 b" < 25° and cones about % = 80°, 170°, 26o°, 350°. Each cone 

was d i v i d e d i n t o r a d i a l distance bins c o n t a i n i n g 10-20 s t a r s t o o b t a i n the 

r e q u i r e d v a r i a t i o n s w i t h distance. From t h e i r r e s u l t s J o k i p i i et a l . , obtained 

a c o r r e l a t i o n l e n g t h of 150 pc, which seems t o correspond t o distances between 

dust clouds ( S p i t z e r , 1968). Consequently i t appears t h a t the c o r r e l a t i o n l e n g t h 

of t h e f i e l d i s less than t h i s . 

An independent analysis of the c h a r a c t e r i s t i c s o f t h e i r r e g u l a r f i e l d has 

been c a r r i e d out i n the present work, adopting the r e s u l t s of Mathewson and 
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Ford (1970). Mathewson and Ford p l o t t e d the e l e c t r i c v ectors o f the p o l a r i z a 
t i o n o f l i g h t from nearly 7000 s t a r s - Separate p l o t s were made f o r s t a r s 
w i t h i n each of t h e distance i n t e r v a l s 0-50, 50-100, 100-200, 200-400, U00-600, 
600-1000, 1000-2000 and 2000 t o hOOO pc„ Mathewson and Ford i n t e r p r e t e d these 
p l o t s on the basis of t h e i r h e l i c a l plus l o n g i t u d i n a l model, t o show t h a t 
the extent of the h e l i c a l component i s about 600 pc. However, t h e h e l i c a l 
f i e l d can be considered as a la r g e scale i r r e g u l a r i t y and the p o l a r i z a t i o n 
measurements can also give i n f o r m a t i o n about t h e smaller i r r e g u l a r i t i e s , i f 
the d i s t r i b u t i o n of th e p o l a r i z i n g dust grains i s known* I n f a c t t h i s i s not 

w e l l known but an approximation can be used and w i l l be s u f f i c i e n t l y accurate 
.1 

i n t h i s context. The e l e c t r i c vectors represent the component o f the magnetic 

f i e l d perpendicular t o t h e l i n e of s i g h t and they were p l o t t e d , by Mathewson 

and Ford, so t h a t the lengths were p r o p o r t i o n a l t o t h e percentage p o l a r i z a t i o n -

I f t h e t o t a l magnetic f i e l d i s assumed t o consist of a coherent f i e l d d i r e c t e d 

along t h e s p i r a l arm, together with, a randomly d i r e c t e d f i e l d , then i n t h e 

d i r e c t i o n o f th e l o c a l s p i r a l arm, the amount o f p o l a r i z a t i o n i n d i c a t e s the 

mean strength between t h e s t a r and the Earth, o f the i r r e g u l a r magnetic f i e l d -

However, perpendicular t o t h e arm d i r e c t i o n ( i n ..the g a l a c t i c plane) t h e amount 

of p o l a r i z a t i o n gives the s t r e n g t h of t h e coherent magnetic f i e l d . 

I t i s assumed t h a t the dust clouds are randomly separated w i t h a mean 
separation L , and t h a t t h e magnetic f i e l d w i t h i n each cloud i s uniform but s , 
randomly o r i e n t a t e d w i t h respect t o t h a t i n a l l other clouds. 

I f f i s t h e p o l a r i z a t i o n produced per u n i t distance per u n i t f i e l d squared 

per u n i t dust d e n s i t y , t h en, i f t h e f i e l d i s s u f f i c i e n t l y weak, f o r the dust 

grains not t o be completely a l i g n e d , the p o l a r i z a t i o n produced by a s i n g l e c e l l 

w i l l be 
p 

P.̂  = f£ L c H p . (Davis and Greenstein, 1951) 

where p i s the mean g r a i n d e n s i t y i n a f i e l d c e l l (dust cloud) o f l e n g t h L £ and 

H i s the f i e l d perpendicular t o the l i n e o f s i g h t . 



63 

I n the d i r e c t i o n o f the arm only the i r r e g u l a r f i e l d c o n t r i b u t e s t o t h e 

p o l a r i z a t i o n . Adding the values of v e c t o r i a l l y , t h e r e s u l t a n t p o l a r i z a t i o n 

P R = P^ where N i s the number of p o l a r i z i n g c e l l s . 

P R = f p Q L q / f f°*T855 K^J where 1^ i s t h e mean 

Thus P R = P^J — where d i s t h e distance t o the s t a r . Hence 

'd ' "' 2 

s t r e n g t h o f the random f i e l d component and P Q i s the g r a i n d e n s i t y i n clouds 

along the arm (assumed t o be constan t ) . Perpendicular t o t h e s p i r a l arms t h e 

coherent f i e l d produces a r e s u l t a n t p o l a r i z a t i o n 

p
c
 = f r J / ( x - V Y = V z = Hc 2 (x - V Y s V z • %) d ( x - V. 

where X^, Y 0 and Z^ are the.values o f X, Y and'Z at t h e Sun, and H c i s t h e co

herent f i e l d s t r e n g t h . I f the dust g r a i n d e n s i t y f a l l s . o f f i n t h e same way as 

the coherent f i e l d 

p(X - X-, Y = Yg,.Z i ZQ) .« H c (X - Xg, Y s Y 0, Z = ZQ) 

Thus 

r J Hc (X~V 
.fp 

Hc(O0 9 0 0 

where H c(0) i s t h e value o f H c on the arm axis a t Y ~"Yg, Z = Z0. 

Using these expressions f o r P and P , and by considering s t a r s a t var i o u s 
X\ c 

distances and measuring t h e p o l a r i z a t i o n o f the l i g h t from those i n t h e d i r e c t i o n 

of the s p i r a l arm and of those i n the d i r e c t i o n s perpendicular t o i t ( i n t h e 

g a l a c t i c plane) i n f o r m a t i o n about the random f i e l d component can be o b t a i n e d . 

Taking d i r e c t i o n s - 20° < b"< 20° w i t h 60° £ I C 90° and 270° « & $ 300° 

as being along t h e s p i r a l arm, and d i r e c t i o n s - 20° b" < 20° w i t h — 20° < ^ 10° 

and l60° < i , < 190° as being perpendicular t o i t , median values o f P_ and P were 
R C 
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found from the data, of Mathewson and Ford (1970), f o r st a r s i n each of t h e i r 

distance ranges (0-50, 50-100, 100-200, 200-400, 400-600, 600-1000 p c ) . 

P l o t s of these median values of the p o l a r i z a t i o n versus distance f o r the 

two sets of d i r e c t i o n s are shown i n f i g u r e s 6.1 and 6.2. The e r r o r s show t h e 

range w i t h i n which h a l f the values l i e . 

Using the l e a s t squares method of f i t t i n g the measured values of P t o 
c 

those p r e d i c t e d by the expression above, i t was found t h a t 

fP — = 6-2h . 10"5 pc" ] HG"2 %. o l i s 

So P R = 3-85. 10"5 JIT JSr%. 
Again using the l e a s t squares method t o f i t measured values of P D t o those 

p r e d i c t e d above i t was found t h a t 

J T H 2 = 364 P c ^ 

I f i t i s assumed t h a t i n any r e g i o n = aH c where a i s constant, then using 

6uG f o r the r e g i o n near the s p i r a l arm 

a 2 JIT oe 10 p c 5 

Taking L, <v 100 pc as i s i n d i c a t e d by the dust cloud separations, t h i s gives 

a a 1*0. Thus i t would seem t h a t the mean random and mean coherent f i e l d s 

are approximately equal i n magnitude. 

6.1.3 Faraday r o t a t i o n measurements; Pulsars 

Further i n f o r m a t i o n about t h e extent and s t r e n g t h of magnetic f i e l d 

i r r e g u l a r i t i e s can be obtained from the measurement of the Faraday r o t a t i o n 

of the p o l a r i z e d r a d i a t i o n from Pulsars. These measurements sample the f i e l d 

i n the regions occupied by e l e c t r o n s . 

As mentioned i n 2.5-5. such measurements seem t o i n d i c a t e 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 along the l o c a l s p i r a l arm towards g a l a c t i c l o n g i t u d e £ = 90°. 
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A comparison between the measured l i n e o f s i g h t magnetic f i e l d s t o 21 pulsars 
and the values expected from v a r i o u s coherent f i e l d models was c a r r i e d out 
as described i n 3.2. This comparison appears t o show t h a t t h e measurements 
are compatible w i t h a l o n g i t u d i n a l coherent f i e l d w i t h a s t r u c t u r e s i m i l a r 
t o t h a t o f e i t h e r model A or model D. However, these models p r e d i c t f i e l d 
s trengths r a t h e r l a r g e r than the measured l i n e o f s i g h t , values and i t was 
found t h a t the measurements were best f i t t e d i f 

= 1*69 x measured 

H D = 1"95 x measured Jl^ 

where and are the values p r e d i c t e d by models A and D r e s p e c t i v e l y f o r the 

mean l i n e of s i g h t f i e l d t o t h e pulsar 1 JJ^ That i s the f i e l d strengths p r e d i c t e d 

by these models are approximately twice as large as those i n d i c a t e d by Faraday 

r o t a t i o n of the r a d i a t i o n from p u l s a r s . I t may be t h a t the f i e l d s t h a t models 

A and D p r e d i c t are too strong but t h i s would not be very important so f a r as 

the t r a j e c t o r y c a l c u l a t i o n s are concerned as i t only involves a s h i f t i n energy. 

P r e d i c t i o n s made from model A or D, f o r a p a r t i c l e of energy E, apply t o an 

energy E/2 i f the coherent l o n g i t u d i n a l f i e l d s t r e n g t h i s h a l f t h a t o f the model 

value. 

I n t h i s attempt t o d e r i v e approximate i n f o r m a t i o n about..field i r r e g u l a r i 

t i e s a t t e n t i o n was confined t o model D. However s i m i l a r r e s u l t s would be 

obtained from the model A values. Figure 6.3 shows the amount of c o r r e l a t i o n 

between the l i n e of s i g h t component of the coherent f i e l d ( H ^ =\R^y^ aJn^L 

the measured f i e l d strengths (H = measured T? ) . 
exp l' 

I f o n l y the coherent f i e l d i s present and t h i s model i s a good representa

t i o n of the coherent f i e l d , then a l l t h e values should l i e on t h e l i n e 
H„ T = H . However, i f an i r r e g u l a r f i e l d i s also present i t w i l l cause 
Lh exp 

2 
s c a t t e r i n g i n the values o f the p r e d i c t e d f i e l d . By a p p l y i n g a % t e s t t o t h e 



Figure 6.3. R e l a t i o n between p r e d i c t e d Hj t o pulsars ( H ^ * H D/2^ ^ o b s e r v e d 
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d i s t r i b u t i o n of Hr,T values about the l i n e H_T = H , i t i s possible t o f i n d 

an upper l i m i t t o the s t r e n g t h of the i r r e g u l a r f i e l d c o n s i stent w i t h 

Faraday r o t a t i o n measurements * 

Consider an e l e c t r o n d i s t r i b u t i o n such t h a t the i r r e g u l a r f i e l d i s 

sampled by clouds of electrons of mean separation L g. Assume each cloud 

contains a magnetic f i e l d which i s uniform i n the cloud but t h a t d i f f e r e n t 

clouds have f i e l d s which are randomly o r i e n t a t e d . The i r r e g u l a r f i e l d 

s t r e n g t h i s r e l a t e d to the coherent f i e l d s t r e n g t h a t any p o i n t by 

= aH c > where a i s a constant! 

The average l i n e of s i g h t component of the magnetic f i e l d to a pulsar at a 

distance d i s then given by 

1 + O886 a 

For more d i s t a n t pulsars t h i s value approximates to H^. For a s i n g l e 

p u l s a r , i , 
2 

2 H „ - H 
X,-

where a - 0;886 a H 

CL exp 

2 M 2 
I f values of H , H and a are obtained f o r M pulsars the t o t a l X = I X« 

uLi GXD • , 1 
2 i - l 

and the most probable value of t h i s occurs at x =-'M - 1 (the number of degrees 
of freedom) 

x 2 / _ ! \ y f e L - * e x p ) 

i 
2 (a J L , ) 
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TABLE 6.1,',.. 

(The' convention used i s t h a t t h e f i e l d i s negative i f i t i s d i r e c t e d 
away from the observer) 

Pulsar V. p G H uG exp d pc 2 
10 pc 

0329 -1.6l -2.93 :l+35' 371 
0525 +0.1*2 -0.96 800 . 10981 x 

0531 +0.1*5 . -0.92 810 9679 x 
0628 +2.1+1* • +1.6 560 85 
0808 -2.5 100 27 
0818 +2.59 -O0O8 665 900 

0833 •1.3.1*5 +0.8 810 609 
O83U +2.11* +2.3 215 23 
0950 +2.08 +0.7 55 31 
1133 +1.15 +0.99 85 2 

1237 +0,16 +0.07 155 61* 
1508 -1.56 +0.05 320 i*3i* X 
161*2 -0,80 +O.58 580 2205 X 
1818 -1.39 +1.00 1370 5150 X 

1929 -2.81* -3.3 65 2 

1933 -2.2'h -0.015 2570 3230 X 
2016 -3.1*1 -3.0 235 1* 
2021 -3. U9 -0.36 369 378 
20U5 -I.65 .-1.15 190 - 22 
2111 -3.1+2 -2.00 1620 .381 
2218 -3.12 -1.0 705 1*15 

The sources of H are given i n Table 2 ok, and the-values o f H_T and d were exp CL 
c a l c u l a t e d as described i n 3.2, 
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Thus t a k i n g t h e measured values of ^exps and the c a l c u l a t e d values o f HQ^ and d, ' 
2» 2 2 /~~~ i t i s p ossible t o f i n d ^ 6*̂  , and s e t t i n g = M - 1, 'a value f o r ^ / l ^ . 

However, t h i s i s assuming t h a t the coherent magnetic f i e l d between the Earth 

and the pulsars i s f a i r l y constant. I n a d i r e c t i o n perpendicular t o t h e l o c a l 

s p i r a l arm, i n the g a l a c t i c plane, the model D f i e l d f a l l s o f f r a p i d l y , so f o r 

pulsars i n t h i s d i r e c t i o n at l a r g e distances from t h e arm, 1^ i s much smaller 

than i t would be i n a uniform f i e l d . Thus «"is small and these pulsars . c o n t r i 

bute f a r more t o t h e value of ^ than they would f o r a more constant. H c < For 

t h i s reason pulsars 0525, 0531, 1642, l8l8 and 1933 were not included'in. the 

c a l c u l a t i o n . Pulsar 1508, which l i e s out of the g a l a c t i c plane, was• also 

r e j e c t e d , (see f i g u r e 6 . i t ) . 

From these values and t a k i n g M - 1 - 1^, i t was found t h a t &J^*^ = !5 p c 5 . 

However, not a l l t h e spread o f the values about H,,,. = H may be the r e s u l t 
CL exp J 

of f i e l d . i r r e g u l a r i t i e s . There may be l a r g e i n t r i n s i c Faraday r o t a t i o n s 

associated with' the pulsars or the coherent f i e l d model used may give i n c o r r e c t 

coherent f i e l d d i r e c t i o n s . Thus the value o f ^J*^ * s 3 X 1 u P P e r l i m i t . 

a . y i T ^. 15pc a. 

6.1.U Faraday r o t a t i o n measurements; E x t r a g a l a c t i c sources 

J o k i p i i and Lerche (1969) have studied the r o t a t i o n measures o f r a d i a t i o n 

from e x t r a g a l a e t i c sources i n an attempt t o d e r i v e i n f o r m a t i o n about f i e l d 
2 

i r r e g u l a r i t i e s . They de r i v e an expression f o r the v a r i a n c e , cr^ > o f r o t a t i o n 

measures along a c e r t a i n path, the form of which depends on whether the 

c o r r e l a t i o n l e n g t h of the r o t a t i n g m a t e r i a l , L g , i s less than or g r e a t e r than 

the distance t o the gdge of the <jalaxy i n the d i r e c t i o n ' o f the' source.. 

Hence they deduce t h a t i f 

T »> L g , ^ s i n b"|c^ should be independent o f g a l a c t i c 

l a t i t u d e , but i f 
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T L , |s i n b " i c c should decrease w i t h i n c r e a s i n g l a t i t u d e , where T i s S It 
the thickness of the g a l a c t i c d i s c . I n each l a t i t u d e band 

.2 1 «, . ^ _ ,2 
" — £ ( RE " < R

E > ) ! 

n-1 

where n i s the number of sources and <R,.> i s t h e mean value i n . t h a t band o f • 
iii 

the r o t a t i o n measures R„. Using 79 r o t a t i o n measures given by Berge and 
ill 

S e i e l s t a d (1967), they then reach the conclusion t h a t L g 1» T. 

This work has been updated by Osborne ( p r i v a t e communication) who used 

the more recent data of Mi"fcton (1972) (176 r o t a t i o n measures). I n these 

c a l c u l a t i o n s he replaced <Rg > hy R^, the r o t a t i o n measure p r e d i c t e d by a 

coherent f i e l d model. To o b t a i n these p r e d i c t e d values Osborne used f i e l d models 

A and D and the three e l e c t r o n d e n s i t y d i s t r i b u t i o n s tS 1 5 tijL and M„3 defined 
is e & 

S> 

i n 3.2. Before c a l c u l a t i o n o f oj^ the p r e d i c t e d values were approximately 

normalized t o the measured values. An attempt was also made t o e l i m i n a t e 

sources w i t h l a r g e i n t r i n s i c r o t a t i o n measures by d e l e t i n g a l l those w i t h 

r o t a t i o n measures more than 2.5 standard deviations above the mean i n each 

l a t i t u d e b i n . 

However, even w i t h these adjustments a value o f L <u T was not found t o 
s 

be unreasonable. That i s L 1 250 pc. This value i s l a r g e r than t h e values 
s 

obtained above,- but since these c a l c u l a t i o n s do not allow f o r d i s c r e t e clouds 

of e l e c t r o n s and there are d i f f i c u l t i e s i n e l i m i n a t i n g the i n t r i n s i c r o t a t i o n s 

t h i s i s not s u r p r i s i n g . 
6.1.5 -Conclusions, 

I t appears t h a t the g a l a c t i c magnetic f i e l d measurements are not i n c o n s i s 

t e n t w i t h the presence of an i r r e g u l a r f i e l d . From measurements -of the 

p o l a r i z a t i o n of s t a r l i g h t a£ / l » = 10 pc 5. The Faraday r o t a t i o n measures of 

e x t r a g a l a c t i c r a d i o sources give L «v250 pc, w h i l e those o f pulsars suggest 
s 

a 7 T . « 1 5 p A 
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Thus, i n conclusion, i t seems l i k e l y t h a t a ru 1 and L *V 150 pc. This 
s 

value o f a i s not i n c o n s i s t e n t w i t h the synchrotron r e s u l t s . . -

Consequently a reasonable r e p r e s e n t a t i o n o f the i r r e g u l a r f i e l d would, 

appear t o be one w i t h 10 pc c e l l s each c o n t a i n i n g a uniform f i e l d w i t h 

s t r e n g t h s i m i l a r t o t h e coherent f i e l d b ut w i t h random d i r e c t i o n . -. 

These c e l l s , which are probably c o r r e l a t e d w i t h t h e dust and i o n i z e d gas 

d i s t r i b u t i o n , would seem t o be <?v 100 pc apart. However, i t i s u n l i k e l y t h a t 

the f i e l d i s re g u l a r i n the reg i o n between the dust and gas clouds. Thus, i n 

an attempt t o f i n d an upper l i m i t . t o t h e e f f e c t o f the random component on 

cosmic r a y t r a j e c t o r i e s , i t has been assumed t h a t the i r r e g u l a r f i e l d has t h e 

same form everywhere and consists of adjacent 10 pc c e l l s o f randomly d i r e c t e d 

f i e l d . I n these c e l l s the i r r e g u l a r f i e l d s t r e n g t h i s equal t o t h a t of t h e 

coherent f i e l d a t the same place. 

6.2 E f f e c t of i r r e g u l a r i t i e s i n the magnetic f i e l d on p a r t i c l e 
t r a j e c t o r i e s and a n i s o t r o p i e s 

6.2.1 C a l c u l a t i o n o f t r a j e c t o r i e s 

T r a j e c t o r i e s were c a l c u l a t e d f o r p a r t i c l e s a r r i v i n g at the Earth a f t e r 

t r a v e l l i n g through an i r r e g u l a r magnetic f i e l d . I n f a c t t h e t r a j e c t o r i e s of 

a n t i p a r t i c l e s , o f given energy, s t a r t i n g from t h e Earth i n p a r t i c u l a r d i r e c t i o n s 

were f o l l o w e d , u n t i l t h e p a r t i c l e s l e f t t h e g a l a c t i c disc > 0*3 kpc). 

For these c a l c u l a t i o n s the basic coherent f i e l d s used were those o f model A 

and model D, Added t o t h i s was an i r r e g u l a r f i e l d , which was r e s e t at distance 

i n t e r v a l s of l e n g t h L f i along each t r a j e c t o r y ; the d i r e c t i o n being chosen 

randomly, and the s t r e n g t h taken as aH cj where H c was t h e coherent f i e l d 

s t r e n g t h a t the beginning o f the i r r e g u l a r segment. 

For each t r a j e c t o r y t h e pathlength t o the edge o f the g a l a c t i c disc was 

found. Assuming a uniform d i s t r i b u t i o n o f cosmic r a y sources i n t h e d i s c , 
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the i n t e n s i t y of cosmic rays from a given d i r e c t i o n i s p r o p o r t i o n a l t o t h e i r 

p athlength i n the di s c . However, i f a random f i e l d i s present, then a l l the 

p a r t i c l e s a r r i v i n g i n a p a r t i c u l a r d i r e c t i o n , t h a t i s w i t h i n a small s o l i d 

angle SSi^, w i l l not have f o l l o w e d the same t r a j e c t o r y so t h a t the cosmic r a y 

i n t e n s i t y i n t h a t d i r e c t i o n i s represented, not "by t h e pathlength o f a s i n g l e 

t r a j e c t o r y , hut by the mean pathlength o f several t r a j e c t o r i e s . I n t h i s case 

f o u r t r a j e c t o r i e s were f o l l o w e d i n each d i r e c t i o n . 

To f i n d the e f f e c t o f the random f i e l d on the anisotropy o f cosmic rays 

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

as many d i r e c t i o n s as p o s s i b l e . I n p r a c t i c e i t was only f e a s i b l e t o f o l l o w 

t r a j e c t o r i e s i n 25 d i r e c t i o n s . The d i r e c t i o n s were.chosen t o give a f a i r l y 

u n iform cover of the g a l a c t i c l a t i t u d e - l o n g i t u d e sphere, i n c l u d i n g d i r e c t i o n s 

near the pathlength maxima. 

TABLE. 6.2 

D i r e c t i o n s o f t r a j e c t o r i e s . c a l c u l a t e d using an 
i r r e g u l a r magnetic f i e l d . 

G a l a c t i c l a t i t u d e 9c ( g a l a c t i c l o n g i t u d e -173-5°) W(see 6.2.2) 

+ 75° 0° ' 1 

+ 1*5°. 0°, 90°, 180°, 270° 1 

±15° 0°, 72°, lkk°t 216°, 288° 0-75 
0° 

. 

36°, 108°, l80°, 252°, 32k° 0-50 

6.2.2 Anisotropies 

An attempt was made t o f i n d t h e e f f e c t of t h e a d d i t i o n o f an i r r e g u l a r 

f i e l d component w i t h L f i = lOpc and a s l , t o the coherent f i e l d models A and 

D, on the p r e d i c t e d a n i s o t r o p i e s of cosmic rays reaching the Earth. C a l c u l a t i o n s 
19 17 

were made o f pathlengths at se v e r a l values of E/Z from 10 eV t o 6.10 eV. 
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I n i t i a l l y an anisotropy coe f f i c i e n t A r was defined such that maximum 

anisotropy or .fiorapleiie-. i sot ropy, ..would- he indicated by A^. = 1 or 0 respectively. 

The pathlengths, .1, were calculated i n the twenty f i v e directions l i s t e d i n 

Table 6.2 and weighted by factors W (shown i n Table 6.2) '.to give.equal 

representation to approximately equal areas of the g a l a c t i c latitude-longitude 

sphere. Then 

25 

i = l 
IV v ~ 

i ; 9 V * 
and n = 2 0 U)t 

EachA^, was the mean of the four pathlengths calculated i n a par t i c u l a r 

direction. However i t was found that the spread of these four values about 

t h e i r mean was s u f f i c i e n t l y wide to produce a large noise (w» A / at: E/ZS 2.10 eV) 
n • 

i n the calculated values of A . 
n 

This noise would mean that the calculated A could never f a l l below 0*1. 
n ' 

that i s indicate isotropy (which would be compatible with measurements of 

S.A.&.)g however strong the random component. To reduce the noise i t would be 

necessary to increase considerably the number of t r a j e c t o r i e s calculated i n 

each direction. This was not practicable. Thus i t would not seem possible 

to determine the anisotropics d i r e c t l y by t h i s method. 

However, i t i s possible to derive values for G, the percentage g a l a c t i c 

component of cosmic rays compatible with the isotropic E . A . S . r e s u l t s , by 

r e l a t i n g pathlengths i n the coherent f i e l d only to the corresponding pathlengths 

i n the coherent f i e l d plus random f i e l d . Suppose i t i s possible to r e l a t e 

pathlengths calculated using the random plus coherent field,£ ,, to those 

where* 55 \ \ l ± 



73 

c a l c u l a t e d u s i n g a c o h e r e n t f i e l d o n l y , &, , by = sJ l + t where s and 
c f\« c • 

X 1 

t a r e c o n s t a n t s f o r a g i v e n c o h e r e n t f i e l d mode l and E / Z . Then t h e r e s u l t i n g 

cosmic r a y i n t e n s i t y f r o m a g i v e n d i r e c t i o n , f o r t h e c o h e r e n t p l u s random f i e l d 

m o d e l , c a n be c o n s i d e r e d as c o n s i s t i n g o f an i s o t r o p i c component p r o p o r t i o n a l 

t o t and an a n i s o t r o p i c component p r o p o r t i o n a l t o $SL . Thus f o r a g i v e n 
i 

f i e l d mode l and E / Z , ( s * ) / ( ^ ) g i v e s a d i l u t i o n f a c t o r D b y w h i c h t h e ' 

a n i s o t r o p y i s r e d u c e d b y t h e a d d i t i o n o f a random f i e l d component 1 . 

* ••- L ; % - -
C 20 R 20 

Then G* = ^ where fl-* c o r r e s p o n d s t o t h e c o h e r e n t +:' . r andom f i e l d m o d e l . 

V a l u e s o f s and t w e r e c a l c u l a t e d u s i n g t h e l e a s t squares f i t t i n g method 

f o r f i e l d , models A and D a t e n e r g i e s f r o m 6 1 0 1 7 eV t o 10^ eV. The v a l u e s 

o f 1/D f o u n d a r e l i s t e d i n T a b l e 6 . 3 . 

TABLE 6 .3 

1/D 

E/Z e V F i e l d , mode l D F i e l d m o d e l A 

1 0 1 9 ' 1-05 + 0*02 l'0k + 0«lU 

3 1 0 l 8 1-1V + 0*13 1'2U + 0-20 

2 1 0 l 8 2 ' l U + ' 0'3U 

1 0 l 8 2*73 + 0*86 1-72+ 0-36 

8 1 0 1 7 5'26 + 2'kk 1-U9 + 0*13 

6 1 0 1 7 - 2*09 + 0-U8 

I n : an a t t e m p t t o d e r i v e an a b s o l u t e upper l i m i t o f G ' t h e upper, l i m i t s o f l / D 

w e r e combined w i t h t h e 5$ p r o b a b i l i t y v a l u e s o f G. The r e s u l t i n g v a l u e s o f 

G ' , f o r p r o t o n s , a r e shown i n f i g u r e s 6.5 a n d 6.6. These f i g u r e s i n d i c a t e 

t h e maximum p e r c e n t a g e o f cosmic r a y s t h a t c o u l d be o f g a l a c t i c o r i g i n i f 

t h e c o h e r e n t p l u s random f i e l d c o n f i g u r a t i o n s a d o p t e d a r e r e a s o n a b l e 
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r e p r e s e n t a t i o n s o f t h e g a l a c t i c m a g n e t i c f i e l d , and i f t h e s e cosmic r a y s a r e a l l 
p r o t o n s . 

I T 

Thus f o r m o d e l D t h e "bulk o f cosmic r a y s o f e n e r g y l e s s t h a n v 6. 10 eV 

c o u l d he o f g a l a c t i c o r i g i n , i f t h e y a r e p r o t o n s , w i t h o u t c a u s i n g a d e t e c t a b l e 

a n i s o t r o p y . Above t h i s e n e r g y some must be o f m e t a g a l a c t i c o r i g i n . F o r mode l 

A t h e p o s i t i o n i s n o t q u i t e so c l e a r , as t h e c a l c u l a t i o n s do n o t e x t e n d t o 

s u f f i c i e n t l y l o w e n e r g i e s t o e n a b l e t h i s l i m i t i n g e n e r g y , E T , t o be d e t e r m i n e d . 
• - 17 * ' 

However , i t i s v e r y p r o b a b l e t h a t i t occurs - a t a b o u t 10 .eV» S i n c e t h e 

i r r e g u l a r f i e l d component c o n f i g u r a t i o n u s e d p r o b a b l y p r o d u c e s a g r e a t e r 

e f f e c t on t h e t r a j e c t o r i e s t h a n t h e a c t u a l i r r e g u l a r f i e l d does on t h e cosmic 

r a y s , t h e s e v a l u e s o f E T a r e u p p e r l i m i t s t o t h e p o s s i b l e e x t e n t o f t o t a l 

g a l a c t i c o r i g i n i f t h e p r i m a r i e s a r e p r o t o n s « F o r heavy p r i m a r i e s , t h e 

l i m i t i n g e n e r g y i n c r e a s e s t o - ^ Z . E T , so t h a t f o r m o d e l D i t i s p o s s i b l e f o r 
l i 

Z t o be s u f f i c i e n t l y l a r g e t o a l l o w a l l t h e p a r t i c l e s t o , be o f g a l a c t i c o r i g i n 

w i t h o u t p r o d u c i n g o b s e r v a b l e a n i s o t r o p i c s . Thus t h e a d d i t i o n o f i r r e g u l a r i t i e s 

t o t h e c o h e r e n t f i e l d models c o n s i d e r a b l y r e d u c e s p r e d i c t e d cosmic r a y a n i s o 

t r o p i c s , and i f t h e g a l a c t i c f i e l d i s a c c u r a t e l y r e p r e s e n t e d b y f i e l d model D 

and t h e p r i m a r i e s ^are h e a v y j t h i s r e d u c t i o n may be s u f f i c i e n t l y l a r g e t o a l l o w 

c o m p a t i b i l i t y b e t w e e n p r e d i c t i o n s f o r c o m p l e t e g a l a c t i c o r i g i n arid t h e 

measured e x t e n s i v e a i r shower i s o t r o p i e s . 
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CHAPTER 7 

CONCLUSIONS 

From t h e r e s u l t s o f t h e v a r i o u s a s t r o n o m i c a l methods o f measurement i t i s 

p o s s i b l e t o deduce t h e s t r e n g t h and p o s s i b l e c o n f i g u r a t i o n s o f t h e g a l a c t i c 

m a g n e t i c f i e l d . However , t h e measurements a r e somewhat ambiguous and have b e e n 

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

t i o n s . The l o n g i t u d i n a l mode l s u g g e s t e d b y T h i e l h e i m and L a n g h o f f (1968) was 

i n i t i a l l y based on a f ew e x t r a g a l a c t i c Fa raday r o t a t i o n measures . A l t h o u g h t h i s 

m o d e l , w h i c h p ropose s a r e v e r s a l o f f i e l d d i r e c t i o n abou t t h e g a l a c t i c p l a n e w o u l d 

seem t o be i n c o m p a t i b l e w i t h p u l s a r F a r a d a y r o t a t i o n measurements t h i s i s n o t t h e 

case i f t h e Sun i s s i t u a t e d s u f f i c i e n t l y f a r b e l o w t h e g a l a c t i c p l a n e . A c o m p l e t e l y 

h e l i c a l g a l a c t i c f i e l d , s u c h as s u g g e s t e d b y Mathewson (1968), i s i n agreement 

w i t h s t e l l a r p o l a r i z a t i o n measurements and n o t i n c o m p a t i b l e w i t h measurements o f 

t h e F a r a d a y r o t a t i o n o f r a d i a t i o n f r o m e x t r a g a l a c t i c s o u r c e s . However , t h e 

h e l i c a l c o n f i g u r a t i o n i s more l i k e l y t o be j u s t a l o c a l p e r t u r b a t i o n o f a 

l o n g i t u d i n a l f i e l d model (Mathewson and F o r d , 1970). 

Manches t e r (1972) i n t e r p r e t e d h i s measurements o f p u l s a r F a r a d a y r o t a t i o n s 

as b e i n g c o n s i s t e n t w i t h a s i m p l e l o n g i t u d i n a l f i e l d w i t h no r e v e r s a l o f d i r e c t i o n 

abou t t h e g a l a c t i c p l a n e . I t w o u l d appear f r o m a c o m b i n a t i o n o f a l l t h e e v i d e n c e 

t h a t t h e g a l a c t i c m a g n e t i c f i e l d i s most l i k e l y t o be o f a l o n g i t u d i n a l t y p e 

w i t h t h e f i e l d d i r e c t e d a l o n g t h e l o c a l s p i r a l arm t o w a r d s I = 90° . However , i t 

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

and t h e r e may be a l o c a l p e r t u r b a t i o n i n t h e f i e l d , p o s s i b l y o f a h e l i c a l n a t u r e . 

To c o v e r a l l t h e s e p o s s i b i l i t i e s f i e l d models A , B , C and D were d e v e l o p e d , 

a l t h o u g h models A and D a r e r e g a r d e d as t h e more l i k e l y r e p r e s e n t a t i o n s o f t h e 

g a l a c t i c f i e l d . 

I t i s a l m o s t c e r t a i n t h a t t h e g a l a c t i c f i e l d i s n o t as r e g u l a r as t h e s e 

models s u g g e s t b u t a l s o c o n t a i n s s m a l l s c a l e i r r e g u l a r i t i e s . I f t h e r e i s c o r r e l a t i o n 
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"between t h e d i s t r i b u t i o n s o f d u s t and gas and t h e m a g n e t i c f i e l d , t h e n i t i s 

p o s s i b l e t o assume t h a t t h e l a r g e s t m a g n e t i c f i e l d a n o m a l i e s a r e a s s o c i a t e d 

w i t h c l o u d s o f gas . C o n s e q u e n t l y i t seems t h a t t h e s e a n o m a l i e s c a n be 

r e p r e s e n t e d b y 10 pc c e l l s o f r a n d o m l y d i r e c t e d f i e l d a p p r o x i m a t e l y 100 pc 

a p a r t s u p e r i m p o s e d upon t h e c o h e r e n t f i e l d . W i t h i n each c e l l t h e f i e l d s t r e n g t h 

w o u l d appear t o be abou t t h e same as t h a t o f t h e c o h e r e n t f i e l d a t t h e same 

p o i n t . However , t h e m a g n e t i c f i e l d i s a l m o s t c e r t a i n l y n o t c o m p l e t e l y r e g u l a r 

i n t h e r e g i o n s be tween t h e d u s t and gas c l o u d s b u t no i n f o r m a t i o n can be o b t a i n e d 

a b o u t t h e f i e l d h e r e . An uppe r l i m i t t o t h e p o s s i b l e i r r e g u l a r i t y i s g i v e n by 

a model i n w h i c h t h e c e l l s o f i r r e g u l a r f i e l d d e s c r i b e d above e x i s t i n a l l 

r e g i o n s o c c u p i e d b y t h e c o h e r e n t f i e l d . The a d o p t e d ( e x t r e m e ) mode l f o r t h e 

i r r e g u l a r f i e l d component i s t h u s one i n w h i c h t h e i r r e g u l a r f i e l d changes 

d i r e c t i o n e v e r y 10 pc and has a s t r e n g t h e q u a l t o t h a t o f t h e c o h e r e n t f i e l d 

a t any p o i n t . 

I t i s n o t p o s s i b l e t o c o m p l e t e l y r u l e o u t t h e p o s s i b i l i t y t h a t , as w e l l as 

t h e d i s c m a g n e t i c f i e l d , t h e r e i s a l s o a f i e l d i n t h e g a l a c t i c h a l o . However , 

t h e e x i s t e n c e o f an o r d e r e d g a l a c t i c h a l o f i e l d appears u n l i k e l y . 

Assuming t h a t t h e a d o p t e d f i e l d models a r e r e a s o n a b l e r e p r e s e n t a t i o n s o f 

t h e g a l a c t i c m a g n e t i c f i e l d i t i s p o s s i b l e t o deduce t h e e f f e c t o f t h i s f i e l d 

o n cosmic r a y t r a j e c t o r i e s , and hence f i n d t h e v a r i a t i o n o f i n t e n s i t y w i t h 

a r r i v a l d i r e c t i o n a t t h e E a r t h f o r cosmic r a y s o f g a l a c t i c o r i g i n . 

I f i t i s assumed t h a t t h e r e i s a u n i f o r m d i s t r i b u t i o n o f cosmic r a y s o u r c e s 

w i t h i n t h e p o s s i b l e s o u r c e r e g i o n ( i . e . g a l a c t i c c e n t r e , g a l a c t i c d i s c o r s p i r a l 

a r m s ) , t h e n , f o r cosmic r a y s o f a p a r t i c u l a r ene rgy and c o m p o s i t i o n o r i g i n a t i n g 

i n t h i s r e g i o n , t h e i n t e n s i t y a t t h e E a r t h a t a g i v e n a r r i v a l d i r e c t i o n w i l l be 

p r o p o r t i o n a l t o t h e p a t h l e n g t h w i t h i n t h e s o u r c e r e g i o n o f p a r t i c l e s f r o m t h a t 

d i r e c t i o n , i f t h e m o t i o n i s r e a s o n a b l y q u a s i r e c t i l i n e a r . 

I n i t i a l l y t h e g a l a c t i c m a g n e t i c f i e l d was assumed t o be g i v e n c o m p l e t e l y 

b y a c o h e r e n t f i e l d mode l w i t h no i r r e g u l a r component . 
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Under t h e s e a s sumpt ions t h e f o l l o w i n g e f f e c t s have been o b s e r v e d . 

F o r cosmic r a y s o r i g i n a t i n g i n t h e g a l a c t i c c e n t r e t h e r e i s an e n e r g y 

r e g i o n w i t h i n w h i c h none can r e a c h t h e E a r t h . A t h i g h e r e n e r g i e s t h e p a r t i c l e s 

f o l l o w s t r a i g h t t r a j e c t o r i e s and may h i t t h e E a r t h , w h i l e a t l o w e r e n e r g i e s 

t h e p a r t i c l e s can t r a v e l f r o m t h e c e n t r e a l o n g t h e s p i r a l arms t o t h e E a r t h . 

The e n e r g y r a n g e o f t h i s f o r b i d d e n band depends on t h e f i e l d mode l u s e d , b u t 

e x c e p t i n t h e ex t r eme case o f f i e l d mode l C , f o r w h i c h p a r t i c l e s can f o l l o w 

t h e s p i r a l arm up t o E/Z v i o 1 9 eV, p a r t i c l e s w i t h l O 1 ^ eV < E/Z < 3 lO1^ eV 

canno t r e a c h t h e E a r t h f r o m t h e g a l a c t i c c e n t r e . V e r y l a r g e a n i s o t r o p i e s a r e 

p r e d i c t e d f o r cosmic r a y s o r i g i n a t i n g i n t h e g a l a c t i c c e n t r e . 

P a r t i c l e s p r o d u c e d i n t h e g a l a c t i c d i s c o r s p i r a l arms r e a c h t h e E a r t h 

16 

i s o t r o p i c a l l y a t l o w e n e r g i e s (E./Z < about 10 eV) as t h e y a r e c o m p l e t e l y 

t r a p p e d i n t h e g a l a c t i c m a g n e t i c f i e l d . F o r a c o m p l e t e l y r e g u l a r f i e l d , such 

as r e p r e s e n t e d b y t h e a d o p t e d c o h e r e n t m o d e l s , t h e p a r t i c l e s may neve r e scape . 

However , f o r a more r e a l i s t i c f i e l d some escape w i l l o c c u r . I n f a c t , f o r t h e 
. - 7 

a c t u a l f i e l d i t i s known t h a t t h e cosmic r a y l i f e t i m e i n t h e G a l a x y i s .5 10 

y e a r s . Thus some a n i s o t r o p y p r o b a b l y e x i s t s even a t t h e s e e n e r g i e s . I f 

19 
E/Z > 10 e V , f o r w h i c h t h e t r a j e c t o r i e s a p p r o x i m a t e t o s t r a i g h t l i n e s , t h e 

-if 

i n t e n s i t y d i s t r i b u t i o n r e f l e c t s t h e g e o m e t r y o f t h e . s o u r c e r e g i o n , so t h a t such 
l8 •' 

cosmic r a y s a r r i v e l e s s a n i s o t r b p i c a l l y t h a n a t E /Z ^ 10 eV, However , a t 

i n t e r m e d i a t e v a l u e s o f E/Z c o n s i d e r a b l e a n i s o t r o p y i s p r o d u c e d b y t h e a c t i o n 

o f t h e g a l a c t i c m a g n e t i c f i e l d . (The e f f e c t s d e s c r i b e d h e r e a p p l y t o a f i e l d 

r e p r e s e n t e d c o m p l e t e l y b y a c o h e r e n t mode l w i t h no i r r e g u l a r i t i e s ) . 

As e x t e n s i v e a i r shower a r r i v a l d i r e c t i o n measurements i n d i c a t e t h a t t h e r e 

i s no o b s e r v a b l e a n i s o t r o p y a t t h e s e e n e r g i e s i t w o u l d seem i m p o s s i b l e f o r a l l 

s u c h cosmic r a y s t o be o f g a l a c t i c o r i g i n , a l t h o u g h a c o n s i d e r a b l e p r o p o r t i o n 

o f t h e m c o u l d b e . The r e m a i n d e r must be m e t a g a l a c t i c . 

Assuming a l l t h e s e cosmic r a y p r i m a r i e s t o be p r o t o n s an uppe r l i m i t t o 

t h e g a l a c t i c component can be f o u n d by c o m p a r i s o n o f mode l p r e d i c t i o n s w i t h 
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E . A . S . measurements . Above 10 eV f i e l d mode l B a l l o w s t h e l a r g e s t g a l a c t i c 

component ( a f e w pe rcen t^ ) , b u t b e l o w t h i s ene rgy t h e somewhat u n r e a l i s t i c mode l 

C a l l o w s up t o about 1 0 0 % , g a l a c t i c o r i g i n " F o r t h e ene rgy r a n g e o f t h e s e 

c a l c u l a t i o n s (6 l O ^ e V t o 1 0 ^ eV) most o f t h e p r o t o n s must be o f m e t a g a l a c t i c 

o r i g i n i f t h e g a l a c t i c m a g n e t i c f i e l d i s o f t h e f o r m o f t h e more p r o b a b l e 

mode ls A o r D . 

I f t h e cosmic r a y p r i m a r i e s a r e a l l heavy (Z £ 2 D ) t h e n e n t i r e l y g a l a c t i c 

18 
o r i g i n i s f e a s i b l e up t o e n e r g i e s ^ 2 = 10 eV i f i t i s assumed t h a t t h e 

p a r t i c l e s a r e s u f f i c i e n t l y t r a p p e d t o a r r i v e f a i r l y i s o t r o p i c a l l y . However 

17 

no q u a l i t a t i v e c a l c u l a t i o n s have been made o f . t h e a n i s o t r o p y f o r E/Z < 6 10 eV. 

L a r g e r g a l a c t i c cosmic r a y components w o u l d be f e a s i b l e i f t h e r e w e r e an 

e x t e n s i v e h a l o f i e l d . 

The above a rguments a p p l y t o a p u r e l y c o h e r e n t d i s c m a g n e t i c f i e l d . The 

e f f e c t o f an i r r e g u l a r f i e l d o f t h e ex t r eme f o r m d e s c r i b e d above i s t o e n a b l e 
17 

a l m o s t a l l cosmic r a y s ( i f t h e y a r e p r o t o n s ) w i t h e n e r g i e s b e l o w 6. 10 ' eV 
17 

f o r model D , o r a b o u t 10 eV f o r model A , t o have been p r o d u c e d i n t h e G a l a x y 

w i t h o u t p r o d u c i n g a d e f i n i t e l y d e t e c t a b l e a n i s o t r o p y . F o r a more r e a s o n a b l e 

i r r e g u l a r f i e l d c o n f i g u r a t i o n , i n w h i c h t h e l a r g e s t f i e l d a n o m o l i e s o c c u r a t 

s e p a r a t i o n s <\/ 100 p c , t h e l i m i t i n g e n e r g i e s a r e l o w e r . Howeyer , b e t w e e n t h e s e 
; :. » . 19 

l i m i t i n g e n e r g i e s and % 10 eV a t l e a s t Q0% o f cosmic r a y s must be m e t a g a l a c t i c 

i f t h e y a r e p r o t o n s = 

I f t h e p r i m a r i e s a r e heavy p a r t i c l e s t h e n t h e l i m i t i n g e n e r g i e s a r e a 

f a c t o r o f <V Z h i g h e r . 

Thus i f a l l t h e p r i m a r i e s a r e i r o n n u c l e i , and t h e g a l a c t i c m a g n e t i c f i e l d 

i s a c c u r a t e l y r e p r e s e n t e d by c o h e r e n t f i e l d mode l D w i t h t h e e x t r e m e case o f 

a d j a c e n t 10 pc c e l l s o f i r r e g u l a r f i e l d , t h e r e i s some p o s s i b i l i t y t h a t cosmic 

r a y s o f g a l a c t i c o r i g i n c o u l d r e a c h t h e E a r t h i s o t r o p i c a l l y . I f t h e s e c o n d i t i o n s 

a r e n o t f u l f i l l e d t h e n t h e cosmic r a y s r e a c h i n g t h e E a r t h i s o t r o p i c a l l y canno t 

be e n t i r e l y o f g a l a c t i c o r i g i n b u t must c o n t a i n a m e t a g a l a c t i c component . 
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THE CALCULATION OF THE MAGNETIC FIELD DIRECTION AND STRENGTH AT A 
POINT WITHIN A REGION OF HELICAL FIELD CONFIGURATION 

C o n s i d e r a p o i n t , Q, o f c o o r d i n a t e s X , Y , Z ( o r c y l i n d r i c a l c o o r d i n a t e s 

R^,<J),Z), l y i n g w i t h i n a s p i r a l a rm o f t h e G a l a x y ( see F i g u r e A . l . l ) . T h i s 

p o i n t i s assumed t o l i e o n a h e l i x such as d e s c r i b e d i n s e c t i o n 3 . 1 . 2 . 

F i g u r e A . 1 . 2 shows a c r o s s s e c t i o n o f t h e t u b e on w h i c h t h e h e l i x l i e s . To 

d e t e r m i n e t h e f i e l d d i r e c t i o n a t Q, t h e h e l i x on w h i c h i t l i e s must be known; 

t h a t i s t h e l e n g t h o f t h e m i n o r a x i s o f t h e e l l i p t i c a l c r o s s s e c t i o n must be 

f o u n d . I t i s p o s s i b l e t o e v a l u a t e b , i f A i s known . However , due t o t h e U0° 

s h e a r i n g , A canno t be c a l c u l a t e d d i r e c t l y . A f i r s t a p p r o x i m a t i o n t o A i s g i v e n 

b y p . 

<|>D. = CR + <j) where $ •= 6 o r IT 
R ' o o 

( d e f i n i n g t h e two s p i r a l a r m s ) . 

I f Q l i e s on t h e arm <)>_, = CR t h e n 
n 

R C 
2 n - 1 < '*^=-*- - J < 2n 

TT 

( n i s z e r o o r a p o s i t i v e i n t e g e r ) , and R"= ^.nrr + <() 
° C 

I f Q l i e s on t h e arm <{)_ = CR + TT t h e n 
n ' 

R C 

2n < — 2. _ i < 2n + 1 
IT 

and H - = ( 2 n + l ) T r + + 
C 

Then p = R - R ' 
q o 

U s i n g p as a f i r s t a p p r o x i m a t i o n t o A an i t e r a t i o n . p r o c e s s can be u s e d t o f i n d 

A . 

T h i s was done f o r a number o f p o i n t s and i t was f o u n d t h a t A = dp + e , 
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where d and e a r e c o n s t a n t s . U s i n g a l e a s t squares f i t t i n g method 

A = 1-3319. p . 

Then t h e e q u a t i o n o f t h e e l l i p s e i s g i v e n b y -

2 

(it • ft) = 1 

so b = 

IT 

As t h e s e p a r a t i o n b e t w e e n arms i s g i v e n b y , t h e d i s c f i e l d i s 

c o n s i d e r e d t o e x i s t o n l y w i t h i n t h e t u b e o f e l l i p t i c a l s e m i - m a j o r a x i s o f 
Tf 

l e n g t h -TT; . Tha t i s , i f t h e e l l i p s e c o r r e s p o n d i n g t o p o i n t Q has b > b = 
max 

, Q l i e s o u t s i d e t h e d i s c m a g n e t i c f i e l d . 

I f b < O 'OOl k p c , t h e f i e l d i s a l s o s e t a t z e r o , s i n c e On t h e a x i s t h e s e 

h e l i c e s g i v e ambiguous f i e l d d i r e c t i o n s . 

I n i t i a l l y s e t t i n g E = 83*95° ( t h e v a l u e a t t h e S u n ) i 

s i n 5 = - l A l . s i n ( e - 50) 
R 

R Q = R col<S - A c o s ( e - 50) 

<j> = CR + <j> 
R o ° ° 

Then e = t a n 1 C R q g i v e s a b e t t e r v a l u e f o r e . 

I f t h e s p i r a l arms a r e d e f i n e d b y <)>_, = CR . + <)> , t h e n t h e h e l i c a l 
K O 

t u r n s a r e d e s c r i b e d b y 

2TTC 
A = 3b s i n 

L t a n 7 

Z = b cos 
^ L t a n 7 ° J 

where L i s t h e c i r c u m f e r e n c e o f t h e e l l i p t i c a l c r o s s s e c t i o n and R . c o r r e s p o n d s 

t o t h e c e n t r e o f t h e e l l i p s e . 



X = R cos <J> + A cos (<)>„ + e - 50) 
R R 

Y = R s i n <}>„ + A s i n + e - 50) 

Hence s e t t i n g B = 
2TT 

L t a n 7 
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3A 

3R 
6ZBC R 

3Z 

3R 

2ABC R 

3R 
= C COS £ 

ax 
3R 

-CY + cos <f>D + — cos (A + e - 50) 
R 3R R -

- A s i n ( • + e - 50) — 
R - 3R 

3 Y 3 P 
— = CX + s i n $ + A cos (<fr + e - 50) — 
3R • K 3R 

+ — s i n (<j>p + e - 50) 
3R R 

n , , . • 3X 3Y 3Z C a l c u l a t i n g — , — , — 
3R 3R 3R 

and n o r m a l i s i n g b y d i v i d i n g b y 

M = 
v2 / \ 2 

3X \ + / 3 Y X 

3R 3R 

3Z 

3R 

t h e m a g n e t i c f i e l d i n t h e X. , Y , and Z d i r e c t i o n s r e s p e c t i v e l y i s g i v e n b y 
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H = 5 -
X 3R 

„ . H M 

~ M

 9 R 

„ _ H 3Z 
Z " M 9R 

where H i s t h e m a g n e t i c f i e l d s t r e n g t h . 

S e t t i n g R = R q , and s u b s t i t u t i n g t h e v a l u e s o f X , Y , Z , A , b , e t c . 

c o r r e s p o n d i n g t o p o i n t Q; H , H , H a t Q can be d e t e r m i n e d i n t e r m s o f t h e 
•A X ll 

f i e l d s t r e n g t h a t Q j 

H = Y

 b ° » - » x i ( l + 8 £ U 

max \ b 

The -|- [1 + 8—5- t e r m g i v e s D i v H = 0. On an e l l i p s e o f a p a r t i c u l a r 

b , t h e f i e l d c o r r e s p o n d i n g t o A , Z , must be 

, i ( i + 84) \ : . . . w n e r e H b , - , b ' b .. i s t h e f i e l d s t r e n g t h a t 
b 1 max max 

Z = b , A = 0. 

The —— t e r m p r o d u c e s a r e d u c t i o n i n t h e m a g n e t i c f i e l d s t r e n g t h as . 
max 

d i s t a n c e f r o m t h e arm a x i s i n c r e a s e s . 

The f i e l d s t r e n g t h s a r e n o r m a l i z e d b y p u t t i n g t h e maximum v a l u e o f H ( w h i c h 

i s y ) e q u a l t o t h e maximum v a l u e on t h e Z a x i s t h r o u g h t h e Sun o f H_ ( m o d e l A ) , 

Thus y = 6-92 UG« 

a 
o 

Hence 1 2 \ 5 b 
H = 2-3 [1 + 8 1 -max ~. b pG 

^ max 
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APPENDIX I I 

COSMIC RAY PROTONS FROM THE CRAB 

The Crab N e b u l a i s t h e remnant o f a s u p e r n o v a e x p l o s i o n , t h e l i g h t - f r o m 

w h i c h was o b s e r v e d a t t h e E a r t h i n 105^ A . D . Any h i g h ene rgy p r o t o n s p r o d u c e d 

i n t h i s e x p l o s i o n c o u l d a l s o t r a v e l t o t h e E a r t h . However , t h e s e p r o t o n s 

w i l l be a f f e c t e d b y t h e g a l a c t i c m a g n e t i c f i e l d and t h e i r p a t h f r o m t h e Crab 

t o t h e E a r t h w i l l be l o n g e r t h a n t h e l i n e a r d i s t a n c e . C o n s e q u e n t l y t h e s e 

p r o t o n s w i l l a r r i v e a t t h e E a r t h l a t e r t h a n t h e l i g h t f r o m t h e e x p l o s i o n . 

I n p a r t i c u l a r , t h o s e p r o t o n s f o r w h i c h t h e p a t h i s 0-28 kpc l o n g e r t h a n t h e 

l i n e a r d i s t a n c e t o t h e Crab w i l l be a r r i v i n g a t t h e E a r t h now. To i n v e s t i g a t e 

t h i s e f f e c t , t r a j e c t o r i e s o f p r o t o n s f r o m t h e Crab t o t h e E a r t h were c a l c u l a t e d 

f o r d i f f e r e n t f i e l d models a t v a r i o u s e n e r g i e s . 

The Crab i s s i t u a t e d a t I = 18H"5° and b"' = - 5 c 8 ° e However , i t s e x a c t 

d i s t a n c e f r o m t h e E a r t h i s u n c e r t a i n by abou t 25%. (A r e c e n t d i s t a n c e e s t i m a t e 

has been made by T r i m b l e (1968), f r o m measurements o f t h e m o t i o n o f f i l a m e n t s 

a t t h e c e n t r e and a t t h e edge o f t h e n e b u l a . The d i s t a n c e t o t h e Crab n e b u l a , 

a s suming i t t o be e i t h e r an o b l a t e o r p r o l a t e s p h e r o i d , was t h e n deduced as 

1*38 + 0*23 kpc or 2*02 + 2 ?~ kpc r e s p e c t i v e l y . T r i m b l e (1968) c o n s i d e r e d 

t h e l a t t e r case t o be t h e more l i k e l y . W o l t j e r ( 1 9 7 0 ) , a s suming s m a l l e r 

f i l a m e n t r a d i a l v e l o c i t i e s o b t a i n e d a d i s t a n c e o f 1*68 k p c , b u t l a t e r measure 

ments a r e i n t e r p r e t e d by T r i m b l e and W o l t j e r ( 1 9 7 1 ) t o g i v e a d i s t a n c e -̂ 2 kpc.) 

For t h e p r e s e n t c a l c u l a t i o n s t h e Crab was t a k e n t o be a t a d i s t a n c e o f l<-70 kpc 

T r a j e c t o r y c a l c u l a t i o n s were p e r f o r m e d u s i n g f i e l d models A and B , o v e r a 

19 . . . 
r a n g e o f e n e r g i e s f r o m 10 eV down. I n each case t r a j e c t o r i e s o f a n t i p r o t o n s 

l e a v i n g t h e E a r t h o v e r a r a n g e o f d i r e c t i o n s were f o l l o w e d (as d e s c r i b e d i n 

U.2)i and t h e minimum d i s t a n c e be tween each t r a j e c t o r y and t h e Crab was 

d e t e r m i n e d . Hence, by t r i a l and e r r o r , t h e d i r e c t i o n s i n w h i c h an a n t i p r o t o n 

must l e a v e t h e E a r t h t o h i t t h e Crab was. f o u n d . 
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TABLE A.2.1 

DIRECTIONS OF ARRIVAL AT THE EARTH OF PROTONS FROM THE CRAB 

FIELD MODEL A 

Energy 

eV 

T r a j e c t o r y A r r i v a l d i r e c t i o n a t E a r t h 

* b" 
L e n g t h o f t r a j e c t o r y 

f r o m C r a b , kpc 

i o 1 9 185- 3° - 22- k° 1- 750 

3 1 0 1 8 1 185" 6° 33'5° 1' 870 

2 188- 2° - H5-5° 1* 760 

3 185° 26- 5° 1' 810 

2 1 0 1 8 1 185' 5° 33' 5° 1-860 

2 192* 7° -. 57'7° .1*760 

3 189-3° 53' k° 1- 970 

i o 1 8 - 1 210-5° 76-lt° 2*200 

2 191° - 57-0° . 2-0lt0 

3 20k° - 73- k° 2-160 

It 260° 83*5° 2-190 

. 5 * 265° * - Qk-5° ^ 1- 80 

7-5 10 1 T 1 187° lt8° 2-181 

2 336° 68-6° '" 2-385 

3 330"2° - 67*2° 1-8U2 

It 331 -5° 73'lt° 2-526 

5 «\, 3 2 0 ° . 79° %2-35 
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TABLE A.2.2 

DIRECTIONS OF ARRIVAL AT THE EARTH OF PROTONS FROM THE CRAB 

FIELD MODEL B 

Energy 
eV 

A r r i v a l d i r e c t i o n 
1 : 

at t h e Earth Length of t r a j e c t o r y 
from Crab» kpc. 

i o 1 9 l86« 5 ° - 17°8° 1«710 

6 1 0 1 8 188-3° - 2l* - 7 C 1*720 

3 1 0 1 8 19V1° - 38-0° 1*755 

• 2 1 0 1 8 202-1° - l»8-9° 1-785 

-,̂ 18 250'3° — 63-0° 1'875 
10 328'0° 38-2° 2-885 

T 1 0 1 7 292°5° - 51-2° 1-960 

6 1 0 1 T ' . 305°6° - 36»3° 2 «030 

1 : • . i 
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F i e l d Model A 

This f i e l d model was used f o r c a l c u l a t i o n s a t 1 0 1 9 e V , 3 1 0 l 8 e V , 2 1 0 l 8 e V , 

iO l 8eV and 7 * 5 1 0 1 T eV. 

The a r r i v a l d i r e c t i o n s are l i s t e d i n Table A * 2 , 1 . 

Due t o t h e p o s i t i o n o f the Crab and the o s c i l l a t i o n o f t r a j e c t o r i e s about 

the g a l a c t i c plane described i n k.2* , t h e r e are several d i r e c t i o n s i n which 
l 8 

protons of a given energy (below about 3 1 0 ev) can a r r i v e at the Earth from 

t h e Crab« 

These t r a j e c t o r i e s are shown i n f i g u r e s A * 2 . 1 t o A.2 = l t o , which i l l u s t r a t e 

t h a t protons from the Crab reach t h e Earth a f t e r making one or more o s c i l l a t i o n s 

about the g a l a c t i c plane. 

Thus f o r f i e l d model'. A, at l e a s t w i t h i n t h i s energy range, t h e r e i s no 

unique d i r e c t i o n or energy a t which protons produced i n t h e Crab supernova 

reach t h e Earth now. 

F i e l d Model B 

The a r r i v a l d i r e c t i o n s at t h e Earth o f protons from t h e Crab, f o r t h i s 

f i e l d model are l i s t e d i n Table A„2<..2o 

1 7 

At energies 3 1 0 eV and below the a n t i p r o t o n s f o l l o w e d are found t o be 

completely trapped i n t h e s p i r a l arms. Some o f the t r a j e c t o r i e s from t h e Crab 

are shown i n f i g u r e A . 2 . 5 « I n t h i s case t h e r e are no o s c i l l a t i o n s about the 
1 8 

g a l a c t i c ' p l a n e and at each energy considered, except 1 0 eV, t h e r e i s a 

unique path along which protons t r a v e l from t h e Crab t o t h e Earthc The protons 

o f 1 0 l 8 e V which reach the Earth at I = 3 2 8 . 0 ° , b"= 3 8 . 2 ° , f o l l o w a long path 

from t h e Crab, and i f they were produced i n the Crab supernova w i l l a r r i v e a t 

the Earth i n ^ H900 A.D0 For a l l t h e other t r a j e c t o r i e s f o l l o w e d t h e r e i s a 

simple r e l a t i o n s h i p between energy and t r a j e c t o r y l e n g t h , as shown i n f i g u r e 

A..2.6. 

At very high energies t h e t r a j e c t o r y l e n g t h approaches the s t r a i g h t l i n e 
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17 distance o f 1"TO'kpc, wh i l e protons of energy < 5 10 eV are unable t o reach 
th e Earth from t h e Crab, i f f i e l d B i s an accurate r e p r e s e n t a t i o n of t h e galac
t i c f i e l d . 

Protons- a r r i v i n g at t h e Earth now would have a t r a j e c t o r y l e n g t h of 1"98 kpc 
17 

and'thus an energy of-061 0 eVo (Due t o the form of t h e t r a j e c t o r i e s i t i s 

very probable'that i f the Crab i s at a greater distance than l e 7 0 kpc, th e n 

th e protons a r r i v i n g now from t h e supernova would not have an energy much greater 

than t h i s ) . These protons would appear t o come from a p o i n t source at 

i = -297° and b" = -1+9°. (R.A„ = 26° and d e c l i n a t i o n • - 6 8 ° ) . 

The proton f l u x i s given by 

^tt R t
2 dT 

m s 

where E(R^.) i s t h e energy of protons having a t r a j e c t o r y of l e n g t h R^, T i s 

th e time taken t o a r r i v e at t h e E a r t h , and N(E) i s t h e d i f f e r e n t i a l spectrum 

per ev o f protons produced i n the supernova„ 
dÊ 'R ') 

Values, of t ~ were obtained from f i g u r e A.2c6„ and t h e p r e d i c t e d f l u x 
dT 

at 6«6 1 0 1 T eV was found t o be 3"7 l 6 - 3 ^ N(E = 6-6 1 0 1 T eV)m~ 2s - 1. 

^ \ ] / d E ^ R t ^ i s t y p i c a l l y ^ 1 0 1 0 seconds f o r E(R. ) between 6 1 0 1 7 eV 
1 9 d T - " . and 10 eV. Thus the supernova, which l a s t e d f o r a much s h o r t e r time than t h i s , 

can be-considered t o produce instantaneous emission. 

Even i f t h e a c t u a l f i e l d s t r u c t u r e i s not e x a c t l y as p r e d i c t e d by model B 
17 

t h e f l u x of protons at 6.6 10 eV w i l l probably not be very d i f f e r e n t from 

t h e value above. However, t h e a r r i v a l d i r e c t i o n may be changed considerably. 

For t h i s reason i t was taken t h a t a p o i n t source would be observable i n a i r shower 

measurements at these energies, i f the i n t e n s i t y i n a 10° R.A. by 10° d e c l i n a t i o n 

b i n exceeds t h e i s o t r o p i c background by a f a c t o r of two. 
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The f l u x of the i s o t r o p i c background i n a 10 x 10 b i n i n an energy-
range 5 lO 1" 7 eV t o 1 0 l 8 eV i s ̂  3'k 10" 1 3m" 2s" 1. Thus t h e f a c t t h a t no 

17 

p o i n t source i s observed gives an upper l i m i t of N(E = 6 . 6 10 eV) < 

6 1 0 2 0 eV"1. 

Assuming t h a t the Crab Supernova produced protons such t h a t f o r energies 9 
greater than 10 eV 

N(E)<r E" 2' 6 

and t h a t t h e t o t a l energy of these protons i s 10 ^ ergs, then N(E = 6 . 6 10^eV) 
19 — 1 

^ h 10 eV . Thus the f a c t t h a t no p o i n t source i s observed does not r u l e 

out t h e Crab supernova as a source o f high energy protons™ 
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