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A B S T R A C T 

An attempt i s made to distinguish o r i g i n locations and dominant 

production mechanisms of cosmic gamma rays. The study adds to i n f o r ­

mation about the cosmic ray progenitors, primarily electrons and protons 

of 108 - 1010eV. 

The disc longitude d i s t r i b u t i o n for energies above 100 MeV i s 

unfolded to give the Galactic gamma ray emissivity for r a d i a l symmetry or 

uniform emission along s p i r a l sections. The correlation i s reasonable 

wi t h models based on the molecular hydrogen d i s t r i b u t i o n . Inconsistency 

with s p i r a l arm positions i s found. 

The Galactic centre region, where gas density i s high, is a probable 

example of a thick target region f o r gamma ray-producing cosmic rays. The 

emissivity under these conditions i s calculated. To sat i s f y the proportion 

of the observed f l u x interpreted as coming from the Galactic centre region, 

a cosmic ray in t e n s i t y greater than that l o c a l l y i s required. This supports 

a Galactic o r i g i n for the cosmic rays i n question. The required i n j e c t i o n 

rate i s several hundreds of times the local value, and i t s relationship to 

magnetic f i e l d and gas density i s examined. 

Contributions to the high latitude f l u x from the Galaxy and discrete 

extragalactic sources are calculated. I t i s shown that a large part may 

result from inverse Compton scattering of electrons d i f f u s i n g away from the 

Galactic disc. The d i f f u s i o n i s modelled on the basis of other astro-

physical data. With the Galaxy as a guide, and r e l a t i n g gamma ray emission 

to other properties, the contributions from external normal and radio 



galaxies are calculated. The t o t a l of a l l contributions i s found to be 

a s i g n i f i c a n t proportion of the observed f l u x , casting doubt on such 

cosmological models as are normalised to f i t the entire measured spectrum 

i n magnitude and shape. Radio galaxies may provide the bulk of the 

1 - 1 0 MeV background i f there i s proportionality between t h e i r gamma ray 

and radio luminosities. 
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C H A P T E R ONE 
INTRODUCTION 

The f i r s t detection of cosmic gamma rays, about 15 years ago, 

added a new dimension to high energy astrophysics. Another t o o l , possess­

ing many advantageous properties, became available for the study of the 

constituents of the Universe, and, i n pa r t i c u l a r , the primary cosmic 

radiation. 

Cosmic ray physics i s i t s e l f a child of t h i s Century. I t s b i r t h 

resulted from several workers observing that t h e i r ground-based ionization 

chambers exhibited residual conductivity when shielded from known 

radiation sources. This can now be explained as due to secondary particles 

produced by primary cosmic ray interactions i n the atmosphere. I n the l a s t 

60 years much has been learnt about the nature of cosmic rays, and t h e i r 

study has led to advances i n several areas of physics. The electron com­

ponent, which i s about 1% of the cosmic ray energy density above the 

atmosphere, must originate i n the Galaxy, since i t would suffer attenuat­

ion on the microwave background radiation. However, the o r i g i n of the 

dominant primary nuclear component i s s t i l l , to a large extent, an unsolved 

problem. Gamma ray astronomy now provides useful additional clues. 
8 12 

Primary cosmic rays of energy between about 10 and 10 ©V are 

responsible for producing detectable secondary cosmic gamma rays. 

Laboratory experiments now provide much information about the relevant 

interactions. For theoretical study, the advantages offered by cosmic 

gamma rays are, f i r s t l y , that they are uncharged and therefore, unlike 

primary cosmic rays, t h e i r propagation i s unaffected by magnetic f i e l d s , 
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and secondly, absorption i s negligible on a scale almost as large as the 

Universe. 

Experimental gamma ray astronomy must be carried out close to the top 

of, and preferably above, the atmosphere. Detectors are required to 

measure a component several orders of magnitude below that of the primary 

nucleon cosmic ray f l u x . By the 19-60s suitable techniques had been devel­

oped and since then progress has been rapid. The f i r s t positive 

i d e n t i f i c a t i o n of a cosmic gamma ray f l u x i s probably to be credited to 

Arnold et a l . (1962) and Metzger et a l . (1964) from s c i n t i l l a t o r s on board 

the Ranger 3 and 5 moonprobes. At about the same time the important role 

that gamma rays could play i n theoretical work, and i n particular the 

potential of gamma ray astronomy as a subject i n i t s own r i g h t , was realised. 

Interest was greatly stimulated by the paper of Morrison (1958). 

To date, three s a t e l l i t e s solely devoted to gamma ray astronomy have 

been launched, and data are augmented by results from rockets, other space­

cr a f t and many high a l t i t u d e balloons. The f i r s t s a t e l l i t e , 0S0-3, showed 

the Galactic disc to be a strong emitter of gamma rays and pioneered the 

way for the SAS-2 s a t e l l i t e , which provides the best present data for 

theoretical study. COS-B, the t h i r d s a t e l l i t e , i s i n operation, and i n t e r ­

esting new information iB gradually becoming available. Recently, 

observations of gamma ray l i n e s have been reported from the Galactic centre 

and the radio galaxy Centaurus A, possibly marking the beginning of an 

exciting new branch of gamma ray astronomy. 

For theoretical study there are two main disadvantages to present 

measurements. F i r s t l y , since fluxes are low, the number of true events 

detected i s small, and s t a t i s t i c a l l y s i g n i f i c a n t comparisons with 

theoretical models are d i f f i c u l t to achieve. Secondly, the optimum angular 

resolution i s no better than a few degrees. 
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The f i r s t obvious question to ask regarding the Galactic f l u x i s , 

"How much i s from discrete sources?" The Crab and Vela have been known 

as gamma ray emitters for some time, but recently, from incomplete sky 

coverage, COS-B has found 11 other sources not as yet i d e n t i f i e d with 

pulsars or supernova remnants (Hermsen et a l . , 1977)* I t i s not yet 

established whether i t i s correct to subtract these sources when consider­

ing the diffuse Galactic component since at least some may be i n t e r s t e l l a r 

gas glouds, manifestations of the patchy nature of the gas. "Diffuse" 

Galactic radiation may indeed be a s l i g h t misnomer. By modelling to the 

Crab and Vela and using some observational upper l i m i t s from other sources, 

Strong et a l . (1977) f i n d that pulsars should not give a contribution of 

above 10$ to Galactic observations. 

The study of discrete Galactic sources i s not within the realm of the 

present work. Attention i s r e s t r i c t e d to the diffuse Galactic component 

and the high l a t i t u d e f l u x , some of which may be of extragalactic o r i g i n . 

I t i s pertinent to consider two questions. F i r s t l y , "How much can be 

discovered about the o r i g i n of the gamma rays,", and secondly, "What i n f o r ­

mation can be gleamed about the cosmic ray progenitors?" The second 

question can be studied without a f u l l solution to the f i r s t . For example, 

Ginzburg (1972) proposed a test for the Magellenic clouds. I f no f l u x i s 

seen, cosmic rays must be Galactic. Detection of a f l u x i s ambiguous since 

either cosmic rays pervade a l l .space or the clouds themselves are a source 

of p a r t i c l e s . The test i s not yet possible because predicted fluxes are 
-7 -2 -1 

about 10 cm s , approximately an order of magnitude below present 

detector thresholds. Dodds et a l . (1975b) have put forward evidence for 

Galactic o r i g i n by showing that unless there i s a decrease i n cosmic ray 

in t e n s i t y towards the Galactic anticentre, the predicted f l u x i s i n excess 

of the observations. 
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I n t h i s work, the primary aim i s to attempt a p a r t i a l answer to the 

f i r s t question. In general, the approach taken i s to assess the c o n t r i ­

butions from l i k e l y origins and then compare with the data. The 

alt e r n a t i v e , that of proposing models where parameters are chosen to f i t 

the measurements, i s not so helpful due to large uncertainties i n the gamma 

ray observations. Where possible, results are applied to the question of 

cosmic ray o r i g i n . 

I n Chapter 2, local gamma ray emissivities are derived, p a r t l y using 

work of other authors. Neutral pion decay i s found to be the dominant 

production mechanism. Locally, therefore, gamma rays monitor the nucleon 

cosmic ray component. That t h i s i s so elsewhere i n the Galaxy has recently 

been put i n doubt by energy spectral measurements from the COS-B s a t e l l i t e 

(Bennett et a l . 1977b), which suggest a higher percentage contribution 

from bremsstrahlung elsewhere i n the Galaxy. I t i s an inte r e s t i n g problem 

that samples of gamma ray f l u x from several widespread directions i n the 

Galaxy a l l suggest an electron to proton r a t i o higher than that l o c a l l y . 

I n Chapter 3, a method for unfolding the gamma ray longitude d i s t r i ­

bution to give the Galactic emissivity i s described. Models of ra d i a l 

symmetry and uniform emission along s p i r a l arms are adopted, the aim being 

to compare with gas d i s t r i b u t i o n s . The p o s s i b i l i t y of determining whether 

we require a cosmic ray gradient i n the inner Galaxy of either electrons or 

nucleons, whichever are responsible for the gamma rays, i s investigated. 

I n a region of high gas density i t i s l i k e l y that cosmic rays lose 

a l l t h e i r energy before escape. The equations for gamma ray production 

under these conditions are developed i n Chapters k and 5. A l i k e l y such 

region i s within about 300 pc of the Galactic centre where large amounts 

of molecular hydrogen have been observed. This dir e c t i o n i s of p a r t i c u l a r 
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interest since there i s a large peak i n the SAS-2 f l u x . I f t h i s i s 

a t t r i b u t e d to the central gas, an ambient cosmic ray density higher than 

that l o c a l l y i s required, implying Galactic o r i g i n for the p a r t i c l e s . 

An i n j e c t i o n rate several hundreds of times the l o c a l value i s required 

and i t s relationship to magnetic f i e l d and gas density i s examined. The 

results take on more significance i f i t i s shown that the gamma rays are 

mainly of neutral pion decay o r i g i n , but t h i s i s as yet uncertain. 

I n the remaining chapters, attention i s paid to the high l a t i t u d e 

component. There has been a tendancy i n the past to propose models to 

f i t the measured spectrum i n magnitude and shape. The work here casts 

serious doubt on t h i s approach since i t i s found that the f l u x from the 

Galaxy and the sum of discrete extragalactic sources i s probably a large 

percentage of that observed. Chapter 6 tackles the determination of the 

contribution from a class of extragalactic objects where the emission of 

one member i s known. In Chapters 7 and 8 a model for d i f f u s i o n of electrons 

from the Galactic disc i s given, and the gamma ray f l u x from inverse 

Compton interactions i n the resultant "halo" calculated. I n Chapter 9 

the sum of a l l these contributions i s compared with the observations, and 

i s found to be a si g n i f i c a n t percentage. 
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C H A P T E R TWO 

PRODUCTION MECHANISMS FOR GALACTIC GAMMA RAYS 

2.1 INTRODUCTION 

The following three sections describe the important processes for 

gamma ray production at energies of about 100 MeV and above i n the Galaxy. 

Their l o c a l emissivities ( i . e . production rate per unit volume) are 

calculated and shown i n figure 2.3. I n section 2.5 t h e i r r e l a t i v e 

importance as production mechanisms at d i f f e r e n t positions i n the Galaxy 

i s discussed. 

In the following, mass, momentum and energy are written i n equivalent 

u n i t s . A normalised d i s t r i b u t i o n function i n X i s represented by P(X)dX. 

2.2 GAMMA RAYS FROM NEUTRAL PION DECAY 

Gamma rays are produced by the decay of neutral pions, themselves 

created i n c o l l i s i o n s of cosmic ray nuclei with i n t e r s t e l l a r gas atoms. 

Since a neutral pion has a rest mass energy of about 1*40 MeV and decays 

int o two gamma rays, i t follows that the gamma ray production peaks at 

about 70 MeV. 

A neutral pion decays i n t o two gamma rays each of energy M̂ /2 i n 

i t s rest frame. 

Let one gamma ray be emitted at 0' to the axis of transformation i n 

the pion rest frame. The laboratory frame energy i s : 

( 1 + f>ncoe 9') (2.1) E 2 

Since the d i s t r i b u t i o n i n 0' i 6 isotropic: 

P(cos 0') d(cos 0") = i d(cos ©•) (2.2) 
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from 2 .1: 

dE Y 
KEy, E n) dEy = — — ( 2 .3 ) 

Therefore: 
dE v T if r(1"N^EY^r(1+W 

P(Ey, E n) dEy « 

dEy E n E n 

( 2 A ) 

0 otherwise 

The number of gamma rays at position f produced with an energy 

between Eyand Ey * dEy per u n i t volume per unit time ( i . e . emissivity) 

from c o l l i s i o n s between cosmic ray nuclei of type k and d i f f e r e n t i a l 

i n t e n s i t y j k( E
k» E ) and gas nuclei of type j and density n..(r) i s given 

by q(Ey , r ) dEy such that: 

°° <3-(Enf E^) 
c — - -

E n min 
q ( E y , r ) = 4nV n j ( r ) /d^ j k < V £) / 2 2 J 1 dE n (2 .5 ) 

where ff denotes the interaction cross Bection and using 2 .1: 

E n B i n = E Y + ( M n 2 A E Y ) ( 2 ' 6 ) 

The d i f f e r e n t i a l i n t e n s i t y of Y**ravs a t t n e earth i s given by: 

j ( E y ) | q(Ey, r ) dr (2 .7 ) 
o 

The major contribution to equation 2.5 comes from cosmic ray protons 

interacting with i n t e r s t e l l a r hydrogen. The cross section for neutral 

pion production f a l l s rapidly below proton energies of *KX) MeV and the 
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bulk of production i s from protons of between 1 and 3 GeV. The emissivity 

from these proton-proton c o l l i s i o n s i s increased by the effe c t i v e mean 

mass per hydrogen atom to include contributions from protons interacting 

with the whole i n t e r s t e l l a r material. This factor i s given as 1.36 by 

Allen (1973)» whereas Trimble (1975) quotes values of 1.3^i 1-^6 and 1.71 

for the solar atmosphere, the Orion nebular and planetary nebulae respec­

t i v e l y . I n t h i s work, where appropriate, a value of l.k i s taken i n 

accordance with Dodds et a l . (1976) . A further factor of about l.k 

arises from inclusion of the cosmic ray alpha p a r t i c l e f l u x . 

Equation 2 .5 has been evaluated by several authors, but the most 

detailed calculations are those of Stecker (1970) and Cavallo and Gould 

(1971), and t h e i r results agree we l l . These authors base t h e i r values 

for cross section and m u l t i p l i c i t y on measurements from accelerator 

experiments. Levy and Goldsmith (1972) adopt a theoretical m u l t i p l i c i t y 

law based on Feynman scaling, but the results disagree with the other 

calculations and i t was pointed out by Stecker (1973) that the scaling 

hypothesis, although probably v a l i d for proton energies above 50 GeV, 

breaks down i n the regime of in t e r e s t . 

I n the present work the gamma ray spectrum of Stecker (1970) i s 

adopted. His result for the local integral gamma ray production spectrum 

i s shown i n figure 2 . 3 . The loc a l gas density, n.. , i s taken to be 

1 H atom cm " (see section 3*3.3)• 

Stecker has found the loc a l production of gamma rays of energy 

above 100 MeV to be: 

q ( >100 MeV) = 1.3 10~ 2 5 H atonf 1 s" 1 
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The t o t a l y i e l d of a l l gamma rays from neutral pion decay can be 

expressed: 

Q y ( r ) = / n j ( - V (V V(V d ( E k ' - ( 2 ' 8 ) 

j,k 

where S^CE^) m^(E^) denotes the product of t o t a l cross section and 

m u l t i p l i c i t y . Stecker (1973) finds good agreement between his 

calculated t o t a l y i e l d using equations 2.5 and 2.8 respectively. 

Neutral pion production i s a catastrophic energy loss process for 

the proton which t y p i c a l l y retains about one half to two th i r d s of i t s 

energy a f t e r i n t e r a c t i o n . 

2.3 GAMMA RAYS FROM ELECTRON BHEMSSTRAHLUNG 

Gamma rays are radiated by electrons decelerating i n the f i e l d s of 

gas nuclei. Relevant cross sections are given by Heitler (195*0 and 

Koch and Motz (1959). They are calculated using the Born approximation 

plus various screening effe c t s . 

Following Stecker (1971)* the dependence of cross section on 

electron energy i s weak and to a good approximation, for E > E y > 

dEy 
C T ( E Y , E) dE v = ^ ^ - Y (2.9) 

where <M> i s the average mass of the target atoms i n grams, and <X> i s 
—P. 

the average radiation length for the gas (g cm ~ ) . 

The d i f f e r e n t i a l emissivity i s given by: 

< j ( E Y , r ) = kn Jn(r) j(E , r ) <S(EY , E) dE (2.10) 

E Y 
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where n ( r ) i s the gas density i n H atoms per unit volume and j ( E , r) 

i s the d i f f e r e n t i a l electron i n t e n s i t y . 

As i n the previous section we take <M> = 1.4 l o c a l l y , where 

i s the mass of a hydrogen atom i n grams. The appropriate value for 

<M> i s probably higher towards the Galactic centre (see D'Odorico et 

a l . t 1976) with a l i k e l y maximum of <M> = 1.9 MR. Following Stecker 

(1971)« <X> = 65 g cm for the i n t e r s t e l l a r composition, and using 

the l o c a l value for <M> we fi n d : 

I t can be seen that a power law electron spectrum of d i f f e r e n t i a l slope 

-Y w i l l produce a bremsstrahlung Y-ray spectrum of the same d i f f e r e n ­

t i a l slope. However, the l o c a l electron spectrum cannot be expressed 

i n terms of a single power law over the whole energy range of interest 

which i s from a few MeV to about ten thousand GeV. Direct measurement 

of the electron spectrum can be made above a few GeV, but below t h i s 

the solar wind sweeps away pa r t i c l e s and balloon f l i g h t observations 

are no longer true representations of the lo c a l i n t e r s t e l l a r i n t e n s i t y . 

Even to observations at periods of minimum solar a c t i v i t y a modulation 

correction must be applied. 

Two methods have been employed to calculate the low energy i n t e r ­

s t e l l a r electron i n t e n s i t y . The f i r s t involves f i t t i n g to the non­

thermal radio emission (e.g. Goldstein et a l . , 1970, and Cummings et 

a l . , 1973). The second i s based on comparing the observed positron 

q(E Y' " r ) = 4.53 10' 
o6 j ( E , r ) / 25 n(r) dE (2. 
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spectrum with that calculated on the assumption that the positrons are 

a l l of secondary o r i g i n (e.g. Daugherty et a l . , 1975)* Both methods 

involve large uncertainties such that the i n t e r s t e l l a r electron intensity 

i s known to no better than a factor of two or worse. I t has been 

pointed out by S e t t i and Woltjer (1971) and others that, to reconcile 

the observed non-thermal radio emission with the low values for the 

i n t e r s t e l l a r magnetic f i e l d of (2-3) 10*^ gauss found from pulsar disper­

sion measures, an electron i n t e n s i t y up to ten times that generally 

accepted i s required. I t may well be that the measured l o c a l magnetic 

f i e l d i s only characteristic of i n t e r s p i r a l arm regions, but neverthe­

less i n the anticentre di r e c t i o n i t i s not expected to be high. Goldstein 

et a l . (1970) employ a magnetic f i e l d of 5 10~^ gauss for a path length of 

4 kpc towards the anticentre. The alternative approach of Daugherty et 

a l . (1975) uses the calculation of the local positron spectrum of Ramaty 

(197*0 which assumes energy independent escape for the positrons, something 

over which there i s now considerable doubt (see Giler et a l . , 1977; Orth 

and Buffington, 1976, and references therein). 

I n t h i s work the spectrum of Goldstein et a l . i s adopted with a 

steepening of slope above 10 GeV i n accordance with Meyer (1975). I t i s 

expressed as follows: 

/ 150 BT 1* 8 m~2 s" 1 B r - 1 GeV"1 E < 1 GeV 

j(E) = J 150 E~2*5 1 < E <10 GeV (2.12) 

( 299.3 E"2'8 10 GeV < E 

This spectrum i s shown i n figure 2.1. For comparison, the spectra 

used by Fichtel et a l . (1976) and Dodds (1977) are given, which are taken 
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Figure 2.1 Local electron and positron i n t e n s i t i e s labelled as follows 
R: Positron spectrum calculated by F.amaty(1974). 
Ca: Goldstein et al . ( 1970) spectrum ' A ' , as used i n these calculations. 
01)i Spectrum of Cummings et al . ( 1 9 7 3 ) as used by Dodds(1977). 
OF: Spectrum of Daugherty et al . ( 1 9 7 5 ) as used by Fichtel et al . ( 1 9 ? 6 ) . 
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Table 2.1 

The local bremsstrahlung production function for n^ = 1 H atom cm" 

found by various authors. The emissivity of gamma rays above 100 MeV i s 

given. 

REFERENCE ELECTRON SPECTRUM USED q( >100 MeV) 
cm"^ s" 1 

F i c h t e l et a l . (1976) Daugherty et a l . (1975) 3.38 10" 2 6 

Dodds (1977) Cummings et a l . (1973) 1.5 10" 2 6 

Stecker (1977a) 2.5 10" 2 6 

Present Work Goldstein et a l . (1970) 5.0 10" 2 6 
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from Daugherty et a l . (1975) and Cummings et a l . (1973) respectively. 

Equation 2.11 has been evaluated l o c a l l y using 2.12, for a l o c a l 

gas density of 1 H atom cm \ The integration from Ey to i n f i n i t y was 

solved using Romberg integration i n decades of energy u n t i l higher 

decades contributed an addition of less than one per cent of the t o t a l 

(about four decades were required). The int e g r a l of equation 2.11 over 

gamma ray energy for the l o c a l region has been evaluated also using 

Romberg integration and the result i s shown i n figure 2.3* For compari­

son, table 2.1 gives recent results of other authors for the l o c a l 

production above 100 MeV. The discrepancies due to the d i f f e r e n t electron 

i n t e n s i t i e s used i s evident. 

The present work i s i n agreement with that of Fichtel et a l . (1976) 

when allowance i s made for the d i f f e r e n t electron spectra used i n the two 

calculations. The value of Dodds (1977) i s a l i t t l e low, but r e f l e c t s the 

influence of high energy electrons, i . e . about four orders of magnitude 

higher than the gamma ray energy; (the electron spectrum used by DoddB has 

a power law proportional to E above 2 GeV). The most detailed calculat­

ion.with reference to the bremsstrahlung cross section i s that of Fichtel 

et a l . , but i t i s clear that uncertainties of factors of two w i l l prevail 

u n t i l the electron i n t e n s i t y i s known more precisely. 

2.4 GAMMA RAYS FROM INVERSE COMPTON SCATTERING 

The inverse Compton process i s that of a low energy photon of energy 

E scattering from a high energy electron, E g, to produce a gamma ray of 

energy E y• Figure 2.2 defines the notation to be used i n the laboratory 

frame and the rest frame of the electron. 
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From kinematics, in the electron rest frame: 

E v 1 
—*• = jFi (2.13) E' 1 • — (1 - cos ©•) m e 

where m i s the electron r e s t mass, e 
Transforming E y to the laboratory: 

E Y = Y E'y (1 + p c o s o c J ) (2.14) 

where Y i s the Lorentz factor of the electron. 

Since Y » 1 » the electron experiences the c o l l i s i o n s with the low 

energy photons as head on, i . e . 

= 180° 

but, <=><• + ©• + = 360° 

therefore* cos ocj^ = -cos ©• (2.15) 

Substituting 2.15 and 2.1k into 2.13 and using p = 1 gives: 

E y Y ( l - cos ©•) 

E' 1 + ~ (1 - cos ©') m e 

(2.16) 

Also we have 

E« • Y E (1 - cosoc ) (2.17) 

The cross section for producing gamma rays of energy between E y and 

E + dE by scattering from electrons of energy E iB given by: y Y e 

^ (E E, E ) = f — (E , E', E ) P(E», E, E ) dE' (1 - cosoc ) 
d E v

 Y e J d E v
 Y * 6 

Y Y (2.18) 
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Using 2.17, for an isotropic photon d i s t r i b u t i o n we have: 

P(E', E, E ) dE* .- 0 < E' < 2YE (2.19) 
6 2 YE 

Therefore 2.18 becomes; 
2YE 

^ ( E v , E, E ) = f (E v-, E', E ) dE' (2.20) 
dE v

 Y J dE Y
 T 6 2>TE 

T 0 

Inverse Compton scattering becomes inverse Thomson scattering i n the 

l i m i t : 

YE « m (2.21) e 

In the Galaxy and int e r g a l a c t i c space t h i s condition i s s a t i s f i e d . 

The j u s t i f i c a t i o n for t h i s i s given a f t e r equation 2.30. The Thomson 

cross section i s given by: 

da-(E y , E', E e) = | <S*T (1 + cos 2 ©') d(cos tf ) (2.22) 

-25 2 
where C5"̂, i s the Thomson cross section and has a value of 6.65 10 cm . 

From 2.16: 

-E' Y 

[ l + jjp (1 - cos ©')] 
d E v = =• d(cose') (2.23) 

e 
From 2.23, 2.22 and 2.16 we f i n d : 

dE v
 Y 0 L L E1 (m Y - E V ) J j L » Y'-E, J E' Y e Y e 1 Y 

(2.2*0 
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The upper l i m i t to E» for a given E i s 2YE (from 2.17) and the e 
lower l i m i t i s derived from 2.16 and i s given by: 

Ve 
E' . = . Y 6 . (2.25) 

m i n 2 ( Y m e - E Y ) 

Returning to an isotropic photon d i s t r i b u t i o n , the solution of 2.20 

using 2.24 and the approximation Ey <C E^, gives: 

( E v , E, E ) = 3<S,p ( 1 + X - 2X2 + 2X InX ) (2.26) 
dX Y e 1 

E Y 1 where X = — a n d - ~ ^X < 1 
kTE kT 

Equation 2.26 i s i n agreement with other authors; see, for example, 

Ginzburg and Syrovatskii (1964) and Blumenthal and Gould (1970). 
Writing, f(X) = 1 + X - 2X2 + 2X ?nX gives: 

1 

Jf(X)dX = ̂  (2.27) 
o 
1 

JXf(X)dX = ̂  (2.28) 

o 

Hence, bb expected, the integration of 2.26 gives the Thomson cross 

section, <5 T-

Since, 

X - (2.29) 

then for the mean value of E^ from photons of mean energy E, we fi n d : 
E y = ̂  Y 2 E (2.30) 

We can now show that 2.21 i s s a t i s f i e d , i . e . the Thomson l i m i t holds. 
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The photon f i e l d s on which inverse Compton (Thomson) scattering 

can occur are s t a r l i g h t ( ~ 6000°K), far infrared ( ~ 100jim) and the 

isotropic 2.7°K blackbody remnant radiation. The mean energy can be 

expressed: 

/E n p h(E) dE w_ 
E . J——& = -E* (2.31) 

In .(E) dE n . 
J ph ph 

For a blackbody energy d i s t r i b u t i o n : 

E = 2.7KT (2.32) 

where T i s the blackbody temperature of the photon f i e l d . For the 2.7°K 
-4 

f i e l d , s t a r l i g h t and far infr a r e d , we fi n d mean energies of 6.3 10 eV, 1.4 eV 
-2 

and 1.2 10 eV respectively. For gamma rays of 100 MeV, using 2*30 we fi n d : 

S t a r l i g h t : Y ~ 7-3 105 YE ~1 10k 

Far infrared: Y -7.9 10** YE ~ 9 102 

2.7°K blackbody: Y -3.5 105 YE - 2 102 

Thus, 2.21, i . e . the Thomson l i m i t , i s s a t i s f i e d . A f i r s t order 
12 

correction i s only necessary for E > 10 eV (see Blumenthal and Gould, 

1970). 

The gamma ray emissivity i s given by: 

q ( E y f r ) « 4n y<lE n p h(E, r ) J CiEy% E, E e) j ( E e , r ) dE g (2.33) 

The solution has a very simple form i f n p n(E, r) = n p n(E, r) 5^E-E), 

i n which oase 2.33 becomes: 
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dE , E m 2 $ 
q» ¥. r> . * « n p h ( r ) ^ J ( « t , r ) 6[E e - (3 - ^ - ) ] (2.3*) 

i . e . , using 2.50: 

5 m 2 \ 2 ^ 
,<E Y . r> . 2 « n p h ( r ) CT, (A.) E ? r) fl[«# -(AV) | 

(2.35) 

I f the electron spectrum i s a power law such that: 

j ( E , r ) dE o A(r) E~YdE e — e — e e 

then the d i f f e r e n t i a l gamma ray emissivity i s a power law proportional to 
E - ( Y+l ) / 2 a 2 > 3 5 b e c o m e 6 . 

J m 2 - (Y-D/2 

q ( E y , r ) = 2 IT n p h ( r ) <5^ A(r) E " ( Y + l ) / 2 (2.36) 

I t i s seen from 2.36 that: 

q ( E Y , r ) K w p h ( r ) E ( Y " 3 ) / 2 (2.37) 

Since the electron spectrum i n the region of interest (>1 GeV) has a 

slope close to Y= 3i the s e n s i t i v i t y on electron energy i s low and i n 

general, use of the average value, E, i s a good approximation. 

Ginzburg and Syrovatskii (1964) found the an a l y t i c a l solution to 

(2*32) where the photons have a blackbody d i s t r i b u t i o n and the electron 

spectrum has a single power lav= The solution i s 2*36 m u l t i p l i e d by a 

function of the electron spectral slope f(Y)> 

Y

2 + 4 Y + l l w Y + 5 \ 
f(Y) = 4.74 (1.05)Y = r f ] U ) ( 2 -38) 

(Y+ 1) ( Y+ 3) 2 (Y+ 5) 1 V 2 / 2 J 

where f~(X) i s the Euler gamma function and £(X) i s the Riemann zeta 
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function. As expected from 2.37, the correction i s small; e.g. f(2) = 0.86 

f(3 ) = 0.99. 

I n general the electron spectrum i s not of a single slope and the 

use of 2.38 i s l i m i t e d . P i c c i n o t t i and Bignami (1976) have derived the 

an a l y t i c a l expression for one break i n the electron spectrum. 

In t h i s work, the delta function approximation for photon energy 

for each of the photon f i e l d s i s taken. The energy density of the 

2.7°K f i e l d can be shown to be 0.25eV cm the energy density for star­

l i g h t i s taken as O.MfeV cm~^ (Allen, 1973); the energy density for the 

far infrared f i e l d i s taken to be 0.49eV cm"'* (see section 8.3). 

Using the mean energies given above and the electron spectrum i n 2.12, 

2.34 has been solved. The i n t e g r a l l o c a l production spectrum has been 

found using Romberg integration by decade (as for the bremsstrahlung 

case) and the result i s shown i n figure 2.3. The values found by other 

authors for the production above 100 MeV are shown for comparison i n 

table 2.2. The differences can be explained by the d i f f e r e n t electron 

i n t e n s i t i e s taken. 

The importance of far infrared radiation i n the Galaxy has only 

been appreciated of l a t e . The calculations of P i c c i n o t t i and Bignami 

(1976) employ an energy density of 0.2eV cm~'? based on results from two 

rocket f l i g h t s reported by Pipher (1973). In a more recent publication, 

since further infrared results have become available, these authors 

use a value of CteV cm"' (Bignami and P i c c i n o t t i , 1977). The value 

used i n the present calculations (see discussion i n section 8.3) 

causes the f a r infrared to dominate over the other inverse Compton 

contributions From figure 2.3 i t i s seen that l o c a l l y inverse Compton 
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Table 2.2 

The local inverse Compton production function found by various authors. 

The emissivity of gamma rays above 100 MeV i s given separately for the 

various photon f i e l d s . Only i n the l a s t two references has some account of 

. far infrared radiation been taken. 

Reference Electron 
Spectrum Used 

q( >100 MeV) cm"3 s" 1 

Reference Electron 
Spectrum Used 2.7°K Sta r l i g h t Far Infrared 

F i c h t e l et a l . 
(1976) 

Daugherty et a l . -
(1975) 

2.0 10**27 2.0 10" 2 7 

Dodds (1977) Cummings et a l . 
(1975) 

8.5 10" 2 8 2.7 10~ 2 7 

Stecker (1977a) 6.8 io" 2 7 1.7 10" 2 7 

P i c c i n o t t i and 
Bignami (1976) 

Daugherty et a l . 
(1975) 

2.3 10" 2 7 1.3 10" 2 7 1.44 10" 2 7 

(Far infrared 
energy density 
0.2eV cm-3). 

Present Work Goldstein et a l . 
(1970) 

5.0 lo" 2 7 3.5 lo" 2 7 7.3 10" 2 7 

(Far infrared 
energy density 
0.49eV cm-3). 
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scattering i s not a major source of cosmic gamma rays, providing only eight 

per cent of the t o t a l y i e l d above 100 MeV. 

2.5 RELATIVE IMPORTANCE OF THE PRODUCTION MECHANISMS WITH POSITION IN 

THE GALAXY 

I t i s seen from figure 2.3 that l o c a l l y for energies above 100 MeV 

the contribution to the gamma ray f l u x from neutral pion decay i s 

dominant, with 26$.and 8$ of the t o t a l emissivity from bremsstrahlung and 

inverse Compton scattering respectively. Below 30 MeV bremsstralhung 

dominates (see Fichtel et a l . , 1976), but i t must be emphasised that the 

uncertainty i n the l o c a l primary electron i n t e n s i t y i s about a factor of 

two or greater. 

To f i n d the v a r i a t i o n of emissivity with position i n the Galaxy the 

following variables ( a l l position dependent) are defined: 

r ) • • cosmic ray proton number density. 

% ( E ' r ) • - primary electron number density. 

n e s ( E ' r ) • - secondary electron number density. 

n ^ r ) - i n t e r s t e l l a r matter density. 

- energy density of dominant photon f i e l d . 

For a given position, the dependence of the emissivity on these 

variables for each of the three gamma ray production mechanisms i s : 

q (neutral pion decay) 

q (bremsstrahlung) 

q (inverse Compton) 

" P 

« U e p + n e s ) "H 
•̂ae n 

«c (n + n ) w . ep es ph 

P"H 

I 
^— M n n.. 

(2.39) 

(2.40) 

(2.41) 
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I t i s probable that n ( r ) oc n ( r ) since there i s no strong evidence 
p — ep — 

(1) 
at present to suggest otherwise. A j u s t i f i c a t i o n for the proportionality 

i s given by Paul et a l . (197^, 1976), based on the s i m i l a r i t y between the 

gamma ray and 130 MHz radio synchrotron longitude and l a t i t u d e Galactic 

p r o f i l e s . 

We now consider the p o s s i b i l i t y of one of the minor contributors 

(inverse Compton or bremsstrahlung) becoming dominant. Turning f i r s t to 

inverse Compton scattering, from 2.1+1 i t i s seen that the location of 

highest percentage contribution i s that of maximum s t a r l i g h t and far i n f r a ­

red energy density, i . e . the Galactic centre. The f l u x i n t h i s direction 

has been calculated by several authors, but not without assumptions as to 

the v a r i a t i o n of photon density with position. Dodds et a l . (1975a) and 

Bignami and P i c c i n o t t i (1977) take the s t a r l i g h t energy density as 

increasing i n proportion to the t o t a l mass density. Shukla and Paul 

(1976) have calculated the energy density as the i n t e g r a l over star sources 

with no Galactic absorption. They argue that "absorbed" radiation i s just 

scattered and emitted at a redder wavelength causing a negligible change 

i n t o t a l energy density. However, i n t h i s case t h e i r normalisation to the 

lo c a l s t a r l i g h t energy density of Allen (1973) i s not v a l i d . Bignami and 

P i c c i n o t t i are the only authors to include the far infrared photon f i e l d 

to which they assign a loc a l energy density of O.̂ eV cm ̂  and a d i s t r i ­

bution closely following that of molecular hydrogen (Gordon and Burton, 

1976). The calculations a l l agree that the contribution to the observed 

f l u x at about 100 MeV i s small compared with the other two mechanisms. As 

a consequence of the higher matter density i n the inner Galaxy, the 
(1) The very recently reported gamma ray measurements (see Section A.5) now 
however suggest a steep Galactic gamma ray spectrum uncharacteristic of pion 
decay and implying that elsewhere i n the Galaxy the primary electron to 
proton density r a t i o i s higher than l o c a l l y . 
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bremsstrahlung f l u x w i l l dominate that from inverse Compton scattering 

even i n the event of a.much higher electron to proton density 

r a t i o causing the neutral pion decay f l u x to be overridden. 

The bremsstrahlung contribution r e l a t i v e to that from neutral pion 

decay i s increased with matter density due to the higher y i e l d of 

secondary r e l a t i v e to primary electrons (see equations 2.39 and 2 . t o ) . 

However as the density of matter increases, the energy losses of electrons 

and protons become important. For a conservative Galactic containement 

time of ̂ .5 10^ years, matter densities of only 10 atoms cm"^ and 

20 atoms cm' ' w i l l t y p i c a l l y cause some energy loss for electrons and 

protons respectively before escape (see Chapter k and p a r t i c u l a r l y figures 

^ . ' t , *».5)» The l i m i t i n g case, considered i n d e t a i l i n Chapters *t and 5» 

i s that i n which the proportion of secondary electrons i s a maximum. This 

corresponds to a high enough density for t o t a l energy loss of a l l the 

pa r t i c l e s . I t i s found that although the contribution to bremsstrahlung 

from secondary electrons i s now about a factor of 2.5 greater than that 

from primary electrons for n cc n , nion decay s t i l l dominates at about 

100 MeV. Fichtel et a l . (l"'76) fin<i that for the integral along the l i n e 

of sight towards the Galactic centre, primary electron bremsstrahlung 

dominates over the secondary electron contribution. 

In conclusion, unless the primary electron to proton density r a t i o 

i s greatly increased i n some location in the Galaxy,neutral pion decay 

i s everywhere dominant over bremsstrahlung as a production mechanism 

for 100 KeV gamma rays. The l i n e of Right contribution from inverse 

Compton scattering in the direction i n which i t i s a maximum i s s t i l l 

lower than from bremsstrahlung. 



- 2h -

C H A P T E R T H R E E 

THE SPATIAL DISTRIBUTION OF GALACTIC GAMMA RAY EMISSIVITY 

ABOVE 100 MeV AND ASSESSMENT OF POSSIBLE PRODUCTION MODELS 

3.1 INTRODUCTION 

I n t h i s Chapter, the Galactic gamma ray observations are introduced. 

We consider to what extent they v e r i f y the conclusions of the previous 

Chapter about t h e i r production mechanisms. The observations of i n t e r ­

s t e l l a r gas are reviewed, and a method for unfolding the gamma ray f l u x 

data to obtain the s p a t i a l emissivity of gamma rays i s described. The 

possible spatial correlation of gamma ray emissivity with gas density i s 

considered and an assessment made of current Galactic gamma ray production 

models. 

3.2 THE GALACTIC GAMMA RAY ENERGY SPECTRUM 

A summary of gamma ray experiments i s to be found i n Appendix A. 

Spectral information on the Galactic f l u x i s very l i m i t e d ; a compilation 

of results towards the Galactic centre i s shown i n figure 3<1* The exact 

longitude and l a t i t u d e range to which the various results apply d i f f e r 

and are given i n tables A.3 and A.4. At the time of w r i t i n g the best 

data are from the SAS-2 s a t e l l i t e ( F i c h t e l et a l . , 1975), but soon results 

from the presently o r b i t i n g COS-B spacecraft w i l l be available. Also 

shown i n figure 3»1»for comparison with the observations, are the i n t e g r a l 

neutral pion production spectrum of Stecker (1970), and a power law of 

slope -0.8 (see figure 2.3)* both normalised to be consistent with the 

SAS-2 data at 100 MeV. The power law i s chosen to be consistent with the 
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Figure 5.1 Integral p l o t of observations of gamma rays towards the Galactic 
centre. The longitude and l a t i t u d e ranges to which individual results apply 
are found i n tables A.3 and A.4. For comparison fthe neutral pion proguction 
spectrum and power law of slope - 0 . 8 are shown, both normalised at 10 eV. 
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$Share et al. ( 1 9 7 4 b ) , fflDHelmken and Hoffman(1973)t f Frye et a l . ( l 9 7 4 ) , 
$ F i c h t e l et al . ( 1 9 7 2 ) , * Dahlbacka et al . ( 1 9 7 3 ) i f Bennett et al . ( 1 9 7 2 ) , 
j Browning et al.(1 9 7 2 a ) . 
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inverse Compton contribution, but bremsstrahlung w i l l produce a s l i g h t l y 

steeper slope at about 100 MeV. The SAS-2 data appear inconsistent 

with wholly neutral pion production, but accuracy i s not high enough for 

the percentage of bremsstrahlung and inverse Compton production to be 

fir m l y deduced. The SAS-2 data are consistent with a zero neutral pion 

contribution, but t h i s i s not supported by the balloon measurements of 

Sood et a l . (19?k). I t i s seen from figure 3.1 that the balloon obser­

vations are very scattered. The c r i t i c a l region where more results are 

required i s between 100 MeV and 500 MeV so that i t can be determined 

how much of the characteristic pion production "shoulder" i s present. 

Current observations do not contradict the conclusions of Chapter Two, 

but are i n s u f f i c i e n t to evaluate the precise contributions from the 

various mechanisms. 

3.3 THE DISTRIBUTION OF INTERSTELLAR GAS 

3.3.1. Relevance to Gamma Ray Observations 

As discussed i n Chapter Two, the production of Galactic gamma 

rays yields information on the product of cosmic ray i n t e n s i t y and gas 

density. Clearly, i f the cosmic ray i n t e n s i t y i s uniform and the gas 

and cosmic rays have similar scale heights, < z > , the column density of 

gas i n any d i r e c t i o n would be proportional to the measured gamma ray 

f l u x i n that d i r e c t i o n . The constants of proportionality are determined 

using the l o c a l l y observed cosmic ray spectrum. Such a comparison 

towards the anticentre, where the gas density i s low and i n the form of 

atomic hydrogen, has led Dodds et a l . (1975b) to conclude that there 

must be a decrease of cosmic ray i n t e n s i t y at large galactocentric 

r a d i i (R >15 kpc). Towards the centre of the Galaxy the s i t u a t i o n i s 
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le6B c l e a r . Here the m a j o r i t y of the gas appears to be i n the form of 

molecular hydrogen, K^* The o b s e r v a t i o n a l e r r o r s are of the order of a 

f a c t o r of two ( s e e below), and must be coupled with e r r o r s i n the gamma 

ray o b s e r v a t i o n s . The t e n t a t i v e c o n c l u s i o n s , however, suggest an 

i n c r e a s e i n cosmic ray i n t e n s i t y towards the G a l a c t i c c e n t r e ( s e e s e c ­

t i o n 3 « 5 ) . 

Any model i n c l u d i n g non-uniform cosmic ray d e n s i t y r e q u i r e s a map 

of the s p a t i a l d i s t r i b u t i o n of gas. I n the f o l l o w i n g two s u b s e c t i o n s 

the extent to which t h i s i s now a v a i l a b l e i s d i s c u s s e d . The two main 

c o n s t i t u e n t s of the gas, n e u t r a l atomic hydrogen and molecular hydrogen, 

a r e considered s e p a r a t e l y . The d i s t r i b u t i o n of h e a v i e r atoms and 

molecules i s not d i s c u s s e d , but a s mentioned i n s e c t i o n 2 .2 i t i s 

a p p r o p r i a t e to m u l t i p l y the mass i n hydrogen by a f a c t o r of 1.4 to 

account f o r a l l s p e c i e s . 

3*3.2. N e u t r a l Atomic Hydrogen i n the Galaxy 

The 21 cm h y p e r f i n e t r a n s i t i o n l i n e o f n e u t r a l atomic hydrogen, 

HI, was d i s c o v e r e d i n the Galaxy i n the e a r l y 1950 's. S i n c e then HI has 

been observed i n every d i r e c t i o n i n the Galaxy. The h i g h e s t r e s o l u t i o n 

survey to date i s t h a t of Westerhout ( 1 9 7 3 ) . 

The o b s e r v a t i o n s a r e o f b r i g h t n e s s temperature a s a f u n c t i o n of 

frequency. The f r e q u e n c i e s , doppler s h i f t e d from the n a t u r a l v a l u e of 

1^20.*i06 MHz, a r e converted to r a d i a l v e l o c i t i e s with r e s p e c t to the 

l o c a l standard of r e s t . The o b s e r v a t i o n s a l l o w a determination of the 

G a l a c t i c r o t a t i o n curve, i . e . the l i n e a r r o t a t i o n a l v e l o c i t y a s a func­

t i o n o f G a l a c t o c e n t r i c r a d i u s , R. The method i n v o l v e s measuring the 

t e r m i n a l v e l o c i t y along each longitude £, which r e l a t e s to R = R q s i n C , 

where R i s the d i s t a n c e between the G a l a c t i c c e n t r e and the Sun, ( f o r 
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a description of the method see Burton, ll>7'+). For H >H the rotation 
o 

curve i s determined from f i t t i n g the t o t a l mass d i s t r i b u t i o n with the 

curve for R < R q (see for example Innanen, 1973)• Perturbations i n the 

rot a t i o n curve are caused by density fluctuations i n the Galactic mass 

d i s t r i b u t i o n . Burton (1976a, b), discusses the many d i f f i c u l t i e s involved 

i n unfolding the HI observations to give the spatial d i s t r i b u t i o n . 

Only i f the HI i s always o p t i c a l l y t h i n w i l l the measured bright­

ness temperature, Tg, relate d i r e c t l y to the column density, N̂ ,̂ by: 

N H I a 1.823 1 0 l 8 / T B ( v ) dv cm"2 

where v i s vel o c i t y . The HI emission begins to saturate .-it longitudes 

l ? | < 2 0 ° (Burton, 1976a). The correction factor manifests i t s e l f as 

almost a factor of two increase i n the derived HI volume density for 

R < RQ. Results for the smoothed volume density as a function of R, 

for R > 2 kpc, are tabulated by Gordon and Burton ( 1 9 7 6 ) . Also given i s 

the surface density d i s t r i b u t i o n where the scale height d i s t r i b u t i o n i s 

that of Baker and Burton (1975)* This height i s found to be approx­

imately 200 pc (FWHM) for R < 9*5 kpc, but increases at larger R. 

Although data for smoothed r a d i a l d i s t r i b u t i o n s are presented i n 

the l i t e r a t u r e , i t i s evident that there i s an asymmetry between the 

two hemispheres of the Galaxy and s p i r a l structure dominates. The 

i r r e g u l a r i t i e s i n the terminal v e l o c i t i e s point to the existence of 

s p i r a l arms. 

The density wave theory for s p i r a l galaxies was formulated by Lin 

and Shu (1967) , and Lin et a l . ( 1 9 6 9 ) . This theory provides a Galactic 

map for the interpretation of HI velocity-longitude brightness temper­

ature data. A recent review on the v a l i d i t y and a p p l i c a b i l i t y of the 
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density wave theory i s given by Roberts ( 1976 ) . In t h i s thesis the map 

evolved by Simonson (1976) i s used, which i s based on a theoretical 

density wave model similar to that of Lin et a l . ( 1 9 6 9 ) . Simonson 

generated longitude-velocity diagrams from the theoretical map and then 

perturbed the map to give a good f i t to the observations. He found that 

the Scutum and Sagittarius arms l i e at tangential points of longitudes 

33° and 50° respectively. This i s i n agreement with Burton (1971) whose 

best f i t s p i r a l has a pitch angle which varies between 5 ° and 8 ° . Figure 

3*5 shows the map of ^imonson for the Scutum and Sagittarius arms with 

the addition of the 4 kpc r i n g given by Simonson and Mader ( 1973 )« The 

width of the arms i s greater than on the diagram, perhaps as much as 

1 kpc, and, although the density i s not completely uniform throughout 

the arms, the positions of t h e i r tangential points are well defined. The 

s p i r a l wave i s thought to terminate at a radius of about *f kpc (the inner 

Lindblad resonance), and the central region of the Galaxy must be treated 

separately. 

High velocity dispersions close to the Galactic centre were f i r s t 

observed by Rougoor and Oort ( 1 9 6 0 ) . The brightest feature i s the so 

called 3 or k kpc arm and there are other features closer to the centre. 

They exhibit f i n i t e v e l o c i t i e s at longitudes close to zero and, therefore, 

the arms are not simply r o t a t i n g about the Galactic centre. The fact 

that some of the features are out of the plane has been established by 

more recent surveys, see for example Kerr (1967) , van der Kruit (1970) , 

Wrixon and Sanders (1973) , Sanders and Wrixon ( 1973) , Cohen ( 1975) , and 

Cohen and Davis ( 1 9 7 6 ) . I t i s s t i l l not distinguishable as to whether the 

features are the results of explosions at the Galactic centre (van der 

K r u i t , 1971)* or are non-expanding e l l i p t i c a l features such that the 
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observed v e l o c i t i e s are only apparent expansions due to the orientation 

of the ellipses (Shane, 1972; Simonson and Mader, 1973). 

3»3»3» Molecular Clouds i n the Galaxy 

Cold dark clouds have been found to exist i n the i n t e r s t e l l a r 

medium. These are predominantly of H_>, which, i n the cold compressed 

regions, forms on grain surfaces and i s self-shielded against photo-

dissociation (Solomon and Wickramasinghe, 1969; Hollenbach et a l . , 

1971). The clouds have t y p i c a l densities of 10^-10^ H atoms cm"', sizes 

of 1-10 pc and temperatures of 5-20°K. 

Although nearby clouds have been studied for some time (see the 

review of Heiles, 1971), due to observational d i f f i c u l t i e s i t i s only 
» 

i n the l a s t two years that i t has been f u l l y appreciated that molecular 

clouds could be the dominant contributor to the i n t e r s t e l l a r gas. 

There are no emission l i n e s i n the radio or o p t i c a l range and 

the f i r s t observations of the molecules were rocket measurements of the 

Lyman absorption bands i n the u l t r a v i o l e t spectra of reddened stars 

(Carruthers, 1970; Smith, 1973). Since then a wealth of data have 

resulted from the Copernicus s a t e l l i t e (Spitzer et a l . , 1973; Spitzer 

and Jenkins, 1975)* Unfortunately, such observations are l i m i t e d to 

within a radius of 1-2 kpc due to extinction by i n t e r s t e l l a r grains. 
CO and NH, are seen i n emission and act as tracers of H_. NH, 3 2 3 

at 1.3 cm i s a weak l i n e , but observations have been reported for the-

Galactic centre dire c t i o n by Kaifu et a l . (1975). CO provides the best 

probe for clouds i n the Galaxy and surveys have been presented by 

Scoville and Solomon (1975), Burton et a l . (1975) and Gordon and Burton 

(1976). In addition, several observations of the Galactic centre have 

been made, but these are discussed separately i n section 4.2. The 
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other tracers of molecular hydrogen are OH and Ĥ CO which have been obser­

ved i n absorption against continuum sources near the Galactic centre. 

Unfortunately, the observed cloud s p a t i a l d i s t r i b u t i o n i s biased by that 

of the continuum sources. 

The CO l i n e normally observed i s the J = 1 -»0 t r a n s i t i o n at 2.6 mm 

and, due to the clumpy nature of the clouds, i s well resolved i n frequency. 

The t r a n s i t i o n J = 2 -*1 at 1.3 nun has also been seen (e.g. P h i l l i p s et a l . , 

1973)i but the large scale surveys for the Galaxy are r e s t r i c t e d to the 

2.6 mm l i n e . Unfortunately, there are d i f f i c u l t i e s involved with the 
12 

conversion of CO brightness temperature to Ĥ  density because the CO 
l i n e , which i s generally measured, i s o p t i c a l l y t h i c k . Three observations 

13 
of the rarer CO isotope, which i s o p t i c a l l y t h i n , have been made by 
Scoville and Solomon (1975)* A complete survey i n ̂ CO i s desirable, but 

12 
these observations take .about twenty-five times as long as CO measure-

13 12 
merits. The CO/ CO r a t i o measured by Scoville and Solomon ranges from 
1/2 to V6 which, compared with the i n t e r s t e l l a r abundance value of 
(Wannier et a l . , 1976), provides good evidence that CO i s o p t i c a l l y t h i c k . 

12 
I f the CO l i n e were o p t i c a l l y t h i n , then the column density would be 

proportional to the integrated brightness temperature along the l i n e of 

sight (as for the 21 cm measurements of neutral atomic hydrogen). How­

ever, i n the o p t i c a l l y t h i c k s i t u a t i o n , the observed brightness temperature 

i s a measure of the excitation temperature characterising the r e l a t i v e 

J = 1 and J = 0 le v e l populations. 

The approaches taken by Gordon and Burton on the one hand, and 
Scoville and Solomon on the other, to j u s t i f y the conversion of t h e i r 
12 
CO resultB to the H 2 density, are very d i f f e r e n t . Gordon and Burton 

12 13 
argue that the similar shape of the CO and CO li n e s indicates that 
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they are both o p t i c a l l y t h i n . A model to explain t h i s , based on multiple 

scattering of photons i n regions of large velocity gradients, i s given 

by Leung and Lis z t ( 1 9 7 6 ) . The column density of CO i s found from 

10$ of carbon i s assumed to be i n the form of CO, leading to n(CO)/n(H2) 

6 x 1 0 " 5 . 

Scoville et a l . (1976) argue that the clouds are o p t i c a l l y thick to 
12 

CO, but that each photon i s absorbed and scattered approximately i 

times before i t escapes the clouds. Thus, the excitation temperature 

and o p t i c a l depth are related. Detailed treatment (Scoville and Solomon, 

197*0, leads to: Tfi «C n j j ^ . Support for the analysis of Scoville and 

Solomon arises from Plambeck et a l . (1977) who compare the J = 2 - » 1 and 

J = l - » 0 spectra of CO i n 8 clouds and explain the symmetry i n the l i n e 

p r o f i l e s and i n t e n s i t i e s by large scale motions i n the cloud, thus r u l i n g 

out the small scale turbulence which i s a feature of the Leung and Liszt 

model. 

Excluding the Galactic centre, the smoothed r a d i a l d i s t r i b u t i o n s of 

volume density given by Scoville and Solomon (1975) and Gordon and Burton 

(1976 ) , both show maxima at about 5.5 - 6 kpc. However, whereas Scoville 

and Solomon obtain k H atom cm ' at the maximum, Gordon and Burton only 

obtain 2 H atom cm "'. Despite t h i s factor of two discrepancy, both sets 

of results agree that over 90$ of the hydrogen i n the inner Galaxy ( i n 

un i t s of number of atoms) i s i n molecular form. Burton and Gordon (1977) 
12 

f i n d that 65$ of the CO i s i n the r i n g *t < R < 8 kpc whereas only 36$ 

of the HI i s i n t h i s region and there appears no evidence for important 

concentrations of CO i n t o s p i r a l arms. 

12 J T ( 1 2 C 0)dv i n the usual way and i s multiplied by a factor of *K)/3 to 
13 correct for the r a t i o of the measured and i n t e r s t e l l a r CO/ CO r a t i o 
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The FWHM scale height of the gas i s found to be (105 + 15) pc 

(Scoville et a l . , 1976) and 118 pc (Burton and Gordon, 1976) . These 

results agree and show that the molecular hydrogen i s more confined to 

the plane than the atomic. 

From the table of HI and Hg densities of Gordon and Burton (1976) , 

we find a t o t a l density at the radius of the Sun of 1.1 H atoms cm-', 

of which 65# i s i n the form of The t o t a l agrees with the value 

found from the Copernicus observations (Jenkins, 1976) , but here the H^ 

i s only given as 20#« In t h i s work the local density i s generally 

taken as 1 H atom cm"'. 

I t seems, therefore, that the Galactic gas i s mainly i n molecular 

form, although i t s present density i s known to no better than a factor 

of two. I t i s possible that colder, as yet undetected, clouds are 

present, since Liszt et a l . (1977) f i n d CO i n absorption towards the 

Galactic centre which they suggest i s due to extremely cold clouds, 

somewhere along the l i n e of sight, at about 3°K. 

%k CALCULATION OF THE GALACTIC GAMMA RAY EMISSIVITY DISTRIBUTION 

3«^»1« Introduction 

The experiments designed to survey the Galaxy for gamma rays of 

about 100 MeV and above are those carried by the s a t e l l i t e s 0S0-3, SAS-2, 

and COS-B, (see Appendix.A). Of these,the la6t i s s t i l l i n operation 

and complete results for the Galaxy have yet to be published. The 0S0-3 

experiment had poor angular resolution, but paved the way for SAS-2, the 

results from which w i l l be used here. 

The SAS-2 data have been published i n the form of a d i s t r i b u t i o n 

i n Galactic longitude of gamma rays above 100 MeV integrated over _+ 10° 

of Galactic l a t i t u d e . Figure 3-2 shows the data i n longitude bins of 

1 
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5 ° published by Fichtel et a l . ( 1 9 7 5 ) . Further analysis has provided a 

d i s t r i b u t i o n i n longitude bins of 2^° published by Thompson et a l . ( 1976 ) , 

and shown here i n figure 3 . 3 . However, i t should be remembered that the 

angular resolution of the experiment i s about 3 ° . The positions of 

Galactic sources are indicated i n figures 3*2 and 3>3> The breaks i n the 

data around i = 150° and I = 300° are due to premature f a i l u r e of a 

power supply. The dashed l i n e shows the level of the high l a t i t u d e f l u x . 

I t has been estimated from six observations i n directions away from the 

Galactic plane. The question of whether t h i s f l u x i s indeed isotropic 

and the likelyhood of i t being of extragalactic o r i g i n are considered i n 

l a t e r chapters. However, i t i s clear that the Galactic plane i s a strong 

source of gamma rays rendering the high l a t i t u d e f l u x small i n comparison. 

The strong feature of the d i s t r i b u t i o n s , also found by the e a r l i e r 0S0-3 

experiment, i s the broad enhancement within about +_ 30° of the Galactic 

centre. 

There are two motives for unfolding the gamma ray f l u x d i s t r i b u t ­

ions to give the s p a t i a l emissivity; f i r s t l y , to enable the t o t a l gamma 

ray y i e l d from the Galactic disc to be determined, and secondly to allow 

comparison with gas features. The simplest model, that of r a d i a l 

symmetry, i s taken to permit easy comparison with the r a d i a l gas d i s t r i ­

butions presented by Scoville and Solomon (1975) and Gordon and Burton 

( 1 9 7 6 ) . Unfoldings of the SAS-2 data i n i t s e a r l i e r published form 

(Kniffen et a l . , 1973) using t h i s model, are given by Puget and Stecker 

(197*0 and Strong ( 1 9 7 5 ) . The method used here for the unfolding i s 

based on that of Strong (1975)* The work i s then extended for a model 

i n which the emissivity i s uniform along s p i r a l arm sections. 
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3 . ^ . 2 . Method of Analysis 

The analysis i s r e s t r i c t e d to the Northern Galactic Hemisphere 

because of the break i n the SAS-2 data around t = 3 0 0 ° . There are no 

known sources between longitudes 0 ° and. 90° to be subtracted before 

unfolding. I f A( i s the longitude binwidth of the observations, the 

i t h bin i s defined as that between longitudes ( i - l ) M and iA£ . The 

in t e g r a l f l u x (per u n i t area per second per u n i t angle) of gamma rays 

of energy above 100 MeV i n the i t h bin, J (>100 MeV), integrated over 

10° of l a t i t u d e , i s given by: 

l r*r° q ( r ' b?>l°° MeV) dt cos b db dr 
J. (>100MeV) = — / / / 

A e J
l f to (• H A . 4 * o -10 ( l - l ) A£ 

( 3 . D 

In 3*1i the l i n e of sight distance r , the longitude £ and l a t i ­

tude b constitute a spherical coordinate system centred on the sun. The 

problem i s to solve for the emissivity, q, as a function of c y l i n d r i c a l 

coordinates centred on the Galactic centre; R, © and z. A unique 

solution for q only exists for a specified functional dependence on 0 

and a. 

f i r s t l y , concerning z, a " f l a t slab" of uniform thickness and 

constant emissivity with height has been chosen. The use of a more 

elaborate model i s not j u s t i f i e d by the data. A value for the h a l f 

thickness, h, of 115 pc has been adopted. This value i s appropriate to 

the disc thickness i n HI, but i s a l i t t l e large for the molecular hydrogen 

(see section 3 - 3 ) . However, the unfolded d i s t r i b u t i o n i s not very 

sensitive to h because the high gamma ray emission regions are found to 

be at distances great enough for the whole of the disc thickness to be 

included i n the |b| < 10 opening angle. 

The two models for the v a r i a t i o n of q with 0 are described i n 

(a) and (b) below. 
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(a) Radially Symmetric Emissivity 

As shown i n figure 3„Ua, the disc i s divided i n t o constant emissivity 

rings such that the i t h r i n g corresponds to the i t h bin of data. The rings 

have inner and outer r a d i i of H sin ( ( i - l ) A t ) and R sin ( i A t ) 
o o 

respectively, where R q i s the Sun-Galactic centre distance. The emissivity 

i n the Galactic plane i s assumed to be constant for Galactocentric r a d i i , 

B, sa t i s f y i n g R Q sin 80° < R <15 kpc (the nth r i n g ) , and zero for 

R >15 kpc. 
We have: 

J i - f \ ^ \ <3-2> 
k3. 

where W. i s the emissivity of the kth r i n g and Q.. i s i t s contribution 
K. l i t 

to the f l u x observed i n the i t h bin. Using 3.1t the values for are 

given by: 
r. ,(b,C) +10° i At A. . „ A k2 r r

 d t cos b db dr 
U r . V . l ) -10° r l t j * " ' w - i u \ i - l ) At ^ 

(3.3) 

where r
k ^ ( b i C ) a*10" ̂ 2 ^ ' ^ a r e t h e ^ n t e r s e c t i o n l i n e of sight distances 

to the boundaries of the kth r i n g along the given b and £. 

3»3 can be rewritten: 
i AC 

Q.„= — f *M di (3.^) 
l k ( i - { ) A t 

Let and correspond to the distances of the far and near 

boundaries respectively the kth r i n g at b a 0° for a p a r t i c u l a r l o n g i -
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tude d i r e c t i o n . These values are easily calculated for a given r i n g and 

given d i r e c t i o n . Using the following d e f i n i t i o n s : 

h 
tan BA = 

* k l 
h 

tan BB = 

and replacing Jcos b db by Jdb (a good approximation of less than 1$ 

error since the maximum value of b i s 10°), we find: 

( i ) I f > h/tan( IT /l8) and Xfc2 > h/tan( n /l8), 

J k ( e ) - 2 [ h ki ( t a n ^ ) - h In ( tan + x f c l (n ( t a n 

- X k 2 ( n ( t a n ( { + f ) ) ] (3-5) 

( i i ) I f h/tan ( n/l8) and ^ h/tan(lt/l8) 

J k ( 0 = 2 [ ( X k l - X^) (n (tan lOn/36)] (3-6) 

( i i i ) I f X^ > h/tan (ll/l8) and h/tan (it/l8) 

1 k l 
- In (tan lOn/36) ] (3.7) 

Equation 3*^ i s evaluated using Simpsons integration. For each 

r i n g k and direction C» the values for X, , and X, „ are f i r s t evaluated 
KJ. Kd. 

and the appropriate expression from 3.5 - 3*7 chosen. 

From 3*2 i t can be seen that: 
n 

j„ - y. w, On 
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The emissivity of the outer r i n g , WR» i s f i r s t found, since: 

n n nn 

This value for wn i s then used i n 3.8 to f i n d Wn--̂  and the procedure 

repeated to find a l l the values for Ŵ . 

Rewriting 3*2 i n matrix notation: 

J = QW (3.10) 
Therefore, 

W = (Q)" 1 J (3.11) 

Since Q i s a matrix with a l l zero elements below the diagonal, the 

values for W can be found without calculating a l l the elements of the 

inverse matrix (equations 3*8 and 3*9). However, the error on each Vf^, 

expressed glrf^, i s given by: 

where 6J. i s the error on J. and q. . are elements of the inverse matrix 
X X KX 

of Q, i . e . 

q - ̂  (3.13) 

3.12 can be written: 

We define, 

1 JL Q k i 

V l = n-k . J j ^ Q (3.15) 
:+l * ( k + l > i 
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Since neighbouring elements of are very close i n value (see 

next Chapter and figures k,2 and *t*3) i then a good approximation for 

i s given by: 

J k * ( V i V i ) + \ V ( 3- l 6 ) 

Therefore equation 3 . 1 ^ becomes: 
n 2 £ 

( 3 . 1 7 ) 
8 W " " t [-5* s '* 

n k i - k + i Q ( k + D i 

This approximation allows the error on each to be calculated 

without finding the inverse matrix, and i s the method used i n the 

present work. 

(b) Constant Emissivity along l80° Spiral Sections 

Ths disc i s divided i n t o l8o° constant emissivity s p i r a l sec­

tions (see figure 3»^b). The equations for the s p i r a l arcs are of the 

form: 

R = A k e G t a n ( t ) (3.18) 

where the kth s p i r a l arc i s tangential to the longitude k AC • How­

ever, following Burton (1971) the t i l t angle, t , i s i t s e l f a function 

of R such that: 

t a n ( t ) = t,R + t ( 3 . 1 9 ) l o 

The values for t , and t are evaluated using the condition given l o 
by Burton that t = 8 ° at R = 5 kpc and t = 5 ° at R = 10 kpc, i . e . 

t Q = 0.1936 and ̂  = -0 .0106 . 
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The values of A^ for the n-1 s p i r a l arcs, which are tangential to 

successive longitudes of spacing &t out to I = 80°, are determined 

by geometry. The outer boundary of the nth section i s the disc boundary 

of R = 15 kpc, and outside t h i s the emi6sivity i s assumed to be zero. 

Figure 3*5 shows the f i v e s p i r a l arcs corresponding to k = 3» 5, 7» 8, 10, 

superimposed on the map of Simonson (1976), (see the discussion i n 

section 3«3«2). I t i s clear that t h i s s p i r a l i s a good f i t to the 

Sagittarius and Scutum s p i r a l arms. Since the unfolding procedure 

commences at the maximum longitude and progresses inwards, the divergence 

of the Galactic structure from that of a s p i r a l at r a d i i less than about 

*t kpc i s not important. 

The analysis i s similar to that f o r the r a d i a l l y symmetric emis-

s i v i t y . However, a double i t e r a t i o n procedure i s necessary i n t h i s case 

to f i n d values for and ^2" * n intersection of the kth s p i r a l with 

longitude ^ occurs when: 

R sinC o 0(0.1936-0.0106 R) R = A. e (3.20) 
sin (0-C ) 

r e w r i t i n g gives: 

f(0 
R sin P 

] - [0.1936 
0.0106 R © eint o 

A k sin(©- 6) sin(6- i ) 
(3.21) 

The two solutions for © i n the region between 0 and 180 can be 

found using Newton Raphson i t e r a t i o n , i n which the ( n + l ) t h estimate for 

©is found from the nth using: 
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Figure 5.5 The map of SimonsorH 1976) for the Scutum and Sagittarius arms, 
with the 4kpo r i n g of Simonson and Mader(1973). For comparison, the dashed 
lin e s show f i v e of the s p i r a l arcs which are representative of the pattern 
used i n the present work. These correspond to solutions of equation 3.19 
f o r k=3,5,7,8 and 10. 
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The i n i t i a l estimates of 0 are the two values which would be 
n 

appropriate i f the t i l t angle were zero ( i . e . r a d i a l symmetry). 

For a value of 6 corresponding to s p i r a l k and longitude I , the 

appropriate X^ i s given by: 
y sin 0 . ©(0.1936-(0.0106 X. sin? / s i n ©)) \ ' "sinT k e * 
3*23 i s solved for X̂  also using Newton Raphson i t e r a t i o n . 

Equation 3«^ can now be evaluated as before, using 3*5 - 3*7, and the 

unfolding and error analysis are as i n 3.8 and 3.17. 

3»̂ «3o Results and Conclusions 

The analysis has been f i r s t l y performed on the data shown i n 

figure 3-2 with the isotropic background subtracted. Here At = 5° 

and n = 17. 

The unfolded d i s t r i b u t i o n s shown i n figures 3.6 and 3*7 indicate 

that the data are consistent with r a d i a l symmetry (otherwise negative 

values of would be encountered). The re l a t i v e emissivity, w, as 

plotted can be converted to volume emissivity, q y, or surface emissivity, 

q s, using: 

q y (>100 MeV) = 9.** 10" 2 6 w cm"3 s" 1 

q ( >100 MeV) =6.5 10"5 w cm"2 s" 1 

s 

The molecular hydrogen r a d i a l d i s t r i b u t i o n of Scoville and Solomon 

(1975) i s shown i n figure 3*6, and the tabulated r a d i a l values for 

molecular plus atomic hydrogen of Gordon and Burton (1976) are given i n 

figure 3>7« In both cases the gas has been scaled to correspond to 

gamma ray emissivity, assuming a uniform cosmic ray i n t e n s i t y . The 
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Figure 3.6 Result of unfolding the data of figure 3.2 f o r a r a d i a l l y 
symmetric emissivity model. The conversion factors f o r w to volume 
or surface emissivity are given i n the text. The dashed l i n e shows 
the molecular hydrogen rad i a l d i s t r i b u t i o n of Scoville and Solomon(1975), 
scaled to correspond to r e l a t i v e gamma ray emissivity f o r constant cosmic 
ray i n t e n s i t y throughout the Galaxy. 
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Figure 3»7 The gamma ray emissivity unfolding aa i n figure 3«6. The 
dashed l i n e shows the Hp plus HI ra d i a l d i s t r i b u t i o n of Gordon and 
Burton(l976). The gas d i s t r i b u t i o n has been scaled to correspond to 
rel a t i v e gamma ray emissivity for constant cosmic ray i n t e n s i t y through­
out the Galaxy. 
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gamma ray emissivity (> 1 0 0 MeV) for the local cosmic ray spectrum has been 
-25 - 1 - 1 

taken as 1,5 10 H atom s (see figure 2 .3 and discussion i n Chapter 

2 ) . 

I t can be seen that apart from the Galactic centre where the errors 

i n the unfolding become very large, the maximum emission occurs i n bin 8, 

i . e . for R between 5*5 and 6.5 kpc. This correlates with the maximum i n 

the molecular hydrogen r a d i a l d i s t r i b u t i o n which i s between 5 and 6 kpc. 

The approximate factor of two discrepancy between the gas density at the 

maximum found by Gordon and Burton (1976) and Scoville and Solomon ( 1975 \ 

already discussed i n section 3»3» i s apparent from comparison of figure 

3.7 with figure 3*6. The factor by which the dashed l i n e s i n the two 

figures must be multiplied to give the gamma ray d i s t r i b u t i o n , gives the 

cosmic ray in t e n s i t y enhancement over the local value. I t i s of great 

importance to establish i f t h i s factor i s greater or less than un i t y 

anywhere i n the Galaxy, i n which case a Universal cosmic ray o r i g i n ( f o r 

energies close to 1 GeV) i s ruled out. Because of the large errors on the 

gamma ray data, no firm conclusions can be reached concerning the region 

between r a d i i of k kpc and 10 kpc except that i t appears from figures 3-6 

and 3*7 that an enhancement of cosmic rays i s required to produce the 

gamma ray maximum at 6 kpc. However, t h i s enhancement i s only about a 

factor of 2 i f the H^ results of Scoville and Solomon are used, and 

s l i g h t l y larger for those of Gordon and Burton. A factor t h i s size i s 

not r e a l l y large enough for strong conclusions to be drawn, since i t should 

be noted that the two published H^ density d i s t r i b u t i o n s d i f f e r i n magni­

tude by approximately the same factor. 
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From the radial unfolding i n figures 3.6 and 3.7, the t o t a l emis­

sion of gamma rays above 100 MeV from the Galaxy i s found to be 
k2 -1 1.3 10 * s A. 

The data of figure 3.2 have been unfolded for constant emissivity 

along l80° s p i r a l sections, and again consistency with the model i s found. 

Since the results are very similar to those for r a d i a l symmetry, i t i s 

not possible to distinguish the models on t h i s basis alone. I n order to 

correct for any bias from nearby gas, the results shown i n figure 3»8 are 

where the contribution from nearby ( < 1 kpc) gas as estimated by Puget 

et a l . (1975* 1976) i s f i r s t subtracted from the data. I n fact i t i s found 

that the local contributions are reasonably uniform and so do not mask 

large scale structure. The conversion of ŵ  to volume or surface emis­

s i v i t y i s as before. The dir e c t i o n for which the results are shown i s 

0 = l8o°, i . e . the radius vector joi n i n g the Galactic centre and the sun. 

The positions of the Scutum and Sagittarius s p i r a l arms are shown. 

(Their positions r e l a t i v e to the emissivity pattern are independent of 

0), I t i s apparent that the gamma ray enhancement does not correlate 

with the s p i r a l arm positions and i t can, therefore, be concluded that 

s p i r a l structure does not f i t the gamma ray d i s t r i b u t i o n . This a n t i -

correlation can be seen simply from the longitude gamma ray d i s t r i b u t i o n 

but has not been given attention i n the past. The general r i s e i n gamma 

ray f l u x towards the Galactic centre has been the basis for many models 

which correlate with the gas density, and, before the discovery of molec­

ular hydrogen i n a large scale i n the Galaxy, t h i s gas was a l l atomic and 

was assumed to f i t s p i r a l structure. However, the correlation clearly 

cannot be excellent since inspection of figures 3.2 and 3*3 reveals that 
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Figure 5.8 Result of unfolding the data of figure 3.2, f o r constant 
emissivity along 180 s p i r a l sections, with the contribution from nearby 
(<1 kpc) gas , as estimated by Puget et al.(1975,1976j, f i r s t subtracted. 
The results are f o r the radius vector j o i n i n g the Galactic centre and 
the Sun, and the positions of the Scutum and Sagittarius arms are shown. 
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Figure 3.9 Result of unfolding the data of figure 3*3 f o r a r a d i a l l y 
symmetric emissivity model. Errors completely mask structure i n the 
hatched region. 



iH ON 
cd 
O w n c o 
s i 
£ o 
+> -a 
<D S 
rH 

o 
KN -P 
rH <H 
s ° 

• H cd 

, d 

o 
o 

10 o c 
o +> 
2-§> 
& • a> «M a o 

X I 
0 a 
S r t . 

•a - - v 
cd 4) IB 

1 Cd rH <b -H e +» o 
+> -H -a 

* 
<H 0) H 
O £ rt 

-P -H 
C «H 
O £ 

ro += -a 
n ss 3 
E B H 

o co cd 
O rH O g « 

•H "O ° S C f a> 
a. +J 

° - & 

ai 



- 4? -

the r i s e i n gamma ray f l u x occurs at about . £ = 4 0 , whereas the Scutum 

and Sagittarius s p i r a l arms are seen tangentially at longitudes of 33° 

and 50° respectively. 

The data of figure 3.3 have also been unfolded. I n t h i s case, 

AC = 2j° and n » 33» For completeness, the result for a r a d i a l l y 

symmetric model i s shown i n figure 3.9. However, i t i s clear that with­

out smoothing over larger longitude bins the data are inconsistent with 

a r a d i a l unfolding. The r e l a t i v e emissivity can be converted to volume 

emissivity, q , or surface emissivity, q , using: v s 

q ( > 100 MeV) = 1J3 10" 2 5 w cm"3 s - 1 

v 
q ( > 100 MeV) =8.0 1 0 - 5 w cm - 2 s - 1 

s 

The longitude gamma ray data of figure 3.3 and the integrated l i n e 

of sight CO emission given by Burton and Gordon (1977) are compared i n 

figure 3*10. Both are seen to r i s e at a longitude close to 40°, which 

accounts for the good correlation of gas density with gamma ray emissivity 

shown i n figures 3*6 and 3*7* 

3.5 AN ASSESSMENT OF GALACTIC GAMMA RAY PRODUCTION MODELS 

I t has been shown i n Chapter 2 that gamma rays above 100 MeV i n 

the Galaxy are produced primarily i n proportion to the product of cosmic 

ray and gas density. Before molecular hydrogen was f i r s t discovered on 

a large scale i n the Galaxy (Scoville and Solomon, 1975)* the gamma ray 

f l u x was i n excess of that expected from a uniform cosmic ray density. 

Models such as those of Strong et a l . (1973), Bignami and F i c h t e l (197 <0 9 

and Dodds et a l . (1975a), were therefore proposed. The significance of 
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molecular hydrogen as a possible cosmic ray target material was pointed 

out by Dodds et a l . (197*0 and Solomon and Stecker (197*0, the former 

authors suggesting that the gas excess i s possibly s u f f i c i e n t to account 

for the gamma ray results with a uniform cosmic ray f l u x . Since then, 

models to accommodate the extra gas have been proposed. A compilation 

of models, l i s t i n g t h e i r important features, i s given i n table 3.1. 

A reasonable overall f i t to the gamma ray data i s obtained for 

models i n which the cosmic ray density, n^ R, i s proportional to some 

power, < , of the gas density. There i s disagreement between the 

values for K ; Stecker et a l . (1975) give tc = 0.3 and Kniffen et a l . 

(1977), f i n d cc = 1. The discrepancy can be accounted for by the fact 

that Stecker et a l . have used the molecular hydrogen d i s t r i b u t i o n of 

Scoville and Solomon (1975), whereas Kniffen et a l . use the lower values 

given by Gordon and Burton (1976). Fuchs et a l . (1976) use the d i s t r i ­

bution of Scoville and Solomon, together with some controversial argu­

ments on hydrostatic equilibrium to obtain the z d i s t r i b u t i o n , and f i n d 

that a constant cosmic ray density i n the inner Galaxy i s consistent with 

the gamma ray observations. 

Thus, so far, as expected from the discussion i n section 3.'+, and 

mainly because of uncertainties i n the gas density, results as to whether 

or not there i s a gradient of cosmic ray density i n the inner Galaxy are 

inconclusive. The value of Galactic models such as are l i s t e d i n table 3.1 

i s seriously l i m i t e d . 

The analyses of both Stecker et a l . (1975) and Kniffen et a l . (1977) 

employ the gas d i s t r i b u t i o n as a function of R. Stecker et a l . assume 
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Table 3.1 

Compilation of models proposed to f i t the Galactic gamma ray dis ­
t r i b u t i o n . The cosmic ray density i s denoted by n ^ , the gas density 
by i v , the gamma ray emissivity by q and the magnetic f i e l d strength 

by B.Y 

REFERENCE MODEL 

Strong et a l . (1973) 
Magnetic f i e l d model of Y 
Thielheim and Langhoff (1968) 

Bignami and Fichtel 
(197*0 "CR * JHI N. . .. \ * "CR "HI 

Spiral Gas Dis t r i b u t i o n Y 
Dodds et a l . (1975a) (a) oc Supernova density q *c 

(b) rigp w t o t a l mass Y 
density. 

Schlickeiser and 
Thielheim (197^a, b) 

q K B* for p = 3-4. 
Magnetic f i e l d model of 
Thielheim and Langhoff (1968) 

Paul et a l . (197^, 
1976) 

n C R oc njj PC B 2
 q^ « "CB "H 

n^p determined from radio 
synchrotron emissivity 
( *c n C R B 2) using s p i r a l 
Galaxy model. 

Bignami et a l . (1975) NCR * N ( H I + H 2) W h e r e q y K "CR " ( H I + H2) 
"H2 * "HI 
Spiral gas d i s t r i b u t i o n . 

Stecker et a l . (1975) NCR *• "(HI + H 2) q y * ^R "(HI + H 2) 
H 2 from Scoville and Solomon 
(1975). 
Radial gas d i s t r i b u t i o n . 

Fuchs et a l . (197.6) n_p constant i n inner Galaxy 
but decreases towards a n t i ­
centre. No power law of n_p 
on n„ gives good f i t . H from 
Scoville and Solomon (1975)* 
using hydrostatic equilibrium 
arguments. 

Stecker (1975) "CR <* supernova density q Y * n C R n ( R I + } 

Kniffen et a l . (1977) "CR * "(HI + H 2) Q
Y * n C R n ( H I + ^ 

H2 from Gordon and Burton 
(1976) 
Spiral Gas D i s t r i b u t i o n . 
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r a d i a l symmetry, whereas Kniffen et a l . use a s p i r a l form. Information 

on gas position i s smoothed i n such analyses. 

In summary, from the work i n t h i s Chapter, the following two con­

clusions are arrived at: 

(1) The gamma ray data and s p i r a l structure are not well corre­

lated., This i s seen from inspection of the gamma ray 

observations at longitudes which are tangential to s p i r a l 

arms. I t i s more evident from the gamma ray unfolding 

using s p i r a l symmetry. 

(2) At present no d i s t i n c t i o n can be made between uniform and 

varying cosmic ray density i n the inner Galaxy (R < R ) 
o 

from the general longitude d i s t r i b u t i o n . This i s apparent 

from figures 3*6 and 3*7 and i s supported by the conclus­

ions of authors modelling the inner Galaxy. 
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C H A P T E R F O U R 

THE GALACTIC CENTRE; A THICK TARGET REGION FOR COSMIC RAYS 

4.1 THE GAMMA RAY FLUX FROM THE GALACTIC CENTRE 

4.1.1. The Observations 

I n the previous Chapter i t was found that, on the basis of present 

knowledge of the large scale d i s t r i b u t i o n of gamma rays and gas i n the 

inner Galaxy, no firm conclusions can be reached regarding the possible 

i n t e n s i t y v a r i a t i o n of the cosmic ray progenitors. I n t h i s Chapter we 

direct attention to a region which has attracted much study i n X-ray, 

infr a - r e d , millimeter and radio astronomy; the Galactic centre. 

The SAS-2 experiment found an enhancement of gamma rays (above 100 

MeV) within about 10° of the Galactic centre. The enhancement i s evident 

from inspection of figure 3.3 where the longitude d i s t r i b u t i o n i B presented 

i n the smallest bin size compatible with the angular resolution of the 

experiment. Detailed study of the Galactic centre by the COS-B experi­

ment i s s t i l l awaited although the provisional results published 

(Bennett et a l . , 19?6) do not corroborate the existence of the enhancement. 

The data of figure 3*3 within 30° of the Galactic centre have been 

replotted i n figure 4.1. The FWHM of the central peak i s about 6° 

although t h i s includes some experimental broadening. The presence of 

broadening i n the data of figure 3-3 i s confirmed by the width of the 

peaks representing the Crab and Vela point sources. 
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Figure 4.1. The f l u x of gamma rays above 100 MeV f o r longitudes close to 
the Galactic centre from Thompson et al . ( l 9 7 6 ) . The dashed l i n e i s the 
estimate of the contribution for R >2.59 kpc. 
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4.1.2. The contribution from R > 2.6 kpc 

The f l u x contributed by the region outside a certain radius from 

the Galactic centre i s to be calculated and subtracted from the obser­

vations. One possible method would be to use the values found for W i n 

greater than R q sin (m At)» where m i s some integer less than 33» i s 

expressed: 

The f i t to the observations using t h i s method i s exact for bins 

with i ^ m + 1. However, the observed d i s t r i b u t i o n of gamma rays i s 

not symmetrical about the Galactic centre. The analysis i n Chapter 3 

i s only for the Northern Galactic Hemisphere and a r e p e t i t i o n for the 

Southern Hemisphere i s not possible from the present observations due 

to the break at about 300° longitude. The non-symmetry of the data means 

that a treatment of the two hemispheres independently would cause a di s ­

continuity i n the r i n g emissivities at t a 0°. furthermore, i t has 

been found that the present unfolding method i s not applicable to the 

data i n 2-J° bins of longitude. The small size of the bins causes 

structure to appear i n the longitude d i s t r i b u t i o n which i s probably false 

considering the large errors and l i k e l i h o o d of overlap between neighbour­

ing bins (the binwidth and experimental resolution are roughly equal). 

However, despite t h i s , the central enhancement over the values close to 

• 10° i s present i n both figures 3»2 and 3-3 and appears a true 

feature. 

Chapter 3 for A£ = 2j°. The f l u x contribution to bin i for r a d i i 

33 Him = m + 1 i f i 4 m + 1 
mm = i i f i > m + l (4.1) 
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To avoid bias to one part i c u l a r Galactic Hemisphere i n calculating 

the average for the foreground f l u x towards the Galactic centre, we 

adopt a model for the emissivity d i s t r i b u t i o n . From those discussed i n 

section 3.5 we chose that of Kniffen et a l . (1977) i n which the gas 

density follows that of Gordon and Burton (1976) and the cosmic ray and 

gas densities are proportional i . e . the gamma ray emissivity i s propor­

t i o n a l to the gas density squared. 

For a bin size of At = 5°i 4.1 can be written: 

17 
J - V o w mm = m+ l i f i « m + l ,. v i " ,Zj s i k k mm = i i f i > m + 1 v 

k=mm 

As found i n Chapter 3i 

Wk = 9.** 10"2 6 wk (4.3) 

where w i s the volume emissivity d i s t r i b u t i o n normalised to unity i n 

r i n g 17, i . e . w^ =1. The elements of the matrix Q were calculated i n 

the previous Chapter and are shown here i n figures 4.2 and 4.3. These 

correspond to f l a t slabs of t o t a l thickness 230 pc and 117 pc to 

represent HI and H 2 respectively. As expected, comparing the two 

figures i t i s seen that the r e l a t i v e importance of rings of large i i s 

greater i n the case of the smaller slab thickness. Since i n the present 

model the cosmic ray i n t e n s i t y i s proportional to the gas density, the 

contributions from the HI and H., discs are not independent. 

One disc size only can be used and that of the HI i s taken. This 

i s chosen because the gas i n r i n g 17, which determines the normalisation 

of the d i s t r i b u t i o n , i s mainly atomic. Furthermore, the choice i s 
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Table 4.1 

The vari a t i o n of gamma ray emiesivity, w, with radius, normalised 

to unity at the Sun, and based on proportionality to the square of the 

sum of surface densities of H_, and HI. The gas densities are based on 

Values given by Gordon and Burton (1976). 

Ring Number Radius I n t e r v a l 
k kpc w k 

4 2.59 - 3.42 1.50 

5 3.42 - 4.23 2.75 

6 ^.23 - 5 8.65 

7 5 - 5.74 10.81 

8 5.74 - 6.43 8.50 

9 6.43 - 7.07 4.86 

10 7.07 - 7.66 5.67 

11 7.66 
i 

8.19 4.10 

12 8.19 - 8.66 2.14 

13 8.66 - 9.06 1.07 
14 9.06 - 9.*K) 1.40 

15 9.40 - 9.66 1.45 

16 9.66 - 9.85 1.48 

17 9.85 - 15 1 
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Table 4.2 

The f l u x values, J^, calculated from equation 4.2, where the r e l a t i v e 

emissivity values ŵ  are as i n table 4.1 and values for (the f l u x 

contribution of the kth r i n g to the i t h bin) are shown i n figure 4.2. 

Bin Number 
i 

Longitude I n t e r v a l 
(degrees) 

17 

k=m 

m = 4 i f i < 4 . 
m = i i f i > 4 

J. 
1 

-2 -1 .-1 cm s rad 

1 0-5, 355-360 20 7.02 10* 7.09 10" 5 

2 5-10, 350-355 7.13 10 2 0 7.20 10" 5 

3 10-15, 345-350 7.41 10 2 0 7.46 10" 5 

4 15-20, 340-345 7.94 10 2 0 7.96 10"5 

5 20-25, 335-340 8.64 10 2 0 8.62 10" 5 

6 25-30, 330-335 9.39 10 2 0 9.32 10~ 5 

7 30-35, 325-330 8.79 10 2 0 8.76 10" 5 

8 35-40, 320-325 7.20 10 2 0 7.27 10" 5 



- 52 -

j u s t i f i e d because the highest gamma ray emissivity occurs at Galacto-

centric r a d i i small enough for the angular range of the experimental 

results to encompass a l l emission for either disc thickness. 

Equation 4.2 i s solved for m = 3i i . e . the f l u x includes c o n t r i ­

butions from a l l regions at Galactocentric r a d i i greater than 2.59 kpc. 

The values for are shown i n table 4.1. In t h e i r derivation, 

p r o p o r t i o n a l i t y to the square of the sum of HI plus H„, surface density, 

as given by Gordon and Burton (1976), i s assumed. The surface density 

rather than volume density i s used because of the d i f f e r e n t scale heights 

of the two gas components. The r i n g boundaries here are d i f f e r e n t from 

those used by Gordon and Burton and the conversion i s unfortunately 

approximate since the gas, p a r t i c u l a r l y the molecular hydrogen, i s 

patchy. Table 4.2 shows the corresponding values for J^, where a 
-5 -2 -1 -1 

contribution of 0.5 x 10 cm s rad has been added to the values 

derived from 4.2 to account for the diffuse background f l u x . The results 

are shown i n figure 4.1. 

The f l u x originating w i t h i n 2.6 kpc of the Galactic centre i s found 
-6 -2 -1 to be about 6.7 x 10~ cm~ s" . 

4.2 GAS NEAR THE GALACTIC CENTRE: THE 300 pc RING 

Within a few hundred parsecs of the Galactic centre the gas i s pre­

dominantly molecular and forms dense clouds. 

The molecular gas was f i r s t observed i n absorption l i n e s of OH 

(Robinson and McGee, 1970; McGee, 1970) and H2C0 (Scoville and Solomon, 

1973 and references therein). The study of these data, together with the 

NH^ emission measurements of Knowles and Cheung (1971), led Kaifu et a l . 

(1972) to propose a model i n which the gas forms an expanding r i n g . The 
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radius of the r i n g i s 270 pc and i t has ro t a t i o n and expansion v e l o c i t i e s 

of 50 km s ̂  and 130 km s" 1 respectively. A contracting r i n g inside at 

iko pc, which could be the counter shock produced by the outgoing motion, 

was proposed to explain the positive velocity OH and H2CO absorption. 

Scoville (1972), suggested a similar expanding r i n g model for the gas i n 

which the radius i s 220 pc and the ro t a t i o n and expansion v e l o c i t i e s are 

50 km s 1 and 1^5 km B"^ respectively. The r i n g shows an asymmetry; i t 

extends to 305 pc at positive longitudes and 218 pc at negative longitudes. 

Scoville requires a l l the H I I regions, except the non-thermal core of 

Sgr A, to l i e on the far side of the expanding r i n g . This i s not con­

sistent with t h e i r recombination l i n e v e l o c i t i e s . 

The OH and Ĥ CO absorption measurements exclude gas l y i n g beyond 

the continuum sources. These sources mainly l i e close to the Galactic 

centre and t h e i r exact positions influence the measurements. Observat­

ions of emission l i n e s provide more complete information. 

The f i r s t Galactic centre survey of CO emission was that of Solomon 

et a l . (1972). . Only positive v e l o c i t i e s were observed and sampling was 

only every 6' of longitude. More extensive measurements were recorded by 

Scoville et a l . (197*0. The mass within 600 pc of the centre was 
7 8 

estimated as 10 -10 M̂ , which i s very much greater than that i n atomic 

hydrogen (see references given i n section 3«3.3). The value i s uncertain 

since no observations of ''CO i n t h i s direction were made to enable the 

CO op t i c a l depth to be found. Scoville et a l . (197*0 suggest that i n 

place of a rot a t i n g expanding r i n g , the gas forms a r o t a t i n g expanding 

two-armed s p i r a l . Further observations i n CO of the Galactic nucleus are 

presented by Sanders and Wrixon (197*0 and Liszt et a l . (1975). The 
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most complete survey of the region i n the NĤ  emission l i n e i s that of 

Kaifu et a l . (1975). 

A CO survey within 1° of the centre has been recently reported by 

Lisz t et a l . (1977). The spatial resolution i s 1' to 2'. These authors 

found that the features are well correlated with HI and therefore i t i s 

not necessary to invoke a model of expansion for the gas since the HI can 

be explained by pure r o t a t i o n . More doubt i s cast on the expansion models 

by Bania (1977) who finds a substantial amount of CO i n t e r i o r to 300 pc 

which would not be expected i f the explosion were r e l a t i v e l y recent and 

the "snow plough" effect operative. However, i n conclusion, expansion i s 

not excluded although the gas i s cert a i n l y more patchy than suggested by 

the models of Kaifu et a l . (1972) and Scoville (1972). 

Bania (1977) also finds good correlation with the inner HI features 

of Cohen and Davies (1976). He estimates the Ĥ  mass to be higher than i s 
g 

given by Scoville et a l . (1974), with an upper l i m i t of 7.10 M and a 
g 

preferred value of 3.5 10 M . However,he adopts the method used by 
0 

Gordon and Burton (1976) for converting the CO results to H,,, about which 

there i s controversy (see discussion i n section 3»3«3). Scoville et a l . 

(1976) maintain that the k i n e t i c temperature of the clouds i n the Galactic centre 

region i s higher than elsewhere due to heating by infra - r e d sources, and 

therefore the actual mass i s closer to the value they o r i g i n a l l y put 

forward i n Scoville et a l . (1974). 

The longitude d i s t r i b u t i o n of Bania (1977) for -10° < t < 10° 

cle a r l y shows that a l l the molecular gas within 2 kpc of the centre i s 

concentrated inside a radius of about 350 pc. 

The atomic hydrogen observations are discussed i n section 3«3.2. 

The sum contribution to the mass from a l l the features close to the 
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Galactic centre i s less than from molecular hydrogen. However, from the 

results given by Cohen and Davies (1976) the mass of atomic hydrogen 
7 

inside a 2.5 kpc radius i s as large as 2 10 M . The mass i s distr i b u t e d 
e 

amongst features throughout the region, unlike the molecular hydrogen 

which shows high concentration within 500 pc. 

In the following calculations of gamma ray emission from the 

Galactic centre i t i s assumed that the gas within 2.5 kpc i s a l l concen-
7 

trated i n the smaller radius of 300 pc. A t o t a l mass of 5 10 M i s 
9 

adopted, although effects due to the uncertainty of t h i s value are con­

sidered. Adopting a z thickness for the gas of 70 pc (Kaifu et a l . , 1972), 
7 3 

gives a volume of about 2 10' pc i n t e r i o r to a 300 pc radius and a 
7 3 

volume of about 10 pc for rings with similar dimensions as those of 

Kaifu et a l . (1972) and Scoville (1972). This implies a mean gas density 

of 220 atoms cm ' or 110 atoms cm"', with or without r i n g confinement 

respectively. However i t should be remembered that individual clouds 
3 5 -3 

have densities i n the range 10-10 atoms cm ̂  and therefore the gas 

d i s t r i b u t i o n i s extremely clumpy. 

4.3 ENERGY LOSSES OF PRIMARY COSMIC RAYS IN HYDROGEN 

4.3.1. Introduction 

The gamma ray production functions for the l o c a l cosmic ray proton 

and electron i n t e n s i t i e s are shown i n figure 2.3- Two factors w i l l 

influence the spatial dependence of in t e n s i t y of the primary cosmic rays. 

F i r s t l y the o r i g i n of the p a r t i c l e s and secondly the energy losses they 

undergo. 

I f the primary cosmic rays are of Galactic o r i g i n the spatial inten­

s i t y i s determined by the source d i s t r i b u t i o n . This i s d e f i n i t e l y the 
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case for electrons due to the fact that a high extragalactic electron flux 

would quickly lose i t s energy by interaction with the 2.7° K blackbody 

remnant radiation. The question of whether or not the protons of a few 

GeV i n energy are of Galactic origin was considered i n Chapter 3» Definite 

conclusions cannot be drawn as yet but the best evidence for Galactic 

o r i g i n comes from the study of the flux i n the anticentre by Dodds et a l . 

(1975b). 

In general, the l i f e t i m e of cosmic rays in the Galactic disc i s found 

to be a factor of ten or more shorter than the i r energy l o s s time. 

However, i t i s l i k e l y that there are regions i n the disc where p a r t i c l e s 

can be trapped for long enough for s i g n i f i c a n t , or even t o t a l , energy 

l o s s to occur. 

4.3.2. Proton energy losses 

Protons undergo energy los s e s i n hydrogen i n the following ways: 

Ionization 

e 

(p. 121, Ginzburg and Syrovatskii, 1964) 

(4.4) 

= 5 VTl - — ^ Y eV s ~ X (4.5) 
X a Y 

I n the equations, Y i s the Lorenta factor of the proton, n^ i s the 

hydrogen density (H atom cm"'), and Ej^ are the proton t o t a l and k i n e t i c 
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Figure 4.j Proton energy loss rate per u n i t hydrogen-density versus kinet i c 
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energies respectively (eV) and \ i s the average grammage for attenuat-

ion by strong interaction. The ionization losses are continuous whereas 

i n a strong interaction a proton loses about ^3 of i t s energy (see 

further discussion i n section 4.5.1). The energy losses are shown i n 

figure 4.4 for X = 100 g cm . I t i s seen that above a few GeV strong 

inte r a c t i o n losses dominate. A lower l i m i t to the escape time of protons 

i s 2.5 10̂  yr (see following section) and t h i s i s represented on figure 

4.4 by a dotted l i n e . From inspection of the figure i t i s seen that 

t o t a l energy los6 occurs before escape i f ^ 20 H atom cm ̂ . The 

threshold i s lower i f the l o c a l escape time i s greater. 

4.3.3. Electron energy losses 

Electrons lose energy by 

Ionization 

dE 
xm c 7 

7.62 10 20.2) eV s -1 (4.6) 
e 

(p. 73, Ginzburg, 1969). 

Brenjsstrahlung 

14 \ (Y^-l) dE 5 10 eV s -1 (4.7) 

14 2 dE 
( # 2.65 10 ph IC 

eV s -1 (4.8) 
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Figure 4.5 Electron energy loss rate per u n i t hydrogen density versus 
energy, using parameters given i n the t e x t , f o r , {a) bremsstrahlung, 
(b) ion i s a t i o n , (c) inverse Compton scattering, (d) synchrotron emission. 
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Synchrotron_emission 

- ( ~ ) = 9.89 Y 2 H 2
 eV a"1 (4.9) 

* 'syn 

Inverse Compton scattering i n the Galaxy w i l l be predominantly on 

s t a r l i g h t and infra-red photons. I n the Galactic centre region s t a r l i g h t 

dominates over infra-red (see discussion i n section 5*1.2 and figure 1 of 

Bignami and P i c c i n o t t i , 1977). The mean photon energy i s about 1.4 eV 

and the energy density i s expressed as w^ (eV cm""'). H i s the magnetic 

f i e l d (gauss) and Xfa i s the radiation length for bremsstrahlung, taken 

i n these calculations to be 66 g cm • The energy l o s t by inverse 

Compton scattering and synchrotron emission r e l a t i v e to that via the 

other two mechanisms depends on the parameters Wp n» H and n^. For 

i l l u s t r a t i o n , values appropriate to the Galactic centre are chosen and the 

results shown i n figure 4.5. The value for w . i s 45 eV cm"' (see section 
ph 

5.1 .2 .). Assuming that the gas i s confined to a ri n g (see section 4„2) 

the mean density, r ^ . i s about 220 H atom cm . I f H to n^ (e.g. Paul et 

a l . , 1976) we expect H = 44 (iG. As for the proton case, the dotted l i n e 

of figure 4.5 represents an escape time of 2.5 10 yr. The requirement 

i s now that :>, 10 H atom cm-' for t o t a l energy loss before escape, with 

a lower threshold i f the escape time i s greater than 2.5 10̂  yr. 

4B3.4* Energy losses at the Galactic centre 

The Galactic centre region possesses an average hydrogen density 

about a factor of ten higher than that needed for t o t a l energy loss before 

escape. As discussed i n section 2„3i i t i s l i k e l y that towards the 

Galactic centre there i s an increase i n the percentage of heavier target 

nuclei. However, t h i s i s mainly i n the form of helium and the energy loss 
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equations given above are applicable. Assuming Galactic o r i g i n for the 

primaries i t i s appropriate to relate the i n j e c t i o n rate, rather than 

the ambient density, to the l o c a l value. 

k.k LIFETIMES AND SPECTRA OF LOCAL PRIMARY COSMIC RAY PROTONS AND ELECTRONS 

The l o c a l i n t e r s t e l l a r electron i n t e n s i t y i s discussed i n section 2«3t 

where methods for correcting the observed spectrum for solar modulation are 

mentioned. The proton spectrum too suffers from solar modulation at the 

energies of interest for gamma ray production, i . e . below about 10 GeV. 

Equations governing solar wind behaviour are reviewed by Fisk (197*0. 

However the best choice of parameters for these models i s s t i l l uncertain. 

Goldstein et a l . (1970) calculate the unmodulated proton spectrum by 

requiring consistency with the electron modulation calculated using non­

thermal radio measurements. They conclude that the i n t e r s t e l l a r proton 

spectrum i s approximately a power law i n t o t a l energy. This agrees with 

the results of Comstock et a l . (1972) who searched for agreement with the 
1 2 3 I k measured r a t i o s of H, H, He and He on the assumption that H and He 

are produced i n the sources and ̂H and "̂He are produced by nuclear i n t e r ­

actions of the cosmic rays during propagation. Their s e l f consistent model 

i s a power law i n t o t a l energy and takes the form: 

j ( E ) = 5.9 10 8 (E. + E ) - 2 , 6 m"2 s" 1 s r " 1 MeV"1 0+.10) iC o 

where E q i s the proton rest mass energy. This form i s adopted i n the 

calculations presented i n t h i s thesis. 

The l i f e t i m e , i» of the p a r t i c l e s i s related to t h e i r 'grammage1, 

(g cm ) , and the mean gas density via: 

X = X /(xijk 1.58 10" 6) yr C f . l l ) 
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The l i f e t i m e i s determined by observing the quantity of Be present 

i n the cosmic rays. This i s a radioactive substance with a h a l f - l i f e of 

about 1.5 10^ yr. The values to date show a spread of over a factor of 

ten. Garcia-Munoz et a l . (1975) from t h e i r experiments on board the IMP-7 

and IMP-8 s a t e l l i t e s f i n d consistency with v i r t u a l l y no "^Be remaining and 

set a l i f e t i m e for the cosmic rays of greater than 10 yr, with a most 
n 

probable value of 2 10' yr. O'Dell et a l . (1975) compare the observed 
elemental abundance r a t i o Be/B with the corresponding r a t i o s calculated for 

the cases of ̂ Be survival and decay respectively. They f i n d a l i f e t i m e 
6 7 

of 10 -10 yr. Hagen et a l . (1976) from a balloon f l i g h t f i n d a survival 

of (55 + 20)% of the 1 0Be which implies a l i f e t i m e of 5 (+6, -3) 10 6 yr. 

The mean •grammage' i s determined from l i g h t element abundance 
r a t i o s , and values for cosmic rays at a few GeV range between about k g cm"' 

_2 
and 7 g cm (see Orth and Buffington, 1976, and references therein). 

There i s evidence of energy dependence of \ such that i t f a l l s by about 

a factor of two at 50 GeV/nucleon. There i s disparity between these values 

for X and those derived from comparison of the observed and calculated 

positron spectrum. The positron work yields s l i g h t l y lower values for > 

with evidence for a s l i g h t increase rather than decrease at the higher 

energies (Dilworth et a l . , 1972*; Giler et a l . , 1977). 

In conclusion, the l i f e t i m e i n the disc of the lo c a l cosmic rays 
6 7 

i s probably between 2.5 10 yr and 2 10 yr. The lower l i m i t i s con­

sistent with densities of the order of that l o c a l l y , whereas the higher 

value requires that the cosmic rays spend time i n a r a r i f i e d medium. 

k.5 CALCULATION OF THE GAMMA RAY EMISSIVITY FROM PROTON INTERACTIONS IN 

THICK TARGETS 

4.5«1» Proton behaviour i n strong interactions 
From sections *f*2 and 4.3 i t i s seen that the mean density i n the 
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Galactic centre region i s considerably larger than that required for cosmic 

ray protons and electrons to lose a l l t h e i r energy before escape. For 

electrons, the energy loss rate depends on wpn* H a n d n^i a n d **ne values 

of these parameters determine the r e l a t i v e importance of the various 

mechanisms. Only two of the processes, bremsstrahlung and inverse Compton 

scattering, contribute to the gamma ray y i e l d . For protons, the r e l a t i v e 

energy l o s t by the two mechanisms i s constant, since both are only 

proportional to n^. The gamma ray emissivity from neutral pion decay i s 

therefore only dependent on the proton i n j e c t i o n rate into the t h i c k 

target region. I n t h i s section the emissivity i s calculated. I n the next 

Chapter the contribution from electron interactions i s calculated, 'but 

results are for a specific region, i . e . the Galactic centre. 

The scheme for the calculation of the emissivity from pion decay i s 

shown i n table 4.3. Assuming a lo c a l energy independent l i f e t i m e , x » 

the lo c a l i n j e c t i o n spectrum of protons, J o ( E ) , i s given by: 

.ME) = j ( E ) / T (4.12) 

where j(E) takes the form given i n equation 4.10. Elsewhere i n the Galaxy 

the i n j e c t i o n spectrum i s assumed to have the same spectral shape but i s 

scaled by a factor f ( r ) such that: 

J(E, r ) = f ( r ) j ( E ) / T (4.13) 

Locally f ( r ) = 1. 

I n the following, t i s expressed i n terms of X and as given i n 

equation 4.11. 

In order to f i n d the ambient proton spectrum, n(E), we must f i r s t 

consider the behaviour of protons undergoing strong interaction losses. 



- 62 -

Table 4.3 

Scheme for calculation of the gamma ray eraiBsivity from proton interactions 

i n t h i c k targets. 

Proton 
I n j e c t i o n 
Spectrum 

Ambient 
Proton 
Spectrum 

Total 
gamma ray 
emissivity 

Normalise to l o c a l 
proton spectrum at 
2 GeV and assume 
same spectral shape 

Gamma ray 
spectrum 
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The energy range of interest i s above 400 MeV. Below t h i s energy the 

neutral pion cross section rapidly becomes zero. From the compilation 

of proton-proton cross sections of Bracci et a l . (1973), i t i s seen that, 

between about 1 and 3 GeV, where the y i e l d of pion decay gamma rays i s a 

maximum, i n e l a s t i c interactions dominate e l a s t i c . Therefore only the 

former are considered. I n addition, e l a s t i c interactions cause r e d i s t r i ­

bution rather than loss of energy, thus effecting only i n a small way the 

t o t a l gamma ray emissivity. The interaction length for i n e l a s t i c i n t e r ­

actions i s shown as a function of proton energy i n figure 4.6. 

Observations of the general inclusive proton spectrum from pp+pX 

are l i m i t e d . The most common p-p experiments use a magnetic spectrometer 

detector consisting of bending magnets and s c i n t i l l a t i o n counters. Often 

only the pions are measured aft e r i n t e r a c t i o n . Bubble chambers give a 

measure of the energies of a l l the p a r t i c l e s but s t a t i s t i c s and precision 

are less good. Data have been studied from B l a i r et a l . (1966), Allaby 

et a l . (1970), Diddens and Schlupmann (1972) and Boggild et a l . (1975). 

I n a l l cases the incident proton energy i s between 2 and 18 GeV. I n 

general the data are incomplete i n proton energy or angular range. For 

each set of measurements the mean value for the r a t i o of energy af t e r to 

that before, K, has been found. Corrections are applied where data are 

incomplete. The most complete data, unfortunately at the rather high 

energy of 18.3 GeV, are tabulated i n the compilation of Diddens and 

Schlupmann (1972). These give a value of K = 0.63. The values for the 

other energies are found to l i e between 0.6 and 0.7. 

At low energies, close to 1 GeV, the interactions are characterised 

by the creation of the & 1.238 GeV resonance. A model using t h i s i s 

employed by Stecker (1970) i n his calculation of the neutral pion decay 
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gamma ray spectrum. However the results of Bla i r et a l . (1966) show that 

by 2 GeV, although the A+ resonance peak can s t i l l be seen i n the 

d i f f e r e n t i a l proton cross section data, the background i s high. A simple 

calculation for K using the A+ resonance has been performed where, following 

Stecker (1970), i t i s assumed that the isobar carries momentum d i r e c t l y 

forwards or backwards i n the centre of mass frame a f t e r c o l l i s i o n with 

equal p r o b a b i l i t y . Let the proton and A* masses be written Mp and 

respectively and the i n i t i a l proton energy by E 1. The Lorentz factor for 

transformation to the centre of mass frame i s : 

Y= E,/(2M ) (4.14) P 

where i s the t o t a l centre of mass energy, given by: 

E. = (2 M 2 + 2E« M ) ^ (4.15) P P 

I f the proton i s carried forwards a f t e r interaction then i t s centre 

of mass energy, E p, i s given by: 

E p = (E, 2 - M A
2 + M p

2)/(2E.) (4.16) 

The transformation to the laboratory frame gives the proton's energy 

a f t e r i n t e r a c t i o n as: 

E = Y(E + (E 2 - M 2 ) ^ ( l - 1/vM) (If.17) P p P 

I f the A i s carried forwards the calculation i s similar but includes 

the decay of the A, i s o t r o p i c a l l y i n i t s centre of mass frame, to a proton 

and neutral pion. The average over decay angles for the proton a f t e r 

i n t e r a c t i o n can be found. The average for the cases of A+ forward and 

proton forward i s found to give a value of K = 0.6 at 1 GeV decreasing to 
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0.46 at 700 MeV. At 2 GeV the calculated value i s O.76 but here the model 

i s probably not v a l i d . Since there does not appear to be a p a r t i c u l a r l y 

marked energy dependence of K, a value of K = 0.65 + 0.05 i s adopted i n 

the following. 

4.5.2. Calculation of the ambient proton spectrum 

Writing 

dE\ ,„„ /dE 
• - ( f ) . • - - ( f ) 

we can express the relationship between the ambient proton spectrum. n(E), 

and the production spectrum, J(E), as: 

J(E) = 5 ^ 1 r s ( E ) r s ( E / k ) + -|g (-n(B) r.(E)) (4.18) 

where protons of energy E/K have energy E after i n t e r a c t i o n . 

The solution to 4.18 i s : 
a,, E' 

n(E) = YJ^J JdE' [J(E«) + C(E')] exp [ r- J [ r^E'O/E r^E") ] dE" 
1 E E 

(4.19) 

where, 

C(E- ) = n(y} re(B« A ) (4.20) 

Since E/K > E, we can estimate a form for n(EA) at high energies and 

UBe t h i s to solve for n(E). The i n i t i a l form adopted i s : 

L J(E«) dE' 
* r (E) n(E) = iJT (4.21) 

where r (E) i s given by equation 4.5o The value X = 80 g cm"" was chosen, 6 a 
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15 but by s t a r t i n g at a high energy (about 10 eV) the solution was insen­
s i t i v e to t h i s value. The form of r i n equation 4.19 i s also given by 

s 
4.5, but the attenuation length, X a t i s replaced by the energy dependent 

inter a c t i o n length as given i n figure 4.6. These data are approximated 

by three power laws, and i n terms of cross-section these are: 

2.7 I©" 2 6 E°"°56 cm2 E >A GeV 

2.7 10" 2 6 E0'9**5 cm2 0.7 < E < 1 GeV 
O-(E) = { _ . (4.22) 

8 10"^ E caT 0.4 < E ̂  0.7 GeV 

0 E < 0.4 GeV 

The expression for r^ i s given by equation 4.4. 

The solution of equation 4.19 i s a function of and X due to the 

dependence of j(E) on these parameters (see equations 4.11 and 4.12). 

n(E) also depends on the density i n the region where t o t a l energy loss i s 

occurring, although t h i s dependence cancels when the gamma ray emissivity 

i s calculated. Figure 4.7 shows the solution of n(E) for f ( r ) = 1, i n 

terms of the parameters X , n^ and 

4.5»3» The gamma ray emissivity 

The t o t a l integral emissivity of a l l gamma rays i s calculated using 

equation 2.8. A factor of 1.44 i s used to account for cosmic ray alpha 

p a r t i c l e s . The product of t o t a l cross section and m u l t i p l i c i t y takes the 

form given by Stecker (1973) which has been checked for consistency with 

the data of Bracci et a l . (1973): 

0 E < 0.4 GeV 

m^,(E) ( S ^ E ) = 10" 2 5 E 7* 6^ cm2 0.4$ E <0.7 GeV 

8.4 10" 2 7 E°° 5 3 cm2 E ^0.7 GeV 

(4.23) 
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The t o t a l emissivity of gamma rays i s found to be: 

Q ^ ( r ) = (1.1 + 0.2) 10" 2 3 f ( r ) n^/x cm"3 s" 1 

For comparison with SAS-2 observations, the proportion of the t o t a l 

emissivity which i s above 100 MeV i s required. Locally t h i s proportion 

i s 0.68 (Stecker, 1970) and, since n(E) (see figure 4.7) i s not very 

d i f f e r e n t i n shape from the l o c a l ambient spectrum, t h i s same value i s 

adopted here, giving: 

q ^ ( E ^ >100 MeVt r ) = (7.6 + 0.2) 10" 2 i f f ( r ) n^/X cm"3 s" 1 

For a loc a l cosmic ray l i f e t i m e of 2.5 10^ yr (see section 4.4) 

t h i s gives: 

q Y ( E ^ > 1 0 0 MeV, r ) = 1.9 lO - 2** f ( r ) cm"3 s" 1 

7 
Whereas for x = 2 10 yr we f i n d : 

q (E >100 MeV, r ) = 2.4 10" 2 5 f ( r ) cm"3 s"1 

y y 

These results can be applied to any position i n the Galaxy where matter 

i s dense enough for t o t a l energy loss of the primary p a r t i c l e s before 

escape. I t must be assumed that the cosmic ray sources are within the 

dense region and the magnetic f i e l d configuration traps the p a r t i c l e s . The 

gamma rays however experience no such trapping and can escape from the 

region without s i g n i f i c a n t absorption. In the next Chapter the Galactic 

centre i s considered i n more d e t a i l . The gamma ray contribution emanating 

from secondary and primary electrons i s calculated and the value for fir) 

i s found. 
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C H A P T E R F I V E 

GAMMA RAYS FROM THE GALACTIC CENTRE 

5.1 THE GAMMA RAY FLUX FROM ELECTRON INTERACTIONS IN THE 300 pc RING 

5.J.ol. The emissivity equations 

The energy loss processes for electrons are given i n section 4.3»3-

Bremsstrahlung and inverse Compton losses produce gamma rays whereas 

synchrotron emission gives photons at radio wavelengths. In t h i s section, 

for each of these processes, the equation for the gamma ray emissivity, 

q ( E y ) t due to t o t a l energy loss of an electron production spectrum, 

J(E), i s calculated. 

Bremsstrahlung i s considered f i r s t . I t i s treated as a continuous 

energy I06S process. From equation 2.9 we have: 

The contribution to the emissivity at E^ from an electron of energy 

E losing energy dE, q(E , E, dE), i s given by: 

OT(E , E) dE ec dE (5.D 

Y 
dE 

E, dE) dE q(E A(E 
Y 

(5.2) 

where, 
E 
J q(E E, dE) E dE dE 
0 

(5.3) 

Using 5.2 i n 5»3s 

dE A E E (5.4) 
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Therefore, 
E 

q (V E) = dE^ / f£-g ( 5 . 5 ) 
E "Y 
Y 

Integrating over the t o t a l electron spectrum: 
00 E« 

q(E ) . i - S - f J(E«) dE' f P 
Y Eel t v E E 

Y Y 

( 5 . 6 ) 

Since four processes (see equations 4.6 - 4 .9 ) contribute to the 

energy losses, 5*6 becomes: 

• (E ) = -iS- f j ( E ' ) dE« f -^7 dE ( 5 . 7 ) 
Y E

v
c E E E ^ E 

v Y Y 
Where £fe i s defined: 

££ - E + E + E + E ( 5 . 8 ) l b- lo syn 

For both inverse Compton and synchrotron losses the average photon 

energy i s proportional to the square of the electron energy: 

<EJ = bE 2 ( 5 . 9 ) 

For an electron of energy E losing dE: 

dE = q ( E Y , E) E^dE^ ( 5 . 1 0 ) 

D i f f e r e n t i a t i n g 5*9 and substituting into 5.10 gives: 

q ( g f E ) = L _ ( 5 . n ) 
Y 2E ybE 

Integrating over the electron spectrum: 

q(E ) = k " / J(E) dE ( 5 . 1 2 ) 
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For inverse Compton interactions, i f E^ i s the average energy of 

the low energy photon f i e l d and m denotes the electron mass, then from 

equation 2 .30: 

k E 
J * 

3m^ 
b I C = f ( 5 . 1 3 ) 

5*12 becomes: 

E, 
q I C ( E ) = V! / J(E) dE (5.14) 

v c 2 E Y y ^ ^ I E 

In the case of synchrotron radiation the radio photon energy i s 

expressed as E ̂ . I f E^ and E^ are i n units of eV, a magnetic f i e l d of 

H gauss gives: 

b = 6.62 10"*20 H ( 5 . 1 5 ) syn 

5.12 becomes: 

°* E 
q (E ) k l [ [ J(E) -SEi dE 

V T syn v V E v A s y n 

(5.16) 

5.1.2. The contribution from bremsstrahlung and inverse Compton scattering 

I n order to calculate 5-7 and 5.14, values for n^, w ^ and H at 

the Galactic centre are required* Following section 4.2, the ring-confinement 

average density of 220 atoms cm""' i s adopted, and using the model of Paul et 

a l . (1976), i n which H »c n H, the magnetic f i e l d i s M+ p,G. The choice of 

photon energy density i s now discussed i n more d e t a i l . 

Innanen (1973) gives a star mass surface density at a Galactocentric 

radius of 300 pc which i s approximately 92 times the l o c a l value. Assuming 
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the energy density i s proportional to the mass of stars i n the v i c i n i t y , 

and taking a local s t a r l i g h t energy density of O.kk eV cm~3
t the value 

for the Galactic centre i s ̂ 0 eV cm Sanders and Lowinger (1972) have 

studied the Galactic centre i n more d e t a i l using 2 .2 [lm infrared measure­

ments and r e l a t i n g these to t o t a l s t a r l i g h t luminosity by comparison 

with the nucleus of M31. They derive a r e l a t i o n for the t o t a l luminosity 

within a radius R pc: 

L = 2 1 0 6 R1*2 L ( 5 . 1 7 ) 

The luminosity can be expressed i n terms of the average energy 

density inside a sphere of surface area A: 

L = -J wo A (5 -18) 

I n appropriate units (R pc and w eV cm 3 ) t h i s gives: 

L • w 3.5^ 1 0 2 R2 L ( 5 . 1 9 ) 
e 

From 5-17 and 5 .19: 

w = 5.6 1 0 5 R - 0" 8 eV cm"3 ( 5 . 2 0 ) 

Inside a radius of 300 pc we therefore have w = 59 eV cm"3. This 

value i s probably a s l i g h t overestimate for the dense cloud region since 

the s t a r l i g h t appears more concentrated towards the Galactic nucleus and 

there w i l l be si g n i f i c a n t scattering i n t o the far infrared i n the 

clouds. 

Galactic scans i n the far infrared (at about 100 Jim) show a clear 

enhancement within a few degrees of the centre. Hoffman et a l . (1971) 
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f i n d a t o t a l of 3.k 10 L^, from a region h x 2° about the centre, i n 

the band 75 - 125jjjn» Assuming t h i s i s coming from a sphere of radius 

approximately 350 pc, and using 5-19, we f i n d : 

= 8 eV cm ' 

o 
Soifer and Houck (1973) f i n d an infrared luminosity of 2 10 L 

© 

for the same region, yielding: 

w I R = 5 eV cm-' 

I t i s therefore apparent that although there i s a high i n t e n s i t y 

of infrared radiation i t i s dominated by the s t a r l i g h t energy density. 

I n the present work the photon f i e l d i s assumed to have a mean energy, 

of l,k eV and a mean energy density, w ^ i °f e ^ cm '. 

For primary electrons at the Galactic centre: 

J ( E ) = f 3 ( E ) / t ; ( 5 . 21 ) 

where j ( E ) i s given by 2.12 and T can be expressed i n terms of X and 

njj f t as i n 4 . 1 1 . f i s the factor by which the l o c a l i n j e c t i o n rate of 

electrons i s multiplied to get that at the Galactic centre. The 

bremsstrahlung and inverse Compton d i f f e r e n t i a l gamma ray emissivities 

can be calculated d i r e c t l y from equations 5*7 and 5 . 1 ^ and the results 

are shown i n figure 5 .1« ( l a b e l l e d (c) and (e) respectively). A power 

law extrapolation i n k i n e t i c energy of the spectrum j ( E ) i s assumed 
7 

below 10 eV where direct observations are not possible, which leads to 

corresponding uncertainty i n the bremsstrahlung spectrum below t h i s 

energy, Figure 5.2 shows the i n t e g r a l emissivities. A l l integrals were 
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calculated using a Romberg routine i n decade steps u n t i l further c o n t r i ­

butions became negligible. 

The emissivity of gamma rays above 100 MeV from primary electron 

bremsstrahlung i s : 

q p | b ( >100 MeV) = f& 9.6k 10" 2 5 n^/X cm"3 s" 1 

For a local cosmic ray l i f e t i m e of 2.5 10^ yr t h i s gives: 

q . ( >100 MeV) a f 2A 10" 2 5 cm"3 s" 1 

7 
whereas for 1 = 2 10 yr: 

q . ( >100 MeV) = f 3 10" 2 6 cm"3 s' 1 

P » d e 

The corresponding contribution from primary electrons undergoing 

inverse Compton scattering i s : 

qp»IC ( > 1 0 ° M e V ) = fe 7 1 0 ~ 2 6 n H < 9
/ X c m " 3 8 " 1 

For X= 2.5 10 6 yr, 

q T_ = ( >100 MeV) = f 1.7 l O - 2 6 cm"3 s" 1 

For 1 = 2 10 7 yr, 

q„ T r ( >100 MeV) = f 2.2 1 0 - 2 7 cm"3 s" 1 

p,±u e 

The scheme for calculation of the contributions from secondary 

electrons i s shown i n table 5«lb. The ambient proton spectrum at the 

Galactic centre, n(E), i s approximated to the same spectral shape as the 

lo c a l spectrum, j ( E ) , which i s given i n equation 2.12. The factor by 
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Table 5.1 

Scheme for calculation of the gamma ray emissivity from primary 

electron and secondary electron interactions i n thick targets. 

(a) Primary 
Electron 

I n j e c t i o n 
Spectrum 

(b) Proton 
I n j e c t i o n 
Spectrum 

Gamma ray 
Emissivity. 
Total yield 
and spectrum. 

Ambient proton 
spectrum 

... 

Normalise to l o c a l 
proton spectrum 

at 2 GeV and 
assume same 

spectral shape 

Secondary electron 
production spectrum 

Gamma ray emissivity. 
Total y i e l d and 

spectrum. 
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which j(E) must be multiplied to give n(E) i s found by comparing j(E) 

at about 2 GeV with n(E) as calculated i n the previous Chapter and 

shown i n figure 4.7. This gives: 

Here f i s the factor by which the local proton i n j e c t i o n rate i s 

mul t i p l i e d to get that at the Galactic centre (as d i s t i n c t from the 

corresponding factor for electrons, f g ) . The production spectra of 

secondary electrons and positrons for j(E) i s taken from Ramaty (1974). 

The appropriate spectra for the Galactic centre are found using 5*22. 

Here n^ cancels, leaving the secondary electron production a function 

only of f , n j j e and X . The bremsstrahlung and inverse Compton gamma 

ray emissivities are calculated using 5.7 and 5.14, and the results shown 

i n figures 5«1 and 5.2 (labelled (b) and (d) respectively). In order to 

compare with the results from primary electron interactions i t i s 

assumed i n p l o t t i n g these graphs that f = f, i . e . the l o c a l electron to 

proton r a t i o i s the source r a t i o at the Galactic centre. The contribut­

ion from neutral pion decay gamma rays, as calculated i n the previous 

Chapter, i s also shown along with the t o t a l from a l l processes. 

The emissivity of gamma rays above 100 MeV from secondary electron 

bremsstrahlung i s : 

n(E) a j(E) f 125 /( X n J (5.22) 

q . ( >100 MeV) = f 2.42 10~* rL. / X cm~J s s, D n o 

For a loc a l cosmic ray l i f e t i m e of 2.5 10 yr t h i s gives: 

s,b ( >100 MeV) = f 6.1 10 
-25 cm s 
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Results are f o r f =f. 
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7 whereas for x = 2 10 yr: 

q . ( >100 MeV) = f 7.6 10" 2 6 cm"3 s" 1 

S , D 

The corresponding contribution from secondary electrons undergoing 

inverse Compton scattering i s : 

q s I c ( >100 MeV) = f 7.2 10" 2 6 n^/X cm~3 s" 1 

For 1 = 2.5 10 6 yr 

q„ r r ( >100 MeV) = f 1.8 10" 2 6 cm"3 s" 1 

6, 

7 
For T = 2 10 yr 

q r n ( >100 MeV) = f 2.2 10" 2 7 cm"3 s" 1 

S , IXJ 

5.2 EVIDENCE FOR GALACTIC ORIGIN FOR THE GAMMA RAY PROGENITORS 

The trapping of the cosmic rays u n t i l they lose a l l t h e i r energy 

gives the maximum gamma ray emissivity for a given p a r t i c l e i n j e c t i o n rate. 

Comparison of the calculation of the gamma ray f l u x from the Galactic 

centre with the observed f l u x w i l l therefore give a value for f which 

represents a lower l i m i t to the actual r a t i o of the Galactic centre to 

lo c a l primary cosmic ray production rate. For evidence that cosmic rays 

are of Galactic o r i g i n , f must be greater than the r e l a t i v e p a r t i c l e l i f e ­

time for the l o c a l and Galactic centre region. 

Since the proton to electron source r a t i o at the Galactic centre i s 

unknown, the local r a t i o i s adopted, i . e . f = f e . I n the future, from a 

good observation of the spectral shape of the gamma ray f l u x , i t may be 

possible to determine the source r a t i o by resolving the percentage 
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contributions from the various production processes. From figures 5»1 

and 5«2 i t i s seen that the majority of the emissivity i s contributed 

by the protons through neutral pion decay or the interaction of produced 

secondary electrons. Thus, as long as f :̂ f , the comparison with 

observations yields information only on f, and the actual value of f 

i s not important. However, the case i n which only primary electron sources 

are enhanced, i . e . f 3s> f» i s also discussed below. 

The f l u x from the Galactic centre region i s proportional to the 

cosmic ray trapping volume, V ( l i k e l y values for which are given i n 

section 4 . 2 ) , but independent of the mass of gas. F i r s t l y , i f the p a r t i c l e s 

are trapped within a 300 pc radius: 

Vx = 2 1 0 7 pc 5 

Secondaly, i f p a r t i c l e s are confined only inside the r i n g , 

V 2 = 1 0 7 pc 5 

The t o t a l emissivity above 100 MeV, from the calculations i n section 

4.5 and 5 . 1 , i s , for T = 2.5 10^ yr, 

q x ( > 100 MeV) = 2.8 lO" 2* 1 f cm"5 s" 1 

7 
For x= 2 10 f yr, 

q 2 (>100 MeV) = 3-5 l O - 2 5 f cm"5 s" 1 

The error on each of these values i s about 20# due to the uncertainty 

i n the nuclear physics for the calculation of the neutral pion decay 

emissivity. The balance of the values for w h» n^ and H w i l l only affect 

the smaller electron contribution (see section 5*1)• 
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The f l u x from a volume V (cm') a distance d (cm) away i s : 

T t ^-i™ M u\ q ( >1QQ MeV) - 2 -1 , c 

I ( >100 MeV) = •a 5 V cm s (5.23) 
4 U dd 

The distance to the Galactic centre i s assumed to be 10 kpc. 

The maximum fl u x i s derived using and q^: 

I ( >100 MeV) = 1.34 10"7 f cm"2 s" 1 

max 

The minimum f l u x i s for Vg and q^: 

I . ( >100 MeV) = 8.4 10"9 f cm"2 s" 1 

min 

The SAS-2 measured f l u x from within 2.6 kpc of the Galactic centre was 

found to be 6.7 10 ̂  cm"2 s ̂  (see section 4.1). From the discussion i n 

section 4.2 i t i s l i k e l y that a l l the f l u x originates within 300 pc of the 

centre. Under t h i s assumption, the observed width of the central peak, 

which i s greater than expected, i s due to the angular resolution of the 

SAS-2 detector. 

Using I , 6 max' 

f . =50 mm 

whereas for I . , min* 

f =800 max 

The results show an enhancement of in j e c t i o n of protons at the Galac­

t i c centre which i s greater than the amount of decrease of cosmic ray 

l i f e t i m e over that l o c a l l y (sslO for "C= 2.5 10̂  y r ) , thus r u l i n g out 

extragalactic o r i g i n for the p a r t i c l e s . However, i t should be emphasised 
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that r a t i f i c a t i o n of the high Galactic centre gamma ray peak from the 

COS-B experiment i s awaited. 

The range for f includec the p o s s i b i l i t y that: 

f ( r ) oc ^ ( r ) 

This would be consistent with the models of Bignami and F i c h t e l (1974) 

and others (see Table 3*1) i n which: 

"H « nCR 

I f f e > 10 f only the primary electron interactions contribute to the 

f l u x . From section 5.1, for T= 2.5 10^ yr, 

q ( >100 MeV) = 2.6 10~ 2 5 f cm"5 s" 1 

7 
For T= 2 10 y r , 

q ( >100 MeV) =3.2 10" 2 6 f cm"5 s" 1 

e 

Using equation 5.23 and comparing with the observed f l u x gives* 

540 < f < 8800 e 

The required enhancement of electron sources i s therefore very large. 

Nothing can be deduced from t h i s about whether the protons are of Galactic 

or extragalactic o r i g i n , (primary electrons are already known to originate 

i n the Galaxy - see section 4 .3.1). The consequence of such a high 

electron i n j e c t i o n concerning synchrotron emission i s discussed i n the next 

section, where i t i s found that consistency with observation occurs as long 

as the magnetic f i e l d i s not much higher than the lo c a l value. The 

p o s s i b i l i t y that the Galactic centre gamma ray f l u x i s due to a high 
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primary electron source density, without necessarily requiring cosmic ray 

protons to be of Galactic o r i g i n , cannot therefore be excluded. Support 

for an electron o r i g i n for the gamma rays comes from the steep gamma ray 

spectrum suggested by the very recently reported gamma ray measurements 

(see Appendix A, section A.5). I f f s f we have found: 
e 

50 < f < 800 

The range i s large but includes a l l present uncertainties except possible 

doubt concerning the observed f l u x which has yet to be r a t i f i e d by another 

experiment. I f the cosmic rays are not trapped the value of f may be 

larger. However the gamma ray production region would now not be con­

fined to the ri n g , inside which the p a r t i c l e sources occur, and inverse 

Compton gamma rays would be produced i n the non-gas f i l l e d region between 

500 pc and 2.6 kpc. The results suggest a model i n which the source and 

average gas densities are proportional. This favoms Galactic models i n 

which, for the less dense regions where t o t a l energy loss does not occur, 

"H *=nCR-

5.3 SYNCHROTRON EMISSION FROM THE GALACTIC CENTRE 

5.3.1. The observations 

The Galactic centre can be observed at radio frequencies with 

good resolution. Several discrete sources are seen and detailed structure 

has been recorded p a r t i c u l a r l y for the two which are best known, Sgr A 

and Sgr B2. The nucleus of Sgr A marks the Galactic centre. I t i s a 

nonthermal source with complex structure. I n contrast, Sgr B2 i s a 

thermal source emitting several hydrogen recombination l i n e s characteris­

t i c of an HII region. I n addition to the sources, an extended background 
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of several degrees i s seen at 408 MHz and 85 MHz. I t s absence i n high 

frequency surveys (e.g. that of Kapitzky and Dent (1974) at 15.5 0Hz) 

indicates that i t i s of nonthermal o r i g i n . 

The extended background, which f i t s well the region inside the 

molecular hydrogen r i n g , was f i r s t seen i n the survey at 85 MHz of M i l l s 

(1956), (see also H i l l et a l . , 1959), where the beamsize was 50 min. of 
-2 7 

arc. Using a d i f f e r e n t i a l frequency scaling law, v » the brightness 

temperature correlates with that found at 408 MHz by Green (1974). The 

resolution of Green's experiment was less than 3 min. of arc, but 

unfortunately the only results available are averaged over £ 3° of 

Galactic l a t i t u d e . However, the sources have been removed from the data. 

The peak i s within, about 2° of longitude and the i n t e n s i t y from the 

central region alone i s found to be approximately 0.4°K sr. L i t t l e (1974), 

from a survey on the same telescope and at the same frequency as Green 

presents p r o f i l e s at b B 0° and C= 0° from which the emission from the 

central region can be found more accurately. We f i n d : 
I ^ (408 MHz) = 0 .3°K sr 

= 1.4 10 1 2 cm"2 s" 1 eV"1 

Using equation 5*23 and assuming r i n g confinement, i«e. volume 

q Q b f i (408 MHz) = 5.8 10" 5 cm"3 s" 1 eV"1 

5«3»2. Determination of the Galactic centre magnetic f i e l d 

For comparison with the above observation, the radio synchrotron 

emissivity i s calculated using equation 5.16, where the primary and 

secondary i n j e c t i o n spectra are as i n section 5*1.2. The results, i n terms 
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of the parameters X, n ^ and f, for various H between the l o c a l value, 

3 and that assumed for the Galactic centre i n the previous calculat­

ions, 44 JJLG, are shown i n figure 5«3. These results show the sum of the 

secondary and primary electron contributions, assuming f = f . At 408 MHz 

the primary electron contribution i s t y p i c a l l y 0.4 of the t o t a l . 

The value for f consistent with that found i n section 5*2 i s 
7 3 

required. A confinement volume of 10 pc and a l o c a l cosmic ray l i f e ­

time of 2.5 10^ yr are chosen for the comparison, (these values are 

a r b i t r a r y ) . Table 5.2 gives the emissivity at 408 MHz for each of the 

H values for which results are presented i n figure 5.3. ^he f i r s t part of 

the table i s for f = f e and the second for the case where only the primary 

electron sources are greatly enhanced at the Galactic centre, i . e . f Q » f . 

The values f o r f or f required to give consistency with q Q b s are also 

shown. Figure 5*4 shows f g as a function of H for the two conditions. 

The slope of curve ( b ) , to which primary electrons alone contribute, i s 

s l i g h t l y f l a t t e r than that of (a) due to the f l a t t e r production spectrum 

of primaries than secondaries at energies close to 1 GeV. From equations 

5.9 and 5«15 i t can be seen that 408 MHz radiation i s produced by electrons 

of about 3 GeV i f the magnetic f i e l d i s 3 Ĝ, or about 0.7 GeV i f the 

f i e l d i s 44 ^0. 

Under the selected conditions for T and V, from section 5.2: 

f = 100 i f f = f 
e f = 1080 i f f » f e e 

From figure 5.4 the required magnetic f i e l d s can be found: 

H = 21 |4,G i f f = f 

H = 7.5 HG i f f » f 
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Figure 5.5 Hie Galactic centre d i f f e r e n t i a l radio synchrotron emiss-
i v i t y i n terms of the parameters X, n ^ and f , defined i n the text, 
f o r various values of the magnetic f i e l d . Results are f o r f »f. 
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Table 5.2 

The *(08 MHz Galactic centre emissivity for various values of H ( |AG), 

where a lo c a l cosmic ray l i f e t i m e of 2.5 10̂  yr and trapping volume of 
7 3 

10 pc are assumed. Also given i s the value for f required'to give 

consistency with the observation q , CK>8 MHZ) = 5.8 10"̂  cm"^ s"^ eV~^. 

H ( ̂G) t -3 -1 q (em s ev ; f 

3 1.3 10"8 MtOO 

6 ^.6 l c f 8 1250 

8 8.0 io" 8 725 

10 1.2 10~7 500 

12 1.8 10"7 330 

kk 1.7 10 - 6 3k 

H ( nG) i -3 -1 „ - 1N q (cm ̂  s eV ; f 
e 

3 5.8 10"9 10000 

6 2.0 10"8 2900 

8 3.5 lO" 8 1650 

10 10' 8 1260 

12 7.0 10"8 830 

kk 6.0 io" 7 97 



Figure 5»4 f e as a function of the Galactic centre magnetic f i e l d , H. 
Curve (a) i s f o r f " f t and curve (b) i s f o r f >> f . Results are f o r 

6 e 7 ? a local l i f e t i m e of 2.5 10 yr. and a trapping volume of 10 pc . 
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These f i e l d values are both lower than Mf \iG which occurs for r i n g 
2 

confinement under the assumption * H . Taking the average density 

inside a 300 pc radius without r i n g confinement (see section k.2) implies 

a f i e l d of JO (j,G which i s closer to the calculated values. However, i t 

i s not surprising that exact agreement does not occur since the evidence 
2 

for the relationship n^ oc H i s only the s i m i l a r i t y of the synchrotron 

and gamma ray p r o f i l e s on a Galactic scale. Evidence suggests that the 

Galactic centre clouds are much younger than the Galaxy. I n p a r t i c u l a r , 

i f the gas forms an expanding r i n g , i t s age, from kinematic conditions, 

i s estimated as 2 10^ yr (Kaifu et a l . , 1972). Equilibrium may not yet 

have been established. . 

A f i e l d close to 16 |iG i s consistent with the argument of Sanders 

and Wrixon (1973) that a higher pressure than l o c a l l y , i n either magnetic 

f i e l d or cosmic rays i s required t o support atomic hydrogen clouds seen 

f a i r l y high above the plane (about 100 pc) at r a d i i of about 300 pc. 

Whereas the cosmic ray ambient density i s only about Ik times the loc a l 

value (see equation 5.22), the f i e l d pressure would be enhanced by the 

required factor of about 30. This i s evidence s l i g h t l y more i n favour of 

the f i e l d value suggested by f = t^. 

I t should be noted that, i f the value of H = W |lG used i n the 

previous section i s an overestimate, i t makes negligible difference to f 

calculated from the gamma ray f l u x , since synchrotron energy losses are 

only a small proportion of the t o t a l and have only a s l i g h t bearing on 

the amount of energy available for gamma ray production. 

Considering f » f , i t i s found that H = 7.5 H<3. This i s not much 

higher than the loc a l f i e l d value. However, synchrotron emission 
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observations indicate strong confinement within 300 pc. A high f i e l d con­

t r a s t would be necessary at t h i s boundary which seems unli k e l y for a low 

central f i e l d . 

I n conclusion, although the p o s s i b i l i t y cannot be ruled out that cnly 

electron sources are greatly enhanced at the centre, i t i s probable that 

f » f e I n t h i s case we have found that the cosmic rays must be of 

Galactic o r i g i n . The actual required source enhancement can be calculated 

to within the accuracy to which the trapping volume and loc a l cosmic ray 

l i f e t i m e are known. At present the l i f e t i m e i s only known to within a 

factor of ten. The p o s s i b i l i t y that the source density i s proportional t o 

the gas density i s included i n the range. To give consistency with 

synchrotron measurements a f i e l d of about 20 |i.G i s required which does not 
2 

quite s a t i s f y n^ «e H . The fact that the synchrotron measurements show 

enhancement within about 300 pc of the centre provides good support for 

the o r i g i n a l assumption that primary pa r t i c l e s produced within t h i s radius 

are trapped u n t i l they lose a l l t h e i r energy. The apparent large width of 

the gamma ray peak must therefore be due to poor detector resolution. 

5.^ GALACTIC CENTRE GAMMA RAY LINES 

5.*ul. Introduction 

The Rice University observations of gamma ray lines from the 

Galactic centre are discussed i n Appendix A. Table A.6 gives the f l u x 

values. 

A l i n e close to 0.5 MeV was seen i n a l l three balloon f l i g h t s . Pre­

dating the observations, several authors had calculated the expected 

i n t e n s i t y of the 0.51 MeV positron annihilation l i n e . The best calculat­

ions are by Stecker (1969) and Ramaty et a l . (1970), who include the 
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3-photon positronium annihilation mode i n t h e i r work. The predictions 

were about a factor of ten below the observations. After the f i r s t two 

balloon f l i g h t s , Leventhal (1973) argued that the f i n i t e energy resolut­

ion of the detector would cause the positron a n n i h i l a t i o n l i n e to be 

redshifted from i t s characteristic energy, 0.51 MeV, to a s l i g h t l y lower 

value. This would account for the f i r s t two observations being at an 

energy of about 0.k7 MeV, but the argument i s inconsistent with the 

energy recorded for the t h i r d f l i g h t . 

An alternative explanation f o r the l i n e i s given by Fishman and 
n 

Clayton (1972), who note that L i i s the most abundant cosmic ray nuclide 
with an excitation energy below 1 MeV. They therefore a t t r i b u t e the 

n 

observed l i n e to L i nuclear de-excitation at 0.478 MeV. This explanat­

ion requires a very high density of low energy cosmic rays which could 

not be sustained throughout the Galaxy. They calculate that i f the l i n e 

i s produced i n the Galactic centre region the cosmic ray energy density 

there must be greater than 100 eV cm~^. This would mean that the low 

energy cosmic ray pressure i s considerably greater than the magnetic f i e l d 

pressure i n the region; too great to be consistent with the argument of 

Sanders and Wrixon (1973) concerning the high l a t i t u d e atomic hydrogen 

clouds (see section 5.3.2). Such a high cosmic ray energy density can 

only be obtained by an additional component below observed energies, for 

instance a power law spectrum i n k i n e t i c energy below 30 MeV. Rygg and 

Fishman (1973) calculate that as long as such a power law has a steeper 
7 

negative gradient than 2, the f l u x from L i exceeds that from positron 

a n n i h i l a t i o n . However, positrons are produced i n two ways. F i r s t l y , with 

a maximum energy of 1 MeV from beta decay of unstable CNO nuclei, and 

secondly, at energies of about 35 MeV from charged pion decay. Under 
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normal conditions the majority of the l a t t e r are lo s t from the Galaxy 

before a n n i h i l a t i o n . However, i f trapping occurs, 80Jt w i l l annihilate 

near re s t . (Table I I of Stecker, 1969 gives the f r a c t i o n of positrons 

an n i h i l a t i n g versus l i f e t i m e i n the Galaxy). Therefore, under the 

Galactic centre conditions considered i n the present work, the positron 
7 

annihilation f l u x i s expected to exceed that from L i de-excitation. 

There i s the p o s s i b i l i t y that the 0.5 MeV l i n e i s produced along 

the l i n e of sight rather than at the Galactic centre. This i s supported 

by the fact that for the t h i r d balloon f l i g h t the detector s o l i d angle 

was reduced by 0.4, and t h i s proved to be the same factor by which the 

observed l i n e i n t e n s i t y was lower. However, i f the f l u x i s a l i n e of 
sight phenomenon,the argument of Rygg and Fishman that the l i n e i s due to 
7 

L i i s expected to hold. There are problems i n reconciling the necessary 

high cosmic ray energy density with observed ionization and l i g h t element 

production rates (see Meneguzzi and Reeves, 1975). A further problem i s 

that i t i s l i k e l y that low energy cosmic rays are excluded from clouds 

(Solomon and Werner, 1971; S k i l l i n g and Strong, 1976, 1977; and others). 

They would therefore escape from the Galaxy before causing much gamma ray 

l i n e production or ionization. Under the Galactic centre trapping 

hypothesis there i s no such problem since the p a r t i c l e s would be free to 

lose a l l t h e i r energy, even though the time for t h i s may be longer than 

for the higher energy p a r t i c l e s which could more easily penetrate the 

clouds. 

The observations at 4.6 MeV and 0.9 MeV are almost cer t a i n l y the 

nuclear de-excitation of C at 4.43 MeV and ? Fe at 0.847 MeV respec-
24 

t i v e l y . The emission between 1.2 and 2 MeV i s probably due to Mg, 
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20 28 

Ne and S i . Calculations on r e l a t i v e l i n e strengths are reported by 

Rygg and Fishman (1973) and Meneguzzi and Reeves (1975), while 

Lingenfelter and Ramaty (1976b) present detailed work on the 1 2C l i n e . 

The cosmic ray spectrum below about 50 MeV, unknown due to solar modulat­

ion, i s c r i t i c a l to these studies. I t seems that, to obtain the measured 

l i n e i n t e n s i t i e s , very high cosmic ray energy densities are required, 

which, as discussed above, presents problems. 

I n the next subsection the positron annihilation f l u x for the 

present Galactic centre model i s calculated, i n order to check that the 

observed f l u x i s not exceeded and to f i n d under what conditions the obser­

vations can be reproduced. I n the f i n a l subsection nuclear de-excitation 

l i n e s are b r i e f l y considered. 

5»^«2. The 0.51 MeV positron annihilation l i n e 

I n the following i t i s assumed that f = f . Obviously i f f » f 
© © 

then the positron production at the Galactic centre w i l l be negligible. 

I n section 5.2 i t was found that: 
q ( >100 MeV) = 1.1 10" 2 3 f n ^ / X cffl"5 B" 1 (5-24) 

-6 -2 -1 

Using the observed f l u x of 6.7 10~ cm s and a distance for the 

Galactic centre of 10 kpc, for V i n pc 3 equation 5.23 gives: 

qobs ( > 1 0 ° M e V ) = 2 " 8 1 0 " 1 5 / v c m ~ 5 s" 1 (5-25) 

Equating 5.24 and 5*25: 

f = 2.5 108 X /(V n R e ) (5.26) 

Substituting for f i n equation 5.22: 

n(E) = j(E) 3.1 10 1 0/(V njj) (5.27) 
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The ambient proton spectrum at the Galactic centre i s therefore 

related to the lo c a l spectrum by the mass of gas at the Galactic centre 

alone: 

n(E) = j(E) 7.05 108/M (5.28) 

where M i s i n units of solar mass. 

The positron production spectrum both from flNO beta decay and charged 

pion decay i s calculated by Hamaty et a l . (1970) for various assumptions 

about the low energy cosmic ray spectrum. An upper l i m i t to the y i e l d i s 

found for the assumption that the cosmic ray spectrum continues as a power 

law i n k i n e t i c energy of slope -2.5 below the observational l i m i t , with a 

cutoff at 5 MeV/nucleon. The solar abundance r a t i o s for HtCtNtO have been 

used i n the calculations. Integrating under the positron production spec­

trum given by Ramaty et a l . gives a t o t a l y i e l d of O.898 g" 1 a" 1. 

At the Galactic centre i t i s assumed that 80% of the positrons 

annihilate near re s t . The percentage may be a l i t t l e higher for the low 

energy beta decay positrons. Only £ of the annihilations contribute to the 

0.51 MeV l i n e since the rest w i l l produce a three-photon annihilation 

continuum (Stecker, 1969). Therefore a factor of £ i s included and we 

fin d : 

q (0.51 MeV) = $Q ± |* O.898 g" 1 a" 1 (5.29) 

To f i n d the t o t a l y i e l d , equation 5.28 i s used and the mass cancels 
giving: 

Q (0.51 MeV) = 5.06 lO**1 s" 1 
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The f l u x , for d i n cm, i s given by: 

I (0.51 MeV) = 3 ( 0 ' ^ M e V ) cm"2 s" 1 (5.30) 

Therefore, 

I (0.51 MeV) = if . 5 10" 5 cm"2 s" 1 

This i s a factor of l8 to 40 below the observed value. The Galactic 

centre model therefore does not predict too high a f l u x and so i s not i n ­

consistent with observations. However, i f the observed l i n e r e a l l y i s due 

to positron an n i h i l a t i o n , since already an upper l i m i t to the cosmic ray 

in t e n s i t y has been used, the only p o s s i b i l i t y i s that the C/H r a t i o i s much 

higher i n the r i n g . I f for example t h i s factor were higher by a factor of 

ten, we would expect the Galactic centre contribution to d e f i n i t e l y 

dominate that from along the l i n e of sight. Evidence for such an enhance­

ment i s put forward by Lingenfelter and Ramaty (1976b) based on the work 

of 0'Odorico et a l . (1976) and others. However,the required enhancement 

i n C/H i s higher than 10 and so i t may be that the hypothesis that the l i n e 
7 

i s due to L i de-excitation along the l i n e of sight i s more favourable, 

despite the d i f f i c u l t i e s mentioned i n the introduction. I f the C/H r a t i o 

i s enhanced, i t lends support to adopting the lower values for the mass of 

gas determined from CO measurements (see section 4.2). 

I t may be that sources of ju s t low energy cosmic rays exist at the 

Galactic centre, which would not produce pa r t i c l e s of high enough energy 

to give 100 MeV gamma rays. However, there i s s t i l l a problem of the high 

energy densities required. No quantitative conclusions on t h i s can be drawn 

u n t i l the nature of the p a r t i c l e sources i s known. 
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5.4.3» Nuclear de-excitation l i n e s 

Assuming that low energy cosmic rays can penetrate clouds, the 

emissivity of l i n e s i s proportional to the product of the p a r t i c l e and gas 

densities. Since t h i s proportionality also roughly applies to gamma rays 

above 100 MeV assuming they are not mainly of electron o r i g i n , we expect: 

l i n e f l u x towards the Galactic centre 100 MeV f l u x towards the Galactic centre 

l o c a l l i n e emissivity l o c a l 100 MeV emissivity 

Considering the 1 2C l i n e , Haymes et a l . (1975) observe a f l u x of 
—4 —2 —1 o 9-5 10 cm 8 using a detector of acceptance angle 15 FWHM (see table 

A.6). Over the same range, from the SAS-2 results of Thompson et a l . (1976), 
-5 -2 -1 

a f l u x of gamma rays above 100 MeV of 2.32 10 ̂  cm s i s found. Since 
-25 -3 -1 

the l o c a l emissivity of gamma rays above 100 MeV i s about 1.5 10 ' cm ̂  s , 

the l i n e emissivity, q ^ n e9 i s s 

c . . i r.-24 -3 -1 
q l i n e = 6 b 1 1 0 c m 8 

However t h i s i s over 20 times higher than the maximum allowed by 

Meneguzzi and Reeves (1975) so as not to exceed ionization and l i g h t 

element production rates. Furthermore, t h i s i s only the lo c a l emissivity 

and values even higher would be required towards the Galactic centre. 

From the calculations of Lingenfelter and Ramaty (1976b), for t h i s l i n e 

emissivity the l o c a l cosmic ray energy density must be at least 60 e'v cm-'. 

Therefore, from t h i s argument, along with the p o s s i b i l i t y that low 

energy cosmic rays are excluded from clouds, i t seems that the de-excitation 

l i n e s must be produced i n a localised region of optimum conditions, f o r 

example the Galactic centre region i t s e l f . Comparing the gamma ray fluxes 

above 100 MeV, the t o t a l i n a 15° opening angle i s 2.32 10~^ cm~^ 
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-6 -2 -1 
whereas that from the Galactic centre region i s 6.7 10" cm" s . 

Conditions for l i n e production at the Galactic centre need only to be 

optimised by a factor of about 10 for domination. This would occur i f 

C/H were increased as suggested i n the previous subsection. The Galactic 

centre w i l l dominate anyway i f cosmic ray trapping and eventual cloud 

penetration occurs whereas exclusion possibly occurs elsewhere. 

The f l u x from the Galactic centre i s : 
I l i n e = q i i n e V (5.31) 

l i n e kid* 

where q - j ^ n e i s the emissivity i n units of H atom""*" s~* and the factor 

iijj V i s equal to the number of hydrogen atoms i n the r i n g . Using the 

observed f l u x , for M i n units of solar mass, 

8.98 10" 1 5 „ . -1 -1 q,. a f ., H atom s uine M 
n 

For 5 10 M and allowing for a C/H r a t i o a factor of ten higher o 
than the local value, the energy density, found by comparison with the 

calculations of Lingenfelter and Ramaty (1976b), would need to be about 

200 eV cm"'. This i s probably p r o h i b i t i v e l y high. Lingenfelter and 
12 

Ramaty (1976b) postulate that the C l i n e i s due to de-excitation i n 
8 9 

the r i n g , but they use a value for the mass of gas of 10 -10 M and, 
0 

with a C/H r a t i o ten times the local value, require a cosmic ray energy 
2 -3 

density of 10-10 eV cm , which i s possible. However the l i k e l i h o o d 

of such a high mass with a large C/H r a t i o seems remote. 

The conclusion i s therefore that the evidence i s i n favour of the 

l i n e s o r i g i n a t i n g i n the Galactic centre region, rather than along the 

l i n e of sight, due to possible low energy cosmic ray exclusion from 
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clouds and the low ionization rates for the general i n t e r s t e l l a r medium 

now generally observed (see for example Shaver, 1976; Brown, 1973; 

Barsuhn and Walmsley, 1977)* However, unless the Galactic centre mass 

i s underestimated by factors of 10 to 100 i t i s d i f f i c u l t to predict l i n e 

i n t e n s i t i e s as high as those recently observed. 
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C H A P T E R S I X 

THE DIFFUSE GAMMA RAY BACKGROUND FLUX 

CONTRIBUTION FROM DISCRETE EXTRAGALACTIC SOURCES 

6.1 THEORIES FOR THE GAMMA RAY BACKGROUND 

Observations of the high l a t i t u d e gamma ray f l u x are summarised i n 

Appendix A. See p a r t i c u l a r l y section A.2, figure A.l and tables A.2 and 

A.3. 

Models for the background f l u x f i t four categories, defined by the 

production mechanism invoked: 

(a) Inverse Compton 

Felten and Morrison (1963) suggested that the X-ray and gamma ray 

background may originate from inverse Compton interactions on int e r g a l a c t i c 

s t a r l i g h t . After the observation of the 2.7° K background radiation there 

were several calculations using t h i s as the photon f i e l d (Hoyle, 1965; 

Gould, 1965; Felten, 1965; Fazio et a l . t I966; Felten and Morrison, 1966). 

The consensus was that the emission of electrons from other normal 

galaxies would have to be higher than seemed l i k e l y from the Galaxy, for 

the i n t e r g a l a c t i c electron density to reach the required high l e v e l . 

Felten and Morrison (1966) suggested that radio galaxies should give a higher 

electron output, but. even so. prediction f e l l . s h o r t of the observed f l u x . 

Brecher and Morrison (1969) attempted to explain the shape of the 

spectrum from X-ray to gamma ray energies using an evolutionary model for 

i n j e c t i o n of electrons from normal galaxies, but Cowsik and Kobetich (1972) 

argue that when some of the approximations are removed from the calculations, 

only a featureless power law can be produced. 
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Several authors have estimated, usinrc rather crude models, the l i k e l y 

inverse Compton contribution from electrons i n a halo trapping region around 

the Galaxy (see section 8.1). 

(b) Neutral pion decay 

Stecker (1969a, 1969b, 1971a) has proposed a model to f i t the spectral 

shape above a few MeV, i n which the gamma rays are assumed to originate from 

neutral pion decay occurring at redshifts of about 70-100. The characteris­

t i c peak i n the d i f f e r e n t i a l gamma ray spectrum at 70 MeV i s redshifted to 

a few MeV and the model i s made to f i t the apparent "shoulder" i n the 

i n t e g r a l background spectrum at these energies. There are problems 

associated with t h i s theory, p a r t i c u l a r l y since the spectral "shoulder" now 

appears less tha* o r i g i n a l l y thought. There i s also a problem i n that large 

amounts of cosmic ray energy are required at these large r e d s h i f t s (see 

Stecker, 1975a). 

Probably the most unsatisfactory feature of the theory i s that the 

absolute f l u x i s achieved by normalisation, the free parameter being the 

maximum re d s h i f t f o r cosmic ray production. 

(c) Matter-antimatter a n n i h i l a t i o n 

Stecker et a l . (1971) have proposed that the background spectrum i s due 

to matter-antimatter a n n i h i l a t i o n at large red s h i f t s , a r i s i n g from the 

baryon-symmetric big bang cosmology developed by Omnes (1969 and references 

t h e r e i n ) . The spectral shape arises from the absorption window bounded by 

Compton interactions below about 1 MeV and pair production above about 

100 MeV, and the f i t i s extremely good. Recently the cosmology has been 

c r i t i c i s e d concerning nucleosynthesis and the d i s t o r t i o n of the microwave 
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background, although Stecker (1977) argues that there are i n fact no great 

problems. 

The weakness of t h i s model i s , as i n the previous case, that the spec­

trum i s normalised to the absolute f l u x . 

(d) Repeated inverse Compton scattering and pair production 

The gamma ray background theory of Strong et a l . (1973a, 197*0 i s 

based on the model suggested by H i l l a s (1968) to explain the observed 

steepening i n the primary cosmic ray spectrum above about 3 lO^eV. The 
15 

requirements are that the cosmic rays above approximately 10 eV are of 

Universal o r i g i n , produced at redshifts back to about 15, and that they lose 

energy i n pair production interactions with the microwave background. On 

the model of Strong et a l . , the electron positron pairs then give the back­

ground gamma rays by the r e p e t i t i o n of the following two processes u n t i l 

the threshold for the l a t t e r i s reached: 

(1) Inverse Compton scattering of the high energy electrons on the micro­

wave background giving high energy gamma rays. 

(2) Pair production by int e r a c t i o n of the hi^h energy gamma rays on the 

microwave background or s t a r l i g h t . 

This model i s favoured by the fact that absolute values are predicted. 

However^ calculated values l i e above the GAS-.? observations by factors of 
7 

2-5, although the f i t below 10 eV i s remarkably f*ood. 
6.2 AN APPROACH TO THE BACKGROUND ORIGIN PROBLEM 

From above,it i s seen that emphasis has been placed on cosmological 

models for the gamma ray background. They necessarily provide a high degree 

of isotropy, although u n t i l high l a t i t u d e gamma ray scans are available, 

100# isotropy i s by no means a certainty. 
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The main c r i t i c i s m to be le v e l l e d at the cosmological models i s that, 

with the exception of the l a s t mentioned, they do not predict absolute flux 

values. Those models based on f i t t i n g the spect r a l shape suffer problems 

due to the uncertainty i n the flux values at a few MeV. 

A different approach i s adopted i n the present work. Instead of t r y ­

ing to f i t a model to the complete background spectrum, certain l i k e l y 

sources of production are considered, the contribution calculated and then 

compared with the observations. I n the following chapters, the inverse 

Compton flux i s calculated for a l i k e l y physical model of electron leakage 

from the Galaxy. Based on t h i s , the electron leakage from other galaxies 

i s estimated and the l i k e l y flux from inverse Compton scattering of i n t e r -

g a l a c t i c electrons examined. 

I n t h i s chapter, origin from various categories of extragalactic object 

i s examined. The motivation for the work comes partly from si m i l a r studies 

at X-ray energies. Discrete source contributions to the X-ray background 

are estimated by Schwartz and Gursky (1973)* Boldt (197*0 and Rowan-Robinson 

and Fabian (1975) and others, who have found that, while normal galaxies 

give a negligible amount, other c l a s s e s of galaxy provide a higher c o n t r i ­

bution, although conclusions are that i t i s unlikely that the t o t a l background 

can have such an or i g i n . However, the X-gamma spectral slope i s steeper for 

the diffuse background than, for example, the Galaxy, and so i t may be 

expected that at gamma ray energies the discrete source contribution i s more 

s i g n i f i c a n t . Unfortunately we- are very limited i n observations of extra-

g a l a c t i c objects i n the gamma ray energy regime, and so the a n a l y s i s i s more 

model dependent than for the X-ray case. 

6.3 METHOD OF CALCULATION 

Two methods are used to calculate the contribution from a par t i c u l a r 

c l a s s of sources: 
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Method A 

Let each object of a c l a s s of sources of number density T\ per volume 

(c/H ) ^ (where H i s the Hubble constant) have a d i f f e r e n t i a l luminosity o o 
at the present epoch given by q ( E ^ ) = A E ^ i I n the absence of evolution 

and absorption, the diffuse background flux, j ( E ^ ) , i s given by t 

D ( V " W ^ " ? ) A E Y * t U * Z ) < 1 + z ) d t < 6 , 1 ) 

but 

£f = (1+z) 2 (l+2q z ) * H (6.2) at o o 

where q Q i s the deceleration parameter. Since i t i s now probable that 

q Q < 0.5, i t i s a good approximation to assume q Q = 0 and 6.1 becomes, 

0 

For sources contributing to the background flux we expect ot » 2. 

Therefore evaluation of the integral i n 6.3 gives a factor of 1/2 and we 

have, 

The objects i n a p a r t i c u l a r c l a s s exhibit a luminosity d i s t r i b u t i o n , 

and the integral of luminosity times number per (c/H ) ' i s written 
o 

Hq(Ey). This quantity can i n general be found by assuming that the gamma 

ray luminosity i s proportional to some other property for which the density 

function for the c l a s s of sources i s known. 

Taking H Q • 50 km s " 1 Mpc"1, 

j ( i y = 1.3 10" 5 8 ^ ( y (6.5) 
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where i(Ey) i s i n units of cm ^ s * s r ^ eV ̂  (or cm ^ s r ~ * ) and 

q(E^) i s i n s eV (or s ) . Since T)q(E.y) PI H q , j(E,y) i s independent 

of the value adopted for H Q . 

Method B 

I f the gamma ray and radio- luminosities of a c l a s s O L' sources are 

related by q(E ) tc (v)» then the gamma ray background flux, j ( l ^ y ) , i s 

riven by, 

• i ( E ) = — J L i (v) (6.6) 

^ L„(V) R 

where I f i ( v ) i n the radio background attributable to such sources. Unlike 

Method B, t h i s has the advantage of including evolutionary e f f e c t s . 

Proportionality between mdio and gamma ray luminosity if. l i k e l y 

since both are produced by cosmic r;.ys of about the snme energy. In the 

Galaxy, for example, the magnetic f i e l d ir typi.c^Ily of a few microgauss 

and therefo"F.- non-thermal "odio emission a t a few hundred VA\v. i s produced 

by electrons of •<•, few UeV. i'his i s aprroximate'jy the .!ifime energy required 

by nro*.onp and eirctrons for producing gamma rays, by neutral pi on decay 

and bremsstrahlung respectively, i a u l et a l . (19*76), comparing current 

observations, j u s t i f y rroportionality between the Galactic 150 MHz and gamma 

ray emissivity. 

Using the same notation as in section 2.5, the radio ernissdvity i s 

roughly proportional to (n * n J Ĥ , where H i s the- ir..»gnetic f i e i d . The 

main contributions to the gamma ray emissivity are given by equations 2.39 
and 2.i*0. I t i s unreason;.ble to expect other pplaxies to exhibit large 

p 

variations in H" without, roughly corre'.nonding cjnnfcs i n n^. therefore, 

as long as proton sources are distributed between galaxies roughly in 

proportion to th e i r electron source densities, the assumption of gamma ray 

and radio proportionality ruae-srs well .justified. 
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6.k THE CONTRIBUTION FROM NOfrlAL GALAXIES 

6.4*1. Qalculation using Method A 

As yet there are no point source gamma ray observations of normal 

galaxies. However, the Galaxy i t s e l f can be used as the basis for the 

an a l y s i s . 

In section 3»'+*3« a r a d i a l unfolding of the longitude distribution 

given by F i c h t e l et a l . (1973) enabled the t o t a l luminosity of gamma rays 

above 100 MeV to be found. The value obtained was q(>100 MeV) = 1.3 10 s 

In order to evaluate >100 MeV), some indicator of gamma ray luminosity 

i s used, say property P, for which T)P i s known. Then, 

"ijP 
T|q( >100 MeV) = ( >100 MeV) (6.7) 

P Q a l 

One p o s s i b i l i t y for P i s the radio luminosity L R , and for t h i s , 

Method B can be used for the analysis (see following s e c t i o n ) . The other 

indicators to be examined are optical luminosity, L, since i t i s l i k e l y 

that the number of cosmic ray sources i s related to that of the s t a r s , and 

neutral hydrogen mass, M̂ . I t i s probable that for neutral pion decay 

and bremsstrahlung gamma ray production, the best indicator i s some function 

of L and M^« 

(a) Gamma ray emission proportional to op t i c a l luminosity 

The calculation of the absolute photographic luminosity of the 

Galaxy, L, i s based on data given by Allen (1973)* The absolute v i s u a l 

magnitude as seen from the direction of the Galactic pole outside the 

Galaxy i s My = -20.5. Converting to photographic magnitude gives a value 

for M of approximately -19.66. The corresponding luminosity, I< . i s pg max 
9 

9*6 10 L • Calculation of the mean luminosity over a l l directions, L, 
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involves a factor for absorption, and here exp (-O.36 cosec b) (Allen, 

1 9 7 3 ) i s used. A rough estimate for L i s therefore given by: 

L V 2 

L . 222 f e x p ( _ 0 > 3 6 s e c 0) s i n 0 d 0 ( 6 > 8 ) 

exp ( -0 .36) J 

where 0 • ̂  - b 

i . e . L » 0 . 6 L = 6 1 0 9 L 
max e 

Luminosity functions given by several authors have been investigated. 

In each case, the luminosities have been corrected to the photographic range 

and r e s u l t s scaled to H Q = 50 km s"*1 Mpc"1. The integral over luminosity of 

the density function times luminosity, T)L, has been found. From Kiang 

( 1 9 6 1 ) , 1|L = ^ « 9 10 L ( c / H ) , whereas using i n addition the absorption 
9 o 

10 
correction of Shectman (1973)» 3 . 3 1 0 7 i s found. This l a t t e r value agrees 
well with those from van den Berg (1961) (3.7 1 0 1 9 ) and Shapiro ( 1 9 7 1 ) 

1 9 

( 3 * 6 1 0 ) , and i s used i n the present a n a l y s i s . 

Equation 6 . 7 now yi e l d s , 
T)q( > 1 0 0 MeV) = 7 - 1 1 0 5 1 s " 1 ( c / H ) " 5 

' o 

i . e . from 6 . 5 

j ( E ^ ) = 9 . 2 10~7 cm"2
 s

_ 1 s r " 1 

The high latitude background flux above 100 MeV recorded by F i c h t e l 

et a l . ( 1 9 7 5 ) i s 2 1 0 cnf s~ s r ~ , and therefore the contribution from 

normal galaxies i s l e s s than % . 

Recent work by Gott and Turner ( 1 9 7 6 ) suggests that the data, on which 

the luminosity functions referenced above were based, were biassed by a 
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19 -3 large l o c a l density enhancement. They find T\ L = 1 10 L (c/H ) , e o 

which implies an even lower percentage background contribution from normal 

galaxies, i . e . < 2#. 

(b) Gamma ray emission proportional to neutral hydrogen mass 

The mean density of HI for galaxies, i s given by Rowan-
l8 3 

Robinson and Fabian (1975) as 9 10 M (c/H ) " p and the Galactic HI mass 
e o 

q 

as 4 10 M̂ . Using the value for q Q a l ( > 1 0 0 MeV) given above, equation 

6.7 gives, 
•nq( >100 MeV) = 3 1 0 5 1 s " 1 (c/H ) " 3 

o 

i . e . from 6.5 

j( B ^ ) = 4 10~ 7 cm"2 s " 1 s r " 1 

This represents 2% of the observed background. 

6.4.2. Calculation using Method B 
The r a t i o q(E )/L_(v) i s found by comparing the i n t e n s i t y of the Y « 

gamma ray longitude di s t r i b u t i o n for energies above 100 MeV given by 

F i c h t e l et a l . (1975) (see figure 3.2), with the corresponding 150 MHz 

radio measurements of Landecker and Wielebinski (1970). The r a t i o v a r i e s 

by l e s s than a factor of two with direction i n the plane and i s consistent 
—7 -2 —1 —1 —1 with (1-2) 10 cm s sr K , where the radio measurement i s of 

brightness temperature, T^. 

The contribution to the radio background from normal galaxies i s 

estimated as k° K at 178 MHz by Longair (1971) and 0.48° K at 408 MHz 
-2 75 

by Schmidt (1972). Assuming that T^ ec V , corresponding to a 

d i f f e r e n t i a l electron spectrum of slope -2.5, these values give, respectively. 
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6.4 K and 7.5 K at 150 MHz. From equation 6.6, the gamma ray flux 

above 100 MeV i s given by j ( E y ) = (6.4 - 15) 10~7 cm"2 s " 1 s r " 1 , i . e . 

between % and 7% of the background. 

Only about 20$ of the diffuse radio background i s from normal 

galaxies. The above estimates of Longair and Schmidt are derived from 

non-evolutionary models. I t i s therefore expected that s i m i l a r r e s u l t s 

for the gamma ray flux would be obtained using Model A. 

6.4.3* Discussion 

A l l the estimates give f a i r l y s i m i l a r values for the normal galaxy 

contribution to the gamma ray background, i . e . l e s s than 7% above 100 MeV. 

This value can be contrasted with 0.5% calculated by Rowan-Robinson and 

Fabian (1975) for the contribution from normal galaxies to the X-ray back­

ground. There i s consistency since the d i f f e r e n t i a l spectrum of Galactic 

gamma rays has a slope f l a t t e r than -2 (figure 2.3) compared with about 

-2.4 for the background (figure A . l ) . I t i s evident that even i f the 

percentage contribution were higher, the slope of the background could not 

be matched unless i t were assumed that the Galactic cosmic ray slope i s 

uncharacteristic of the average. 

Evolution has not been considered. None i s apparent i n normal 

galaxy radio emission, unlike the case for the much stronger radio galaxies 

where probably a combination of luminosity and density evolution i s most 

l i k e l y (Schmidt, 1972). However, recently Mattila (1976) has measured the 
. o 

extragalactic background brightness at 4000 A and has found evidence for 

strong o p t i c a l luminosity evolution. He has examined the difference i n 

surface brightness between the dark nebula, L134, and i t s surroundings. A 

subtraction of the contribution of scattered s t a r l i g h t to the nebula i s 

required, but t h i s i s based on a spectral analysis and gives a r e l a t i v e l y 
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small possible error. He finds that the extragalactic background l i g h t i s 

about 20 times that expected from non-evolutionary models and given, for 

example, by Shectman (1973). Although some opti c a l evolution i s l i k e l y , 

t h i s factor i s surprisingly high, especially since the effect of radio 

galaxy evolution on the radio background i s only a factor of about 4 (see 

next s e c t i o n ) . Hopefully, a similar method w i l l soon be used to study 

other dark nebulae. 

This evolution has great significance to the present a n a l y s i s . From 

section 6.4.1. i t i s seen that i f optical luminosity alone i s an indicator 

of gamma ray emission, close to 100# of the background may be predicted. 

However, i t i s d i f f i c u l t to j u s t i f y using o p t i c a l luminosity i n preference 

to either radio luminosity or HI mass as a gamma ray indicator, and there­

fore, u n t i l more data are available, the r e s u l t s remain speculative. 

6.5 THE CONTRIBUTION FROM RADIO GALAXIES 

6.5.1. The radio background 

Longair (1971) estimates that radio galaxies produce a background 

of 16-19° K at 178 MHz, which gives a t o t a l , when normal galaxies are 

included, of 20-23° K. This i s a factor of four larger than obtained 

without inclusion of cosmological evolution. Evolution i s found to have 

the same effect at 4o8 MHz, where Schmidt (1972) estimates a background of 

1.5° K, giving a t o t a l , i nclusive of normal galaxies, of 2° K. The present 

analysis i s r e s t r i c t e d to use of Method B. 

The radio background attributed to radio galaxies, I R ( v ) , can be 

expressed, 

I R ( V ) = 3.08 10~ 2 8 Tb V 2 W m"2 s r " 1 hz" 1 
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where V i s i n MHz and T^ i s brightness temperature in °K. 

The above values give, 

I R (178 MHz) = (1 .6 - 1.8) 1 0 " 2 2 W m"2 s r " 1 hz" 1 

I R (408 MHz) = 7 . 7 1 0 " 2 3 W m"2 s r " 1 hz" 1 

6.5.2. Calculation assuming s i m i l a r i t y to normal galaxies 

A rough estimate of the gamma ray background contribution from radio 

galaxies can be obtained assuming q(Ey)/LR(v) i s the same as for normal 

galaxies (see section 6 .4 .2 ) . Using equation 6.6, t h i s leads to a flux 

above 100 MeV of (2-7) 10" cm" s" s r " , i . e . 10# to 35# of the background 

6.5.3. Result based on M87 

At present there are no observations at 100 MeV of gamma rays from 
-6 - 2 -

radio galaxies. However, an upper l i m i t to the M87 flux of 1 .0 10 cm" s~ 

( >100 MeV) has been found by F i c h t e l et a l . ( 1 9 7 5 ) . The 178 MHz flux i s 

970 Jy (see Burbidge, 1 9 7 0 ) . Using I R (178 MHz) above, 
j ( >100 MeV) < 2 1 0 " 5 cm"2 s r " 1 s " 1 

This i s just compatible with the observed value. 

6.5.4. Result based on Cen A 

Observations of gamma rays i n the range 1 - 1 0 MeV from the nearest 

radio galaxy, Centaurus A, are reported by Hall et a l . , (19?6) (see section 

A.5 and table A.6). They find l i n e emission at 1.6 MeV and 4.5 MeV, super­

imposed on a power law continuum of d i f f e r e n t i a l slope about - 1 . 9 . The 

178 MHz flux i s about 4800 Jy (see Burbidge, 1970). Assuming Cen A i s a 

typ i c a l radio galaxy, using equation 6.6 and I R ( I 7 8 MHz) as above, a gamma 
—2 —1 —1 

ray flux F (Ey) cm s eV w i l l give a background from t h i s c l a s s of 

source of, 
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j ( E y « F(Ey) x 3.6 cm - 2 s " 1 s r " 1 eV - 1 

The data points of H a l l et a l . (1976) have been converted to back­

ground flux i n t h i s manner and are shown i n figure 6.1. The Apollo and 

SAS-2 background r e s u l t s from figure A.l are shown for comparison, along 

with the flux attributed to an extragalactic origin by F i c h t e l et a l . 

(1977b). The sharp l i n e features w i l l be smoothed to a continuum by the 

d i f f e r i n g r e d s h i f t s of the sources, and therefore there i s evidence that 

radio galaxies should be a prin c i p a l contributor to the background i n 

the 1 - 10 MeV range. 

The radio emission from Cen A (NGC 5128) comes mainly from large 

lobes, which extend well beyond the optical image and cover several degrees 

on the sky. About 1$ appears to come from the central nucleus, which i s 

also a source of X-ray and near-infrared radiation. Grindlay et a l . (1975) 

have observed very high energy gamma rays ( 5^300 GeV) which are from a 

smaller region than the f u l l radio source. Attributing t h i s emission to 

the nucleus alone, Grindlay (1975) has modelled the region to f i t also the 

X-ray and infrared measurements. The model comprises component A, which 
-k 

i s of angular s i z e 4 10 arcsec and magnetic f i e l d 2 gauss, and component 

B, of s i z e 9 10 ' arcsec and f i e l d 0.01 gauss. Each region i s a strong 

synchrotron emitter, producing the majority of radiation below 10 eV, which 

acts as a photon f i e l d for inverse Compton scattering, the major source 

of the radiation above lO^eV. The inverse Compton contributions from the 

A and B components, along with the high energy data point, are shown i n 

figure 6.1, scaled to correspond to the background flux as for the 1 - 1 0 MeV 

measurements. 
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Figure 6.1 The contribution to the diffuse gamma ray background,represented 
by the 3A3-2 and Apollo r e s u l t s , from radio galaxies. The data points, 
T (upper l i m i t s ) and $, rela t e to Cen A, scaled to represent the order 

of contribution to be expected from radio galaxies. The dashed l i n e s are 
the two components of the model of (Jrindlay(l975) for the nucleus of 
Hen A, s i m i l a r l y scaled. Also shown i s the flux attributed to an extra-
g a l a c t i c origin by F i c h t e l et al.(1977b). 
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The Grindlay model suggests that the continuum seen by Hall et a l . 

(1976) i s also from the nucleus. A certain degree of v a r i a b i l i t y for the 

nucleus must be invoked for a l l the measurements to be consistent, and at 

other observing times the 1 - 1 0 MeV flux may be as much as a factor of ten 

lower. However, from figure 6.1 i t i s evident that t h i s would not s i g n i f ­

i c a n t l y a f f e c t present conclusions. 

A problem with the present analysis i s that, i f the Grindlay model 

i s correct, the relationship between gamma rays emitted from a central 

nucleus and radio emission from wide lobes i s being expected to be roughly 

a constant for a l l radio galaxies. However, Hall et a l . (1976) were not 

able to determine the siz e of the gamma ray emitting region and the possi­

b i l i t y remains that t h i s i s of sim i l a r extent to the radio or optic a l 

regions. 

There are unfortunately no Cen A gamma ray observations at 100 MeV. 

The Grindlay model predicts a very small flux from the nucleus. 

6.5«5. Summary 

The observations of Cen A, together with an evolutionary model, 

suggest that radio galaxies can produce the 1 - 1 0 MeV background flux i f 

the gamma ray and radio luminosities are proportional. There i s as yet no 

evidence for a large contribution at higher energies. 

6.6 CONSIDERATION OF OTHER GLASSES OF OBJECT 

6.6.1. Cluster s of galaxies 

Rowan-Robinson and Fabian (1975) estimate a contribution to the 

k keV X-ray background from Abell c l u s t e r s of 22 - 65$ or 5 - 7So, with or 

without a cosmological evolution factor respectively. 
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Two processes have been proposed for X-ray production i n cl u s t e r s 

of galaxies, i . e . inverse Compton and thermal bremsstrahlung. I f the 

former i s dominant, s i g n i f i c a n t contribution to the background at gamma 

ray energies i s expected, since the spectrum w i l l be harder than that of 

the background for an electron spectrum similar to that of the Galaxy. 

I f thermal bremsstrahlung i s dominant, the gamma ray contribution from 

c l u s t e r s w i l l be negligible. 

Spectral resolution of current data i s generally not good enough 

for the production mechanism to be distinguished. Uhuru observations 

favour a bremsstrahlung spectrum, strongly for Virgo and marginally for 

Perseus, although either spectra f i t observations of Coma (Kellogg et a l . , 

1975). Data from the Copernicus experiment for both Perseus (Fabian et 

a l . , 197 )̂ and Centaurus (Mitchell et a l . , 1975) can be f i t t e d equally well 

by power law or thermal spectra. 

A correlation between the radio and X-ray luminosities of c l u s t e r s 

would be suggestive of an inverse Compton X-ray and synchrotron radio flux 

from the same electron spectrum. Rowan-Robinson and Fabian (1975), using 

data from 18 Abell c l u s t e r s , find no general correlation. 

Authors of theoretical papers now appear mainly biassed i n favour of 

thermal bremsstrahlung o r i g i n . However, further observations are awaited. 

6.6.2. Seyfert galaxj.es 

Seyfert galaxies are s i g n i f i c a n t i n that they are found by Rowan-

Robinson and Fabian (1975) to provide possibly the highest contribution 

to the X-ray background, i . e . 50 + 2h% without evolution. Their estimate 

i s based on two observations and two upper l i m i t s and has a large error. 

Predictions i n the gamma ray band are completely model dependent as 

there are no observations. As for c l u s t e r s , i f the X-ray production 

http://galaxj.es
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mechanism i s inverse Compton then a signif i c a n t contribution to the gamma 

ray background i s expected. Discussion of one such model i s presented 

elsewhere (Strong et a l . , 1976). However, the X-ray production mechanism 

i s uncertain and so no useful conclusions are at present possible. 



- 110 -

C H A P T E R S E V E N 

A MODEL FOR THE GALACTIC HALO 

7.1 INTRODUCTION 

Although inverse Compton scattering i s found to be of minor impor­

tance for gamma ray production i n the Galactic plane, i t w i l l dominate i n 

the low gas density region outside the d i s c . Here gamma rays are expected 

from scattering of electrons on the 2.7° K blackbody radiation f i e l d as 

well as on s t a r l i g h t and far infrared radiation coming from the Galaxy. 

The magnitude of the inverse Compton flux depends on the density of 

electrons i n the region, which i n turn depends on their method of leakage 

from the d i s c . 

There has been much debate as to whether or not an electron "halo" 

e x i s t s around the Galaxy. Free electron escape from the disc gives no 

such feature whereas the currently popular diffusion models do. The 

potential of a halo for producing gamma rays i s great and therefore i t i s 

of importance that a r e a l i s t i c model should be investigated. Even i f 

r e s u l t s give l e s s than the observed high latitude flux, such a co n t r i ­

bution should be subtracted before considering any remaining isotropic 

(extra g a l a c t i c ) flux. 

Added support for the importance of a halo investigation comes from 

the very recent r e a l i s a t i o n that possibly the electron to proton density 

r a t i o i n the disc i s elsewhere higher than observed at the Sun. This i s 

based on two factors: 

(a) The steep Galactic gamma ray spectrum recently observed 

(section A.5) implies that bremsstrahlung r e l a t i v e to neutral 
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pion production may be higher elsewhere than that calculated 

l o c a l l y . 

(b) There i s a discrepancy i n the plane between the observed l o c a l 

electron spectrum and that expected using l o c a l magnetic f i e l d 

values and radio data (see section 2.3). 

Evidence from non-thermal radio data that a halo to our Galaxy e x i s t s 

i s discussed i n the next section, and a model for the electron behaviour 

i s developed i n the rest of t h i s Chapter. 

7.2 EVIDENCE FOR A GALACTIC HALO 

7*2.1. Observations of external galaxies 

Evidence that an external galaxy s i m i l a r to our own possesses an 

electron halo i s reported by Sancisi et a l . (197*0. They have studied 

NGC 891 which i 6 a nearly edge-on s p i r a l with a disc s i z e similar to that 

of the Galaxy. Observations at 1415 MHz show a flattened radio synchrotron 

halo extending beyond the 21cm HI observations to a height, z, of about 

5-6 kpc. 

At present the only other edge-on Galaxy reported to exhibit a halo 

i s NGC ^631 (Ekers and S a n c i s i , 1977). This i s a l a t e type, s l i g h t l y 

i r r egular galaxy with strong radio emission from i t s central region, and 

therefore comparison with the Galaxy may not be appropriate. However, 

excluding the central 3 kpc, the disc radio emission i s similar to that of 

the Galaxy. The radio halo i s non-spherical (flattened i n z) as for 

NGC 891, and i t exhibits a radio spectrum which steepens away from the 

plane. 

I t i s desirable that observations should be made of other edge-on 

s p i r a l galaxies so that electron propagation models can be tested, 
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although i t should be remembered that use of synchrotron data requires 

assumptions about the magnetic f i e l d to be made. 

7.2.2. High latitude radio measurements of the Galaxy 

Webster (1975) has shown that low frequency d r i f t scan measurements 

at various declinations are inconsistent with a constant spect r a l slope for 

different high Galactic l a t i t u d e s . He interprets the r e s u l t s as evidence 

for a Galactic halo i n which the electron spectrum i s steeper than that 

i n the d i s c . I n h i s crude model a spherical halo i s uniformly f i l l e d with 

electrons and magnetic f i e l d and he calculates l i m i t s on the s i z e and 

emissivity of such a feature. 

Bulanov et a l . (1976) pointed out that a s p a t i a l l y independent spectral 

index underestimates the halo emissivity. I t i s therefore important to use 

a physical model such as one with electron diffusion. Here energy losses 

cause the steepening of the spectrum away from the d i s c . 

Many diffusion models have been developed i n the past for the Galaxy 

although the lack of observational constraints on such models, and the fact 

that large halos around other galaxies were not seen, has led to much doubt 

and debate. Various geometries have been assumed and the usual approach 

has been to search for consistency with Galactic radio emission and l o c a l 

l i f e t i m e s (see, for example, Dbgiel et a l . 1975). The conventional idea of 

a halo has been a large scale structure, perhaps a spherical region with the 

radius of the Galactic d i s c . This c l e a r l y i s not indicated by external 

galaxies, nor i s i t the case for a diffusion model with a r e l a t i v e l y small 

diffusion c o e f f i c i e n t . Evidence i s now i n favour of a flattened feature 

extending to a height of a few kpc. 

Strong (1977) has recently developed a method for comparing the r e s u l t s 

of a diffusion model with d r i f t scan radio data which i s independent of the 
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emission from the d i s c . He finds consistency with a halo diffusion mean 

free path, X, i n the range 1 - 1 7 pc, set by the amount of f a l l - o f f of 

magnetic f i e l d towards the anticentre direction i n the halo. X= 1 pc 

i s for the case i n which the halo f i e l d i s uniform and about 0.2 of that i n 

the disc, causing the FWHM of the 17.5 MHz emission to be about 6 kpc. 

Recent work of Owens and J o k i p i i (1977) agrees with a value of X close 

to 1 pc. 

7.3 A MODEL FOR ELECTRON DIFFUSION FROM THE DISC 

7.3»1. Equations for the s p a t i a l electron density di s t r i b u t i o n 

There are two extreme approaches to halo diffusion. In the f i r s t , 

the d i s c and halo are indistinguishable as far as propagation i s concerned. 

This neglects the probable influence of known physical differences between 

the two regions. I n the second approach, that adopted here, the disc i s 

considered to be a containment region out of which the electrons leak. 

The disc boundary i s t y p i c a l l y at z between 250 pc and 500 pc, and from the 

Sun out to these distances the l o c a l electron density i s assumed. 

In the present model, the disc-halo boundary i s considered to be 

almost t o t a l l y r e f l e c t i n g such that the effect of p a r t i c l e s diffusing back 

into the disc from the halo can be neglected. 

The solution to the 3-D diffusion equation for a point source i n 

i n f i n i t e space with synchrotron and inverse Compter, energy losses i s given 

i n Appendix B. The in s e r t i o n of a double-sided t o t a l l y r e f l e c t i n g plane 

mirror at the source does not affe c t the boundary condition there, i . e . 

V.n = 0, and therefore the solution can be used i n the present case. The 

electron density at a distance s away from the source i s given by 

(equation B.23): 
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n(E,s) = ^ ,. exp (-x) Xs f a " 1 * tf"2 ^ t V ^ 2 dt (7.1) 

where, 

2 
bEs 

x = -^§" (7.2) 

and the energy losses are given by 
E = - bE 2 (7.3) 

The coefficient of the source function, which i s assumed to be a 

single power law i n energy of d i f f e r e n t i a l slope - [ " " , i s A. D i s the 

diffusion c o e f f i c i e n t . I n the present model the source region i s assumed 

to be a f l a t disc of radius R with uniform emission per unit surface area. 

For z much greater than the Galactic disc thickness, i . e . z £ 0.5 kpc, 

i t i s a good approximation to treat the disc as a surface of negligible 

thickness. The electron density at a position i n the halo i s therefore 

a surface integration over point sources i n the plane. *igure 7.1 shows 

the geometry. 

We consider a point P ( r , z ) , where r , z are c y l i n d r i c a l polar co­

ordinates with an origin- at the Galactic centre. A l l points i n the disc 

at an equal distance, s, from P contribute an amount n(E,s) given by 

equation 7.1. These sources l i e on the circumference of a c i r c l e of 

radius r ^ i n the d i s c . 

Writing, 

n(E, r 1 ? z) = n(E, s) (7.4) 



Figure 7 . 1 The geome t ry used i n t h p c a l c u l a t i o n o f the e l e c t r o n density 
as a f u n c t i o n o f p o s i t i o n i n the ( J a l a c t i c h a l o . 
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F i g u r e 1.2 TjO MH« r a d i o * » m i s s i v i t y a? a f u n c t i o n o f G a l a c t i c r a d i u s 
( i n a r b i t r a r y u n i t s ) f r o m T l o v a i s k y and I,equeux( 1 9 7 ? ) . The d i s t r i b u t i o n 
i s a p p r o x i m a t e d f o r ModPl v by t h r e e supe r imposed d i s c s as shown. 
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the density at P due to the sources i s , 

n(E, r , z, r ^ = 2 Qir^ r ) n(E, r l t z) (7.5) 

where, 
H i f r.. < R-r 

° ( r l ' r ) = R2 2 r i 2 
* cos" 1 [ R ~ r " r l ] i f r >R-r 

2rr^ 

(7.6) 

(o < e < it) 

The integral over a l l possible values of r ^ i s given by: 
r, l,max 

n(E, r , z) = J 2 ^ ©(r^r) n(E, r ^ z) d r 1 

l,min 

(7.7) 

where, 

r, = R + r (7.8) l,max 

{ r-R i f r > R ( > 
l.rain • \ 0 r < R 

As long as the source d i s t r i b u t i o n can be expressed as a function of R 

( r a d i a l symmetry in the d i s c ) , the above method can be used where we sum 

over superimposed discs of r a d i i R^ and r e l a t i v e emissions given by A^. 

7.3.2. The effect on the electron spectral slope 

The present model i s only applicable i f the electron source d i s ­

tribution can be expressed as a power law with a single d i f f e r e n t i a l 

slope, - T . 

Consider a point i n the plane (z = 0 ) . Suppose that the surface 

i s not of radius R but has an i n f i n i t e radius. In t h i s case the density 



- 116 -

of electrons of energy E at any point i n the plane i s given by the i n t e ­

gration of equation B.19 over a l l r from zero to i n f i n i t y : 

1/bE *> 2 

n(E) = AE"1" f de (l-bOE) 1"- 2 f e " r A D Q 2ltr dr 
( UDTO ) ' 0 

(7.10) 

?— 1 n(E) = AE~ / de ( l - w ) r - 2 _ i ^ ^ 
0 {kDmV'2 

l e t U = bE9 
1 

n(E) = AE - 1" J H ( 1 - U ) F 2 CfDTO"* U~* (bE)* (7.12) 
0 

Therefore, 
1 

n(E) = A E " ( r + ^ ) J du ( i - u ) r ~ 2 <tomn>r* (7.13) 
0 

Thus i n the plane the electron spectrum i s steeper by E * than the 

source spectrum. In the physical situation the plane i s not i n f i n i t e and 

the steepening, an increasing function of energy, lessens as the disc s i z e 

decreases and as X increases, for given parameters, there w i l l be some 

energy below which the steepening i s negligible. 

7.k THE ELECTRON DENSITY AS A FUNCTION OF POSITION IN TIE HALO 

7• • 1 • Parameters for the model 

For the physical model and solution of equation 7.7, values for 

r , D, b, A^ and R^ are required. 

The disc electrons act as the source for the halo. A spectral slope 

c h a r a c t e r i s t i c of that ambient i n the plane must be chosen and, assuming 

the l o c a l value to be t y p i c a l , l~= 2.5 i s employed. This i s the spectral 
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slope of l o c a l electrons with energies most appropriate for producing gamma 

rays of about 100 MeV (see equation 2.12). 

Calculations have been made for two values of the diffusion mean free 

path, X (=3D/c). These are X = 2 pc and X = 20 pc, which are values 

roughly consistent with the range found by Strong (1977) (see section 7.2.2). 
-17 -1 —1 

For the energy losses (equation 7.3)i b = 6 10 GeV s i s taken. I n 

fact b should decrease with distance from the d i s c (the infrared and s t a r ­

l i g h t energy densities and probably the magnetic f i e l d decrease). However 

the approximation of energy independence for b i s v a l i d since i t i s clear 

from equation 7.1 that the diffusion coefficient, D, has a greater 

influence on the solution and t h i s i t s e l f i s uncertain by a factor of about 

ten. 

Two models for the electron source distribution are taken. For 

Model 1 there i s a uniform i n j e c t i o n rate per unit area from a 12.5 kpc 

radius d i s c . For Model 2 the i n j e c t i o n rate i s allowed to increase 

towards the Galactic centre consistent with the r a d i a l unfolding of the 

150 MHz radio emissivity given by Ilovaisky and Lequeux (1972). As shown 

i n figure 7.2, the d i s t r i b u t i o n i s approximated by 3 superimposed d i s c s . 

Obviously i t i s unphysical to allow a build-up of electron density 

at the disc-halo boundary. The condition i s therefore applied that the 

l o c a l density i s also that at R = 10 kpc, z = 500 pc. From the arguments 

i n section 7.3.2 the slope here may be steeper than that of the source 

spectrum. The energy chosen for the normalisation i s 1 GeV since t h i s 

i s approximately the minimum that i s of interest i n the inverse Compton 

calculations, electrons of lower energy only contributing to the gamma 
n 

ray flux below about 10'eV from scattering on s t a r l i g h t . Figure 7.3 shows 
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of d i f f e r e n t i a l slope -2*5. 
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the calculated d i f f e r e n t i a l electron density spectra at the normalisation 

position for Model 1 and X = 2, 20 pc. Comparison with the source 

spectrum, a power law of d i f f e r e n t i a l slope - 2 .5, which takes the l o c a l 

density given by Goldstein et a l . (1970) at 1 GeV, shows that normalisation 

at t h i s energy i s reasonably good. The s l i g h t build-up of electrons of 

lower energies i n the halo, more apparent for X = 2 pc as expected, 

w i l l i n fact require preferential leakage back into the disc for equilib­

rium to be restored. 

The normalisation maximises the electron density in the halo r e l a t i v e 

to that i n the d i s c . However the arguments expressed i n section 7.1 

support the p o s s i b i l i t y that we measure a l o c a l electron intensity which 

i s l e s s than that elsewhere close to the Sun and so therefore the c a l c u l a t ­

ion probably gives r e a l i s t i c electron densities i n the halo, rather than 

upper l i m i t s . 

The values for A for combinations of Models 1 and 2 with the two 

values for X , are given in table 7.1. I t i s seen that, to maintain the 

same density at z = 500 pc, the i n j e c t i o n rate i s higher for the larger 

X value since the p a r t i c l e s can now get away very much fa s t e r . 

A rouch check can be made that the calculated values of A are not 

inconsistent with measured lif e t i m e s of cosmic rays i n the d i s c . This i s 

only approximate since no atteirmt has been made to model the disc i t s e l f 

where diffusion possibly also occurs but not necessarily with the same 

mean free path as for the halo. We can however make an order of magni­

tude check on the parameters needed i n the disc for the required leakage 

over the boundary. The l o c a l electron density i s written: 

n (E) = j ( E ) (7.14) 
9 C 
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where j ( E ) i s given by equation 2.12. For E = 1 GeV we can write: 

A s j ( E = 1 GeV) ^ (7.15) 

where d i s the electron disc ^-thickness and l i s the l i f e t i m e . Taking a 

probable value for d of 300 pc, the values for T a r e calculated (see 

table 7.1). Except for Model 1 and X = 20 pc, which gives a rather low 

value, the others are consistent with the observed l i f e t i m e range (see 

section k.k). The value most consistent with recent data i s that for 

Model 2 and X = 2 pc. This combination i s i t s e l f more probable than the 

others since i t includes a r i s e i n the electron source density towards 

the Galactic centre and a mean free path more consistent with work out­

l i n e d i n section 7.2.2. 

7«^.2. Derived electron density contour plots for the Halo 

Equation 7*7 has been solved using parameters given i n the 

previous section. For i l l u s t r a t i o n , figures 7»^(a-d) show some eleotron 

density contour diagrams. I n each case the r e s u l t s for X = 2 pc are 

shown i n the upper hemisphere and those for X = 20 pc i n the lower. 

P l o t s for k GeV, GeV and 180 GeV are given since these are character­

i s t i c of the production of 100 MeV inverse Compton gamma rays on s t a r ­

l i g h t , far infrared and 2.7° K blackbody radiation respectively. 

Contours are for z 5" 2 kpc. The figures give an indication of the 

" s i z e " of the halo at the various electron energies. 

In the following Chapter, calculations of the gamma ray flux using 

the present diffusion model are presented. 
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C H A P T E R E I G H T 

A CALCULATION OF THE GAMMA RAY FLUX FROM 

INVERSE COMPTON SCATTERING IN THE GALACTIC HALO 

8.1 IMPORTANT FEATURES OF THE CALCULATION 

I n early models for the high latitude inverse Compton gamma ray 

flux, halos of chosen dimensions were assigned uniform electron inten­

s i t i e s . There has been disagreement as to the importance of the 

mechanism, r e f l e c t i n g differences i n the choice of values for halo s i z e 

and electron density. For example, the f i r s t c alculations (Felten and 

Morrison, 1966; Fazio et a l . , 1966) resulted in a flux below that observed, 

whereas Bhatia and Tandon (1971)* using a higher electron i n t e n s i t y more 

representative of that observed l o c a l l y in the d i s c , found that the 100 MeV 

high la t i t u d e flux could be completely accounted for by inverse Compton 

interactions. These calculations, although bearing l i t t l e resemblance to 

the physical situation, indicate the potentiality of the production 

mechanism. 

The present model i s parameterised by the electron diffusion mean 

free path, which i s constrained by the synchrotron measurements but s t i l l , 

unfortunately, uncertain by a factor of ten. The slower the electrons 

diffuse, the closer to the disc they lose energy, thus causing a steeper 

gamma ray spectrum. 

The t e s t for the model i s the predicted anisotropy. Results of high 

la t i t u d e scans in the future should enable the diffusion mean free path 

and the contribution to the gamma ray flux to be firmly established. 
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Two important features new to the present calculations are the 

inclusion of the far infrared photon f i e l d , the importance of which has 

only recently been r e a l i s e d , and consideration of the geometry of the 

scattering rather than assuming, as has been done in the past, that the 

s t a r l i g h t i s iso t r o p i c . After scattering, the gamma ray i s beamed i n 

the direction of the electron. Since the s t a r l i g h t and infrared photons 

are moving away from the plane there i s a higher ingredient of head-on 

c o l l i s i o n s than i n the isotropic case. 

8.2 THE INVERSE COMPTON SCATTERING EQUATIONS 

8.2.1. The gamma ray flux 

I f the photon volume emissivity i s q(E,s) and the electron density 

i B n ( E e , x ) , where _s and x are position vectors with respect to the Sun, 

the d i f f e r e n t i a l gamma ray flux from x, j ( E y x ) . i s , 

(l-e) 

JdEQ n ( E e , x) J dE q(E, s) ( E ^ , E, 0, E g ) 

(8.1) 

where 

x . (s-x) 
© = = (8.2) 

I x||s-x| 

The inverse Compton d i f f e r e n t i a l cross section i s given by equation 

2.2«*, for E« = YE(l-e). 

The method of calculation of n(E &, x) i s given i n the previous 

Chapter. 
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Equation 8.1 i s reduced from a 6-fold to 4-fold integration by use 

of two approximations. F i r s t l y , using the argument a f t e r equation 2.37, 

a discrete value of photon energy for each of the three photon f i e l d s i s 

assumed. Secondly, the volume integration over photon sources i s reduced 

to a surface integration for the cases of infrared and s t a r l i g h t since, 

as for electrons, at positions i n the halo the disc appears to be a 

surface source. 

For the isotropic 2.7° K photon f i e l d the gamma ray d i f f e r e n t i a l 

emissivity i s given by equation 2.35 and the flux by 2.7 where, 

3 ( V * } mi*ni**'£> (8.3) 

In each high latitude direction, the nearest 500 pc along the l i n e 

of sight i s taken to be the disc contribution. This i s calculated 

separately using the l o c a l electron i n t e n s i t y and isotropic photon 

distributions of the l o c a l energy density. The adopted l o c a l electron 

spectrum i s a power law of d i f f e r e n t i a l slope -2.5 (since a single slope 

i s required for the diffusion model), normalised at 1 GeV to the spectrum 

given i n equation 2.12. 

8.2.2. The geometrical factor 

For i l l u s t r a t i o n of the importance of including the correct geometry, 

the gamma ray flux for head-on electron-photon c o l l i s i o n s i s compared with 

that for an isotropic photon f i e l d . Two factors contribute. For head-on 

co l l i s i o n s , f i r s t l y the reaction rate i s higher, and secondly, to give a 

gamma ray of a s p e c i f i c energy, lower energy electrons, of which there i s 

a higher density, are required. 

Referring to section 2.4, for head-on c o l l i s i o n s E' = 2 Y E . Using the 

condition E « E and the d e f i n i t i o n of X, 
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E, 

the cross s e c t i o n from equation 2 . 2 ^ can be w r i t t e n , 

| f (Sy.E', E e) =|<TT ( 1 + 2 X 2 - 2X) ( 8.tf) 

From 2 .18 we f i n d , 

( E ^ E, E e) = 3 ^ ( l + 2X 2 - 2X) ( 8 . 5 ) 

The cross se c t i o n f o r an i s o t r o p i c photon d i s t r i b u t i o n i s given by 

equation 2 . 2 6 . Comparison o f the i n t e g r a l s o f equations 8 . 5 and 2 .26 

shows t h a t the t o t a l r e a c t i o n r a t e i s doubled f o r the case o f a l l head-on 

as opposed t o i s o t r o p i c c o l l i s i o n s . From the above equations X = 1 / 2 , t o 

be compared w i t h the value o f 1 / 3 found f o r i s o t r o p i c s c a t t e r i n g . 

From equation 2*33« the d i f f e r e n t i a l gamma ray e m i s s i v i t y i s 

w r i t t e n : 

r . _ dE 

Consider an e l e c t r o n spectrum which i s a s i n g l e power law o f 

d i f f e r e n t i a l slope - r 
1 

q ( E V * / « X ( r - 1 ) / 2 dX ( 8 . 7 ) 
0 

For i s o t r o p i c c o l l i s i o n s , 

1 1 2 if 
q(E ) « 6 f l L [ + ? 1 ( 8 . 8 ) 

y ^ r + i r+3 r+5 ( t o ) 2 
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For head-on c o l l i s i o n s , 

qCEy) « 6(3̂  + J L ] 
r + i r+5 r+3 

For example, the e m i s s i v i t y r a t i o between electron-photon head-on 

c o l l i s i o n s and the i s o t r o p i c s i t u a t i o n i s 3 f o r T= 3 and 2 . 7 5 f o r 

r = 2 . 5 . 

8 . 3 THE PHOTON SOURCE DISTRIBUTIONS 

The pjirameters used f o r the three photon d i s t r i b u t i o n s are summar­

ised i n t a b l e 8 . 1 . The 2 . 7 ° K blackbody f i e l d i s i s o t r o p i c w i t h a photon 

energy o f 6 .28 10 eV and an energy d e n s i t y o f 0.25©V cm . 

I n the case o f s t a r l i g h t , the source de n s i t y per u n i t area o f the 

plane i s assumed t o fo l l o w the mass d i s t r i b u t i o n o f Innanen (1973)» f o r 

n o r m a l i s a t i o n , the mass t o l i g h t r a t i o , M/L» i s taken as a constant over 

the d i s c . This parameter i s evaluated i n such a way as to compensate f o r 

any absorption o f the l i g h t as i t t r a v e l s through the disc thickness. 

Values f o r the i n t e g r a t e d s t a r l i g h t f l u x from high Galactic l a t i t u d e 

d i r e c t i o n s are given by Koaeh 3 1 1 1 ( 1 M e g i l l (1960). Comparing the i m p l i e d 

l o c a l l u m i n o s i t y per u n i t area of disc w i t h the l o c a l surface mass de n s i t y 

gives M/L = 6.5*+. The t o t a l o p t i c a l l u m i n o s i t y o f the Galaxy i s found t o 
^3 -1 

be 6.3 10 ' erg s . The value given by A l l e n (1973) i s adopted f o r the 

l o c a l s t a r l i g h t energy d e n s i t y . 

I t has only r e c e n t l y been r e a l i s e d t h a t the Galaxy i s probably as 

luminous i n f a r i n f r a r e d as i n o p t i c a l emission. A f t e r r e p o r t s o f la r g e 

scale CO d e t e c t i o n i n the Galaxy (see s e c t i o n 3 .3 .? )1 Fazio and Stecker 

(1976) p r e d i c t e d a f a r i n f r a r e d e m i s s i v i t y d i s t r i b u t i o n assuming a dust 
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Table 8.1 

The Photon D i s t r i b u t i o n s 

Photon Energy 
(eV) Energy D i s t r i b u t i o n 

2.7° K Blackbody 6 .28 10"1* I s o t r o p i c . Energy d e n s i t y 
0 .25eV cm"3. 

S t a r l i g h t 1.4 Mass surface d e n s i t y d i s t r i b u t i o n 
(Innanen, 1973) w i t h n o r m a l i s a t i o n 
M/L S 6.5^ based on s t a r counts 
given by Roach and M e g i l l (1960). 
Local energy d e n s i t y O.kk eV cm"3, 
( A l l e n , 1973). 

Far I n f r a r e d 1 . 2 10" 2 surface d e n s i t y d i s t r i b u t i o n 
(Gordon and Burton, 1976) w i t h 

—30 
n o r m a l i s a t i o n 2 . 2 10 W/H atom 
from Ryter and Puget (1977)» 
Local energy d e n s i t y O.^eV cm"3. 
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temperature o f 10 K. Ryter and Puget (1977) have shown t h a t t y p i c a l 

temperatures are higher, about 3 2 ° K, and t h e r e f o r e the e m i s s i v i t y i s 

gr e a t e r . They have compared i n f r a r e d w i t h molecular hydrogen data f o r ten 

Gal a c t i c clouds and f i n d an average value f o r the i n f r a r e d l u m i n o s i t y per 

hydrogen atom, L I R , o f 2 . 2 10 ^ Watts H atom" . They f i n d a s i m i l a r 

value using the i n f r a r e d survey o f Pipher ( 1 9 7 3 ) . Rouan et a l . (1977) 

have r e p o r t e d a s l i g h t l y higher value f o r L^ R C+.2 1 0 " ^ ° W H atom""1) 

derived from i n f r a r e d measurements i n the d i r e c t i o n t = 2 8 ° . 

I n the present c a l c u l a t i o n s the molecular hydrogen surface d e n s i t y 

d i s t r i b u t i o n o f Gordon and Burton (1976) and the value o f L I R given by 

Ryter and Puget (1977) are used. This gives a t o t a l f a r i n f r a r e d 
Zf 3 -1 

l u m i n o s i t y f o r the Galaxy o f 7 . 0 10 ^ erg s , very s i m i l a r t o the value 

f o r s t a r l i g h t . The l o c a l i n f r a r e d energy density i n the di s c i s c a l c u l a t e d 

by m u l t i p l y i n g the l o c a l energy d e n s i t y of s t a r l i g h t by the r a t i o o f the 

t o t a l energy output o f the Galaxy i n i n f r a r e d t o t h a t i n s t a r l i g h t . This 

method e l i m i n a t e s c o n s i d e r a t i o n o f absorption o f the two wavelengths i n the 

d i s c . The l o c a l i n f r a r e d energy d e n s i t y i s t h e r e f o r e O.^eV cm"^, s l i g h t l y 

higher than the value f o r s t a r l i g h t . 

8 . i f THE R11SULTANT INVERSE COMPTON GAMMA RAY FLUX 

Ca l c u l a t i o n s have been performed f o r the s i x d i r e c t i o n s observed 

by the SAS-2 s a t e l l i t e (see s e c t i o n A.2) , The r e s u l t s f o r Model 1 , 

X = 2 pc; Model 2 , X = 2 pc; Model 1 , X = 20 pc, are given i n t a b l e s 

8 . 2 -

The average over the s i x SAS-2 d i r e c t i o n s i s displayed f o r the f i r s t 

two sets o f r e s u l t s i n f i g u r e s 8 .1 and 8 . 2 . Figure 8 . 3 i s an estimate o f 

the r e s u l t s f o r Model 2 , X = 20 pc based on a study o f the c a l c u l a t e d 



- 128 -

• 
(0 o rH O J m J - in o H O J m -d- in O O J O J -d- -d- in 
01 , rH rH H rH rH H rH rH rH rH rH H rH H rH rH rH rH 

• H 0 
bO 

1 1 1 1 | 1 | 1 1 1 | 1 | 1 1 1 1 1 
60 0 

bO O q O o o o o o o o o o o o o o o o 
u 
0) 

(0 
L 

rH rH rH rH rH rH rH rH rH rH rH i-H H rH rH rH rH rH 

a 
01 

M 

0> C O K N r~\ O J O J O J m O N rH O C O J tn m O J O J m O J 

73 
a 

< • H H O J H O J rH O J rH rH rH rH rH i-H rN rH C O rH rH 

3 *—\ o fM O J J - J - V O O O J O J m o O J O J -d- -d- m 
m H rH H rH H H rH rH rH rH i-H rH rH rH rH rH rH rH 

.o -d- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
l Q O Q o O O o q o o o o O o o o o o 

m r-i rH rH rH rH rH rH rH rH rH rH rH rH rH rH . rH rH rH 
o J 8 K \ H vo OO m O N m O J " O J V O O J rH V O rH IN -d- O J 

(0 
rH O N H O N rH O O rH O N rH O N rH rH H V O H IN rH H 

o 
•r-l H O J O J -d" vO o O J O J -4- -d- m rH O J m -d- -d- m 
- P rH rH rH H rH rH rH rH rH rH rH rH rH i-H rH rH H rH 
u Lf\. 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4) O O O O o o o o o o o o o O o O O o 
(H rH rH i-H rH rH rH rH rH rH r-H i-H rH rH rH rH rH rH rH 

• H 
T ) ao 

rvi C O rH O J rN O J O J O J O J rn in rH IN in -a- rH m rH 

O
U

S
 I M 

^ > O N t > H rN H IN rH (N rH CO rH rH OO m O N rN rH rH 

• H 
H O J O J -d" V O O O J O J L P . O O J O J -d- -d- m 

o rH rH rH H H H rH rH rH -1 rH rH rH rH H H H rH 
> KS 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

I O O o O O o o o o w o o o o O O O o 
•> rH rH rH H rH rH i-H H r-H rH rH H rH rH rH rH rH i-H 

o \ I N O J O in J - O in rH O N -d- rH O N O J -d- in O J 
rH I « • e • 0 • a e 0 a • • • • • • • 

H 
1 

w . C O V D i-H CO H O O H O N i-H rH rH rH rH V O H C O rH H 

> 0) o rH O J m J - m O rH O J tn m O O J O J -d" -d- in 
rH rH rH rH H H rH H H rH rH rH rH rH rH rH rH rH 

H 1 | 1 1 1 i 1 1 1 | 1 1 1 1 1 1 1 1 
1 O J O o o o O o o o o o o o O o q o q o 

(H 
W • i. rH rH H rH rH rH rH H i-H rH rH rH iH rH H rH H rH 

a o KN, O N V O O OO rH o V O m -d- CO IN m -d- V O 
H rH • • • • • • • • • • • • • • • s • • 1 

(0 
O J 

H 

O J NN. O J O J m O J rH O J rH rH O N rH . O N rH rH 

rvi 
1 /< O O J O J J - J - V O o O J O J J " J - in rH O J rn -d- -d" m 

S rH H rH rH rH rH rH rH rH i-H i-H rH rH rH rH rH H rH 
o T J 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

w g o O o O o O o o o o o o o o o o O o 
s 0 0 rH rH rH rH rH rH rH H rH rH rH rH rH rH rH rH rH rH 

X ITS 
. 3 H Oi -d- V O V O m rH O J m O J rH 0 0 O N O N rn -d- r-l 
rH o • • • a • 0 • • e • 0 0' • • • • • t 
«w H O N rH O N H C O l-l CO H co H rH O N in O N IN H rH 

w 
o O } 

•P s O H O J K N -d" in o rH O J tn -* in o O J O J -d- -d- m 
ft H rH H rH rH H rH rH rH rH i-H H rH rH rH rH H rH 
B (H 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 
o O O o o o o o o o o o o o o o q o q o 

o «H IT\ 
rv I 

rH rH rH H rH rH rH rH rH rH rH rH rH rH rH rH H i H 

0> 4> * . K \ -d- O J CN- O N o O J K N O J VO -d- IN O J -d- rH V O O J 
10 h o T» • • • • • o • m • 9 * • m e * « 9 
SH (0 rH O J J " O J m O J •d J " O J rn rH O J H r-i O N H O N rH rH 
0) 0) rH 

CO ; H 0) 
c • P • H T J 

•H rH c « M H 
3 o C 0) 0) 5 •rl o :H 

X ! 0) -P •p o 
E-« OS O o •p 0) , o c 

P o 
O J 

• H / > vo V O rN IN 0 0 C O fa <o V O IN C O 0 0 -p V O V O IN rN C O OO 
O J / a> - P O O o O o o o o O o o O g o o q o O o • • 9 

rH •H rH rH rH rH T J H H rH rH H rH a rH i-H H rH rH H 

>> •rl - a - J - U J - -d- -dr -d- -d-0) bO rH n) H U SH o 
. O a> 3 < M IN 
K! - P a 0 

EH W (0 t—i O J 



- 129 -

o rH n"\ m O rH OJ m -3- i n O OJ OJ -3" -3- m 
i H rH rH rH rH rH rH rH rH rH rH H rH rH H rH rH rH 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

§> o q o q q q o o q q o o o o O o o o CO rH rH H rH rH rH H 1-H rH rH rH rH I-l rH rH rH rH rH 

4) CO rH O rH IN 0 0 vO -3" m o m vD -3- m -3- i n OJ 
•< OJ rH K\ OJ m rH OJ H OJ rH OJ rH rH 0 0 rH CO H rH 

O rH rvj m J " i n O OJ OJ - J - m O OJ OJ J " -3- m 
rH rH rH H rH rH rH rH rH rH rH rH H H rH rH rH rH 

-3" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 q q o o q o o o o o o o O O o o o o m i-H H rH rH rH rH rH rH rH rH rH i-H rH rH r-t rH rH rH 

m rH ON OJ CO o VO OJ -3- CN- m rH rH i n O -3" -3" OJ 
rH rH H H rH rH rH ON H 0 0 rH H i-H VO H JN rH rH 

o (\J r\j -3" -3" VO O OJ OJ J - -3" i n r-H OJ m -3- -d- i n 
rH rH rH rH rH rH rH H rH rH rH rH rH rH H rH rH rH 

LA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 t t 
IN q q q q q o o O o o o o o o o o o o rH rH rH rH rH H rH H rH rH rH rH rH I-l rH rH i-H rH 

CO rH -3" CO VO OJ OJ rH [ N -3- rH -3- OJ OJ o m H 
rvj • • • • • • • » • t a a a a a a a a 

H CO rH CO rH rH O - H i-l CO i n ON H H 

rH oj rvj J - VO o OJ OJ -3" -3- m rH OJ m -3 - -3- i n 
a rH rH rH H rH rH rH rH H rH rH rH rH rH rH H rH rH 
»n 
i 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 : »n 
i o q o O o q o q o o o o o o o O o o rH H rH rH rH rH rH rH rH rH rH rH rH I-l rH rH i-H i-H 

& VO o rvi CO ru -3" OJ i n OJ CO VO OJ OJ m 0 0 m -3- OJ 
rH • • • • • • • • a a 0 a a a e a a a ON rN H H H C N rH CO H rH CO m ON IN H rH 

o rH OJ K\ -3- i n O rH OJ m -3" i n O H OJ m J - i n 
rH rH rH rH rH H rH rH H rH H H rH rH rH rH rH H 

K\ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
oj o q o q o O o o O o O o o o o o o o l rH H i-H rH rH i-H rH rH H i-H rH rH rH i—i H rH rH rH 

O N rH oj vO VO CO -3" H -3- OJ O VO ON -3- ON rH 0 0 m 
i-H . • • • • • • • • • a a a • a a a a a 

J " i n m m m -3" OJ m i-H OJ H H rH rH rH 

o i-H rvi m j - m o OJ OJ -3- -3- m O OJ OJ -3" -3" i n 
rH rH rH H rH H rH rH rH rH rH rH rH rH i-H rH H rH 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
o o o o o o q o o o O o o O o o O o CO H r-H rH rH rH rH rH rH i-H rH i-H rH rH H H iH rH H 

i n * SO fvl O m ON o rN OJ -3" OJ -3" rH O OJ O OJ -3- i-H 

rH rH OJ rH rH i-H rH ON i-H 0 0 rH H rH VO H rH H 

O rH OJ m -3" m O rH OJ m -3- m 
rH 

o rH OJ m -3 - m 
rH H rH H rH rH rH rH H rH i-H 

m 
rH rH rH rH H rH rH 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
a*"N o o o o q o o o o o o o o o o o o o m 
/M 

rH rH rH H H rH rH rH rH rH rH H I-l I-l i-H rH H i-H 
' V I VD VD oj OJ m VO o -3" C O r n rH VO I S h-N 0 0 q IN m 
O •o • • • • • • • • • a • a a e s a i-i -3" VO m • o VO m -3" OJ H OJ H rH i-H i-H rH 

4> rH 
• H 4) 
CM •r l 

c < H H 
o £3 4) 

•H o d •r l 
+> • P o < H 
o o 
4) J 3 g CS 
^ , P. O • H / > vo VO I N CO 0 0 P- VO CO CO + J VO VO IN CN. OO CO Q / 4) - P o O o O o o o o O o o q 2 q O O o o O 

rH rH H rH rH H •a H rH rH rH rH i-H rH i-H H rH l-l i-H 
u 4) p 

rH -a- -* ar
 

-3- -3" J " -3-

h SH o 
41 d « M 
C - p C a 
w CO H OJ 



- 130 -

0 H M ^ J ir> 
rH H <—I H r-H rH 
1 I I I I I 

o o o o o o 

ON VO rH J " I A H • • • • • t 
rH rH f n O J -4- K \ 

O H M K \ 4 IT i 
H rH rH (—t rH i—I 
I I I I I I 
o o o o o o 

H o> O H cr> 
• • • • • • 

4 - N J - 4 - N 

O H M C \ - t lT> 
rH rH P4 H H H 
I I I I I I 
o o o o q q 
r-t r-\ r-\ r-i <-> r-i 

I N ( N O O J O J O • • • • • • 
J - fM o j r n o j 

i n 
J -

O rH O J K \ -3" i n 
rH i H rH H rH rH 
I I I I I I 
o o o o o o 

r-i r-\ r-i r-t r-1 

IM K \ GO rH O J 

rH rH f\J rH rf"\ <\l 

3 
i 

H f \ l - J 1A 
H rH rH rH i—I 
I I I I I 
o o o o o 
r4 r-i r-i r-t r-4 

H fM t~- f> 

(\) K\ t\J KN. rvj 

O rH CM m J " IfN 
rH rH rH rH rH rH 
I I I I I I 
o o o o o o 

r-H rH. r-H rH rH rH 

rH K> J - ON ON CO 

-4" O J KN rH fM rH 

I A 
I N . 

C O 
CM 

o 
rH 
I 

oj o j m j - i n 
rH rH rH rH rH 
I I I I I 

o q o q q q 
H rH rH r-f H 

H (\i I A j - i n 

I I I I I 
q o o o o o 

o rH rvj m j - i n 
t-t i-i i-i r4 t-l t-i 
i i I i i i 
o o o o o o 
r-l rH rH l-H rH rH 

OJ CO 
ON rH 

J " -3" 

rH OJ 

-4" I N CO ON O O 
fM rH (M rH m O J 

O I N i n m f n vo 
fM rH fM rH 

i 

rH rvj r\i m j - m 
rH H H rH rH H 
I I I I I I 
o o o o o o 

o 
H 
I 

rvi 

O 
rH 

t n -4- m 
I rH rH H 

I I I 
o o q o 

O rH f\J N"\ m 
H H rH H rH rH 
I I I I I I 
o o o o o o 
rH rH rH rH H rH 

t n o m oj oj vo 
0> C O rH rH fM rH 

VO 
OJ 

0 > N H vO 4 

rH i n fM m fM 
VO VO VO VO 

O J rH O J rH 

I S 

O J 

O J 
i 

0> 

0 < H o j m -4- m 
rH rH rH rH rH i-H 
1 I I I I I 
o o o o o o 
r-i r-i i-\ l-t i-i r-i 

H VO. H O ^ M « • • • • • 
m oj m -a- I N m 

O rH fM m -4" m 
l-i l-i l-i l-i t-t ft 
I I I I I I 
o o o o o o 
H r-t r-t i-* r-i r-\ 
m o O N o r> m • • • • • • 
vo -4- r>- m r> - * 

o H o j f n j - m 
H rH H rH H rH 
I I I I I I 
o o o o q o 
rH rH rH rH rH rH 
-d- o j oj oj m m 
• • • • • • 

I N -4- v o m -4- o j 

co 
i n 

0 H o j m j - m 
t-i r-i r-i t-i <-l r-i 
1 I I I I I 
o o o q q o 

r-i r-i r-t t~i i-i 

i n o j -3- O N o j m 
• • • • e • 

H rH OJ rH KN. OJ 

0 H (-I, m -d" m 
rH rH l_i rH rH rH 
1 I , • I I I 
q q q o o o 
H rH rH rH rH rH 

rH fM VO . OJ i n rH 
o • • a • • 

t n O J m CM m oj 

o rH r\j m m 
rH rH rH rH rH rH 
I I I I I I 
o o o o o o 
rH rH rH rH rH rH 
ON f>. VO I N 

m oj m rH o j 

i n 
oj 

o 
• H 

>» 
0) 

0 H O J m i n 
rH rH H H rH rH 
1 I I I I I 
o o o o o o 

O H M I A 4 - l A 
rH rH rH rH H rH 
I I I I I I 
o o o o o o 

m 

v 
• H 

a 
o 
•p 
o 

• H 
rH 

• P 

K \ 

. O N m f n I N vo 
• • • • • 

I\l I A 4 N I A 

0 0 O N ( M 
• • * 

• d vO - ± c o 

S o VO C*- C^- CO 0 0 
o o o o o 

O J 
s s 

i n rv-
ON rH 

s e 

O rH O J m 
rH rH rH rH 
I I I I I I 
o o o o o o 
rH r-H r-l H rH rH 
o j H ON o m 

e s s « « • 
N 4 l A K> 4 " O J 

01 

c 
o 
•p 

.§ 
PJXO VO I N I N OO 0 0 

••H 

c 
o 

- P 
o 

J 3 

I N t 
O J 

VO I N CO CO 
o o q o o o 



ft) « I — 1 I — — I • I 

8 
10 

TROMBKAetal. (1977) 

ftJ9 

I d 1 0 

VI 

Total 

Starlight 
27° K LU 

SAS-2 
i f f 2 RCHTEL 

et al infrared 

ft?3 

• 

i I i i 
106 107 108 109 

E*(eV) 

Figure 8.1 Hie inverse Compton f l u x f o r X=2 pc and Model 1 

(uniform e l e c t r o n source d i s t r i b u t i o n ) averaged over the s i x 
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values. I n each o f the f i g u r e s , the only experimental data shown are those 

from the Apollo missions and SAS-2, which are r e p r e s e n t a t i v e o f the best 

observations at present a v a i l a b l e . A more complete summary o f observations 

i s given i n f i g u r e A . l . 

For each photon f i e l d the c o n t r i b u t i o n from the closest 500 pc, found 

separately assuming i s o t r o p i c c o n d i t i o n s and the l o c a l e l e c t r o n d e n s i t y , i s 

shown i n f i g u r e 8 . 1 * . T h i s corresponds t o the disc c o n t r i b u t i o n . No 

steepening o f the d i s c e l e c t r o n spectrum above 10 GeV has been included 
n 

which means t h a t the 2 . 7 ° K c o n t r i b u t i o n above 10 eV may be a s l i g h t over­

estimate. This i s o f n e g l i g i b l e importance since the disc f l u x i s small 

compared w i t h the observations. 

When comparing the r e s u l t s f o r the d i f f e r e n t combinations o f e l e c t r o n 

d i s t r i b u t i o n and X , i t i s important t o consider the d i f f e r e n c e i n 

c h a r a c t e r i s t i c energy o f the e l e c t r o n s producing gamma rays o f a c e r t a i n 

energy on the three photon f i e l d s (see s e c t i o n 7 . ^ . 2 ) , and remember t h a t 

the lowest energy e l e c t r o n s can t r a v e l f u r t h e s t without s i g n i f i c a n t energy 

l o s s . Consequently, the distance t o which we see e l e c t r o n ; sources i s 

l a r g e r a t lower energies. 

The i n f l u e n c e o f a gradient i n e l e c t r o n d e n s i t y i s seen from a study 

o f f i g u r e s 8 .1 and 8 . 2 . As expected, there i s very l i t t l e change i n the 

2 . 7 ° K and i n f r a r e d c o n t r i b u t i o n s compared w i t h t h a t from s t a r l i g h t . 

I t was shown i n s e c t i o n 2.k t h a t an e l e c t r o n spectrum o f d i f f e r e n t i a l 

slope - r gives an inverse Compton d i f f e r e n t i a l gamma ray spectrum o f 

slope - ( r + l ) / 2 . This i s the s i t u a t i o n i n the d i s c . From equation 5 .12 

i t i s seen t h a t i n the case o f t o t a l e l e c t r o n energy l o s s , the d i f f e r e n t i a l 

inverse Compton gamma ray spectrum i s o f slope - ( T+ 2 ) / 2 . T h i s i s the 
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Figure 8 . 4 The inverse Compton f l u x c o n t r i b u t i o n from 
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expected slope f o r the halo f l u x i f measured at a p o i n t i n space away from 

the Galaxy. The slope measured a t the Earth i s expected t o take an i n t e r ­

mediate value, biassed by the r a t e o f e l e c t r o n energy l o s s at close halo 

distances. Therefore the 2 . 7 ° K spectrum should be the steepest o f the 

three photon f i e l d c o n t r i b u t i o n s , and t h i s i s seen i n the f i g u r e s . I t 

does not reach the maximum o f - 2 . 2 5 , ( T = 2 . 5 ) , but i s approximately * 2 . 1 5 

f o r X= 20 pc. For the case where X i s 2 pc, the percentage o f 2 . 7 ° K 

c o n t r i b u t i o n which i s from the d i s c i s higher than f o r X = 20 pc, and i s 
7 

p a r t i c u l a r l y n o t i c a b l e as a f l a t t e n i n g i n the s p e c t r a l slope above 10 eV. 

When X i s increased from 2 pc t o 20 pc i t i s seen t h a t the r e l a t i v e 

increase i n the 2 . 7 ° K and i n f r a r e d c o n t r i b u t i o n s i s greater than t h a t 

from s t a r l i g h t . The t o t a l spectrum here i s m a r g i n a l l y steeper than f o r 

X = 2 pc, but i n a l l three f i g u r e s ( 8 . 1 - 8 . 3 ) the t o t a l has a slope 

between - 1 * 9 and - 2 . 

The p r e d i c t e d slope i s t h e r e f o r e l e s s than the value o f about -2.*f 

consistent w i t h observation. Therefore i t seems u n l i k e l y t h a t a halo 

model f o r the Galaxy can be used t o e x p l a i n a l l the h i g h l a t i t u d e gamma 

rays. However, the c o n t r i b u t i o n i s s i g n i f i c a n t , p a r t i c u l a r l y at 100 MeV 

where f o r X= 20 pc the f l u x i s consistent w i t h 100% o f the observation, 

and f o r X = 2 pc (probably the more p h y s i c a l value) we have about itC#>. 

8 . 5 THE PREDICTED ANISOTROPY 

The anisotropy at a p a r t i c u l a r energy can be expressed as the r a t i o 

between the f l u x i n a Gala c t i c centre d i r e c t i o n I = 0 ° , b - 25 ° ( f ) and 
c 

t h a t i n an a n t i c e n t r e d i r e c t i o n g = 1 9 0 ° , b • - 3 0 ° ( f ) . Values are 

given i n t a b l e 8 . 5 . The r e s u l t s i n t a b l e s 8 . 2 - 8 . 4 a l l o w four other 

d i r e c t i o n s t o be st u d i e d . The anisotropy decreases w i t h i n c r e a s i n g energy 
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Table 8 . 3 

Predicted a n i s o t r o p i c s , f / f . The d i r e c t i o n s o f the f l u x e s 

f and f are t = 0 ° , b = 25 ° and { = 1 9 0 ° , b = - 3 0 ° c ac 
r e s p e c t i v e l y . 

Gamma ray 
energy (eV) 

f / f 
c ac Gamma ray 

energy (eV) Model 1 

X = 2 pc 
Model 2 

X = 2 pc 
Model 1 

X = 20 pc 

1 0 6 2 . 8 4 . 5 2 . 8 

If 1 0 6 2 . 5 4 .1 2 . 8 

1 0 7 2 . 3 3 .7 2 . 7 

If 1 0 7 1 .9 3-1 2 . 6 

i o 8 
1 .7 2 . 7 2 . 3 

if i o 8 

1 .3 2 .1 2 . 0 
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and decreasing X, which i s as expected since the halo becomes g r a d u a l l y 

more d i s c - l i k e . 

I n time i t should be possible t o place l i m i t s on the halo c o n t r i b u t i o n 

from the l e v e l o f anisotropy i n the observations. A f u r t h e r discussion, 

i n r e l a t i o n t o the balance between the c o n t r i b u t i o n from the G a l a c t i c halo 

and i m p l i e d c o n t r i b u t i o n s from halos o f e x t e r n a l g a l a x i e s , i s t o be found 

i n the f o l l o w i n g Chapter. 
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C H A P T E R N I N E 

THE INVERSE COMPTON HALO FLUX FROM EXTERNAL GALAXIES AND 

THE SUM OF CONTRIBUTIONS TO THE GAMMA RAY BACKGROUND 

9.1 INTRODUCTION 

I f other galaxies e x h i b i t d i f f u s i v e e l e c t r o n leakage, s i m i l a r t o the 

Galaxy, they too w i l l have halos. Electrons w i l l e x i s t o n ly i n the v i c i n i t y 

o f t h e i r parent g a l a x i e s . I n the f o l l o w i n g , each galaxy i s considered t o 

consist o f a " d i s c " and a "halo". The " d i s c " i s the region where cosmic ray 

p a r t i c l e s are confined and where most o f the gas and magnetic f i e l d are 

present. The "halo" i s the reg i o n i n which the e l e c t r o n s are undergoing 

d i f f u s i v e escape, l o s i n g energy mainly by inverse Compton s c a t t e r i n g . I n the 

case o f l a r g e r a d i o g a l a x i e s , the term " d i s c " i s probably i n a p p r o p r i a t e since 

the l a r g e r a d i o lobes u s u a l l y extend much f u r t h e r than the o p t i c a l galaxy. 

For a disc e l e c t r o n spectrum o f d i f f e r e n t i a l slope - f i n an e x t e r n a l 

galaxy, the slope of the halo inverse Compton f l u x i s expected t o be - ( T + 2 ) / 2 

(see s e c t i o n 8 . 4 ) . Taking an average f o r T o f 2 . 5 ( t h e value f o r the Galaxy), 

the inverse Compton d i f f e r e n t i a l slope w i l l be about - 2 . 2 5 , closer t o the 

background slope than the value, - 2 , found f o r the Gala c t i c halo. 

I n Chapter 6, methods were developed f o r d e r i v i n g the t o t a l f l u x from a 

class o f o b j e c t s by r e l a t i n g the gamssa ray emission t o some other p r o p e r t y . 

These are used here t o estimate halo f l u x e s from normal and radio g a l a x i e s . 

The d i f f u s i o n mean free path, X , i s taken to be a constant f o r the sources. 

I t i s expected t h a t i n c r e a s i n g X w i l l cause a decrease i n the f l u x from 

the G a l a c t i c halo r e l a t i v e t o t h a t from the halos o f other g a l a x i e s . Results 

are c a l c u l a t e d f o r the two values o f X used i n Chapters 7 and 8 . F i n a l l y , 
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the sum of a l l the gamma ray background contributions calculated i n t h i s 

thesis i s compared with the observed f l u x . 

9.2 THE FLUX FROM HALOS OF NORMAL AND RADIO GALAXIES 

When viewed externally, the inverse Compton gamma ray f l u x from a 

galaxy halo i s the radiation produced through t o t a l energy loss of the 

electrons. 

The f l u x expected from the halo of the Galaxy, when looked at from 

outside, i s to be calculated. Since the halo magnetic f i e l d i s probably 

about 0.2 of that of the disc (section 7.2.1), synchrotron electron losses 

are considered negligible. The inverse Compton losses are on the three 

photon f i e l d s ; s t a r l i g h t , far infrared, 2.7° K, whose energy densities are 

denoted w,, w_, w, respectively. The electron energy loss rate on each x d $ 

photon f i e l d i s proportional to the energy density. 

Let the gamma ray yields for injected electrons undergoing t o t a l energy 

loss be wri t t e n Q^(Ey), Q^E^), Qj(Ey)» for the three photon f i e l d s respec­

t i v e l y . 

Assume the rate of i n j e c t i o n of electrons into the halo i s given by 
P E - r e V 1 s- 1. e 

The average gamma ray energy i s related to the electron energy by 
2 -12 -1 E = bE , where b = 5.1 10 E eV , and E i s the energy of the photon y e 

f i e l d . The values of b for the three photon f i e l d s are denoted b^, b^, b^. 

Using equation 5.1̂ » 
oo 

W = \ / [ 1 1 P E/ 1" « . * V l 
-1 
s 

(9.1) 
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Similar expressions can be written for Q?

 a n d Q-j giving a t o t a l , Q(Ey), 

-(T+2)/2 

Q ( V = [ ( ! i ) b (F-2V2 / ^ N 
T 2(n-D 1 v w i + w. • wx ' 1 y + + wT

 J 2 

( — ^ ) N ( r ' 2 ) / 2 1 
W l + W2 + w3 ' " * 

Since the halo size i s small, the local disc r a t i o s are adopted for the 

photon f i e l d energy densities. Table 8.1 gives these values and also the 

mean photon energies for calculation of b^, b 2 and b^. 

Equation 9*2 becomes, for P = 2.5, 

Q(E^) = 2.9 1CT1* P E y " 2 , 2 5 eV"1 s" 1 (9.3) 

Or, i n the i n t e g r a l form, 

Q(>E Y> = 2.3 lO" 4 P E^" 1 , 2 5 s" 1 (9.^) 

Values of P are calculated from the values of A and disc sizes given 

i n "table 7.1, and are shown, along with the y i e l d above 100 MeV, i n table 

9.1. 
Using several indicators of gamma ray emission, i n section 6.*t i t was 

hZ -1 
found that for a Galactic gamma ray yi e l d above 100 MeV of 1.3 10 s , 

normal galaxies provide about h% of the observed background f l u x . Using 

proportionality, the corresponding percentages can be calculated for the 

four values of >100 MeV) given i n table 9.1. 

To get a rough estimate of the radio galaxy contribution, i t must be 

assumed that the gamma ray to radio luminosity r a t i o i s the same as for 



rH 
1 to 

> H OJ rH <M • J-O O o o 
rH H rH rH 

8 O ( \ J 
rH • • # • A fA OJ fA rvj 
?-

lA lA lA 
m L A lA I A 

g O O o 
rH H rH rH 

ft,. ft,. 
tA V O OJ 

• • t rH O N rH rH 

• c 
+> 
cd 
OH 

0) 
a> 

u 
fi ft oj S rvj O 
(u ' . <\i oj 0) 
a 
o 

•H 
10 
a <M 

<H 
•H 
o 

G o •H -P 
3 

.5 
•H U 
+> 
(0 

•H •o 
0> 
U 

3 
O 10 

c 
o rH i—i oj rvj 
(H 

rvj 

•P rH rH rH rH 
o tt) 01 4) 0) 0) TJ •o •c •a rH O o o o W £ 55 s s 

> 
X 
O 
Q 

-P 
•a 
c 
3 O 

o 
m 

>» 

(0 

« 

to 

a> 
+ J 

o +> 
10 
c o 
a 

C 
O 
O 

0) 

OJ 

O N 

as 
E H 

- i to td X O E * U »H rH -H O (B Tl 
2; bO 

Id •P o En 

>5 10 

o x o 
•H ( J r 
T J rH « 
(U Id .C 

O? 60~ 

>v 10 
O X O 
H to W 

X) rH H 

05 bO 

H h 10 
Id X O 
E id H O HI X 

Z bO 

J? td o 
rH rH (ti (ti rj as 

m 
rH 

V D 

O N 

rH 

OO 

-3" 
H 
I 
o 
rH 

IA 

LA H 
I O 
rH 

-* » 
O J 

lA 
H 
I 
O 
rH 

vo o 
O N 

rH 
I 

m 

IA 

& 
id o 

I 
1 c 

id -H 0_ 

p. 

01 
T J 

o 

IA 

lA 

oj 

(A 
rH 

o 

rH 

J " 

O J 

rA 

H 
I 

OO 

rA 

lA 
H 
I 
o 
rH 

VO • 
O N 

OJ t 
OO 

lA 

lA 

rA 
rH 
I 
c 

r— 

C O 

H 
I 

rH 
I 

OO 

rA 

lA 
H 
o 

rH 

VO 
O J 

J -
rH 

lA 
H 
I 
o 
rH 

V O 
• 

O N 

V O 

V O 

lA 

lA 

rA 
rH 
I 

OJ 

H 
I 

C O 

rA 

lA 
H 
I 

V O 

O N 

V O 0 
C O 

rH 
I 

lA 
lA 

J* lA 

O 
O J 

oj 

rH 
I > 0) 
u 
(0 

rH 
I 

(0 
X O J 

a i 
rH S Px O 

V O 

rA 
O J 

tA 
O J 

OJ 

8 

OO 

V O 

lA 

tA 

tA 
O J 

O O 
V O 

• 

O 

O J 

LA 

rH 

vo 
rH 

V O 

O J 

IA 
O J 

rA 
IM 

•a* 
lA 

O J 

a 
O J o 
I -H CO -P 

«H 0) 
o to 
» O 



- 139 -

normal galaxies* In t h i s case, from section 6.5 i t i s seen that the back­

ground contribution i s about four times that from normal galaxies, i . e . 

l6# of the observed f l u x . 

More data are awaited before attempts made to include other types of 

galaxy, such as Seyferts. 

9.3 SUM OF THE CONTRIBUTIONS TO THE GAMMA RAY BACKGROUND 

9*3*1* Predictions 

The contributions to the high l a t i t u d e gamma ray f l u x to be con­

sidered are the neutral pion decay and bremsstrahlung radiation from the 

Galactic disc, the inverse Compton f l u x from the Galactic halo, and the 

emission from discs and halos of external normal and radio galaxies, 

(a) Gamma ray emission from the Galactic disc 

The l o c a l gamma ray emissivity, which i s mainly from neutral pion decay 

and bremsstrahlung, i s calculated i n Chapter 2. The t o t a l d i f f e r e n t i a l 

emissivity at 100 MeV i s 1.1 10~ " H atom" 1 s - 1 eV - 1. Schlickeiser and 

Thielheim (1976) have investigated the column density of atomic and molecular 

hydrogen averaged over the directions appropriate to the SAS-2 results,and 
20 —2 

find a value of 6.4 10 H atoms cm~ . These values give a d i f f e r e n t i a l 
-Ik -2 -1 -1 -1 gamma ray f l u x of 5.5 10 cm s sr eV . 

Although the recent gamma ray results , summarised i n section A.5, 

indicate that elsewhere i n the Galaxy the electron to proton ratxo may be 

di f f e r e n t fr'om that l o c a l l y , causing a var i a t i o n i n the r e l a t i v e contribut­

ions from neutral pion decay and bremsstrahlung, i t i s not unreasonable to 

assume that, at high latitudes i n the disc, the lo c a l emissivity per atom 

and resultant spectrum hold. 



(b) Gamma ray emission from the discs of normal and radio galaxies 

The SAS-2 d i f f e r e n t i a l background f l u x at 100 MeV i s 

2,4 10 ̂  cm 2 s 1 sr 1 eV ̂ . Assuming the disc spectra of galaxies are 

reasonably similar to those of the diffuse background, so that the percen­

tage contribution to the i n t e g r a l background f l u x at 100 MeV i s the same 

as that to the d i f f e r e n t i a l , h% of t h i s value w i l l be produced by discs of 

normal galaxies and l6£ by discs of radio galaxies (see section 9.2), i . e . 
0 < -in - 1? "2 -1 -1 „-l . , fl , A - l 4 -2 -1 -1 ,,-1 . . , 9»o 10 cm s sr ev and 3-0 10 cm s sr eV respectively. 

The t o t a l contribution at 100 MeV from the Galactic disc, and those 

of other galaxies, i s therefore about 1 lO -" 1' cm"2 s - 1 s r " 1 eV _ 1. 

(c) Inverse Compton gamma ray emission from galactic halos 

For each of the models i n Chapter 8, the Galactic halo f l u x was 

normalised by calculating an appropriate value for A under the assumption 

that the electron density j u s t across the boundary i n the halo was that 

of the disc. This value of A, A , i s an upper l i m i t . Here, A i s con-
max' ^ r ' 

strained by the condition that the t o t a l predicted 100 MeV f l u x must not 

exceed that observed i . e . the flux from the Galactic halo plus the halos 

of other galaxies must not be greater than that so far unaccounted f o r ; 1 L m-1? -2 -1 -1 ,.-1 l.H 10 cm s sr eV . 

Table 9«2 shows results for the four combinations of electron d i s ­

t r i b u t i o n and di f f u s i o n mean free path used previously. The Galactic halo 

contributions are taken from Chapter 8 and those from the halos of normal 

and radio galaxies are as described i n section 9.2. The disc contribut­

ions from (a) and (b) above are also given i n table 9»2. I t i s found that 

for X = 2 pc, the t o t a l SAS-2 100 MeV observation cannot be obtained even 

for A = A_ , whereas for X = 20 pc, A < A i s required, max . max M 
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9«3«2. Comparison with observations 

(a) The d i f f e r e n t i a l spectrum 

Figures 9«1 and 3.2 show predictions for the Model 2 electron d i s t r i ­

bution and for values of X of 2 pc and 20 pc respectively, with the SAS-2 and 

Apollo observations for comparison. I t i s assumed that the shapes of the 

l o c a l l y observed electron and proton spectra are t y p i c a l of the Galaxy and 

a l l normal and radio galaxies. The spectral shapes of the gamma ray con­

t r i b u t i o n s are as follows: 

Galactic_disc The spectral shape i s calculated i n Chapter 2, for which the 

i n t e g r a l i s shown i n figure 2.3« 

Extragalactic discs I t i s assumed that electron dominated gamma ray emis­

sion i s t y p i c a l elsewhere i n the Galactic disc. When viewed externally, the 

Galactic disc probably exhibits a gamma ray d i f f e r e n t i a l spectrum of slope 

approximately -1.8, and t h i s slope i s taken for the extragalactic disc 

f l u x . 

Galactic_halo Spectral shapes are as shown i n figures 8.2 and 8.3» 

^iE^SSl*?*-'- 0-^^ 0? ^ n e d i f f e r e n t i a l slope i s -2.25» as reasoned i n section 
9.1. 

The figures show that i n each case, although the f i t to observations 

i s poor, the t o t a l contribution i s s i g n i f i c a n t . The Galactic halo c o n t r i -
7 

bution i s i n both cases dominant, at least above 10 eV, and therefore the 

t o t a l spectrum i s too f l a t to agree with observed data. 

(b) The l a t i t u d e d i s t r i b u t i o n 

The recent analysis of the SAS-2 l a t i t u d e d i s t r i b u t i o n by Fichtel et 

a l . (1977b), mentioned i n section A.5, i s now examined and related to the 
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present calculations. 

Fichtel et a l . f i n d that the f l u x above 100 MeV, integrated over a l l 

l a t i t u d e s , can be expressed, 

1.22 10" 5 

I ( >100 MeV) = 0.^2 10 y + cm s sr (9.5) 
* sin b 

The f i r s t term i s an isotropic component and the second i s the con­

t r i b u t i o n from the disc, considered to be a uniform f l a t slab. Using the 

directions averaged by Schlickeiser and Thielheim (1976) i n t h e i r estimate 

of the hydrogen column density, the disc contribution from equation 9*5 i s 
-5 -2 -1 -1 

1.5 10 cm s sr . However, when the disc contribution i s calculated 
as i n section 9>3.1« using the l o c a l emissivity and a gas column density of 

20 —2 —6 —2 —1 —1 6.4 10 H atoms cm"" , the f l u x i s only 9*7 10 cm s sr . I t i s 

unlikely that at high latitudes the emissivity per H atom i s greater than 

l o c a l l y . Therefore, i t i s a l i k e l y hypothesis that the d e f i c i t i s the 

inverse Compton f l u x from a flattened halo, which, i n structure, i s more 

di s c - l i k e than isotropic. This supports the work of Chapter 8. I t i s 

s i g n i f i c a n t that t h i s d e f i c i t (the halo contribution) i s s l i g h t l y more than 

the isotropic f l u x , and therefore consistent.with present predictions. 

The two component background model of *'ichtel et a l . i s not 

appropriate for detailed comparison with the present work, i n which three 

components, one of which i s neither a f l a t disc or isotropic i n nature, 
contribute. 

9.3.3. Discussion 

The aim of the present work was to assess l i k e l y contributions to 

the high l a t i t u d e gamma ray f l u x from the Galaxy and discrete extragalactic 

sources. ?he t o t a l has been found to be a s i g n i f i c a n t proportion of the 
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observed f l u x , therefore casting doubt on such cosmological models as are 

normalised to f i t the entire measured spectrum i n magnitude and shape. I t 

i s u n l i k e l y that the Galactic contribution has been overestimated and 

therefore any residual, when present predictions are subtracted from the 

observed f l u x , i s of extragalactic o r i g i n . 

The s i t u a t i o n can be described by a three component model consisting 

of a f l a t disc, a non-spherical Galactic halo and an isotropic background. 

High l a t i t u d e gamma ray scans are needed so that contributions from the 

various components, required to give a f i t to observations, can be unravel­

led. The Galactic halo provides the anisotropy. Since t h i s contribution 

i s only about 1/3 of the observed f l u x (at 100 MeV), the anisotropics of 

table 8.5 are reduced. 

For the sources considered here to provide contributions to the observed 

f l u x , a steeper spectrum i s needed and, i n the case of the more l i k e l y d i f f u s ­

ion mean free path, 2 pc, a higher t o t a l f l u x . I t i s unlikely that the 

Galactic disc contribution at 100 MeV has been underestimated, since other­

wise more cosmic rays close to the Sun at high lat i t u d e s would be required. 

The spectral shape i s possibly i n doubt since i t i s observed by the COS-B 

s a t e l l i t e to be steeper i n a l l directions i n the plane than calculations 

suggest for the l o c a l i t y of the Sun (see section A.5). The Galactic halo 

contribution i s also probably not underestimated since values for A close t o , 

or equal t o , ̂ m & x are chosen. The spectral shape i s i n l i t t l e doubt. 

The greatest uncertainty i s i n the assessment of contributions from 

extragalactic discs and halos. The relationship of the gamma ray y i e l d 

from a particular object to that from the complete class i s very model 

dependent, and the choice of property for the indicator of gamma ray emission 
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i s uncertain. For normal galaxies, a l l indicators give similar results. 

For radio, galaxies the only property used i s the radio emission, and as yet 

there i s no good check. 

Data on pages 113 and 114 of Ginzburg and Syrovatskii (1964) give a 

mean value for the radio index, *, of 0 .8 for each of 16 normal galaxies 
— « —2 —1 

and 9 radio galaxies ( I v »c V W m~ Hz" ) . On pages 195-203 of Lang 

(1974) , spectral indecies for 141 radio galaxies are given. The d i s t r i b u t ­

ion i s shown i n figure 9 i 3 , where the spread i n values can be seen. The 

mean i s 0.77* Assuming, as i s i m p l i c i t here, that these indecies are 

appropriate to electrons not undergoing t o t a l energy loss, electron spectra 

similar i n slope to that of the Galaxy are implied. 

The spectral shape of the extragalactic halo contribution i s the 

closest to that of the observations. The magnitude of t h i s component con­

t r i b u t i o n i s the most approximate and i s open to considerable doubt, 

especially for radio galaxies which are obviously so dissimilar i n structure 

to the Galaxy. To increase the halo contribution, the values of X for 

other galaxies must be greater than that of the Galaxy or the inverse 

Compton energy loss must be pr e f e r e n t i a l l y on the highest energy photon 

f i e l d . For example, the y i e l d calculated for the Galactic halo i s a factor 

of 2 higher i f a l l energy loss i s on s t a r l i g h t i n place of the assumed 3-

f i e l d mixture. However, for radio galaxies, the large radio lobes often 

extend much further than the op t i c a l galaxy, and therefore most inverse 

Compton loss i s expected on the 2 . 7 °K radiation. 

In conclusion, i t has been shown that a large percentage of the high 

l a t i t u d e f l u x probably emanates from the Galaxy and discrete extragalactic 

sources. Without modification to adopted parameters,the spectral f i t i s 

not good. Kadio galaxies possibly give the 1-10 MeV f l u x . I t i s unlikely that 

one. mechanism i s responsible for the complete observed spectrum. 



— I — I — ' I 
<0 

0) 

I N 

• 

I n 3 ON 

X to a> 

o 
p. n 

00 ft) e 
o 

<£> 

0) 

n & 
1 

rr> to 

<y o 
mmmm a> 

•H 

I I 
<*» CM 
satxDp6 otpoj jo jaouinN 



- 145 -

APPENDIX A 

Summary of Gamma Ray Observations 

A.l Introduction 

The f i r s t cosmic gamma rays were not detected u n t i l the early 1960's. 

Their observation awaited high-altitude balloon, rocket and s a t e l l i t e 

technology since, l i k e X-rays t they are absorbed by the atmosphere. The 

low f l u x necessitates the use of highly e f f i c i e n t detectors. 

A l l experiments require coincidence shielding to discriminate against 

charged p a r t i c l e s , the i n t e n s i t y of which i s several orders of magnitude 

above that of the cosmic gamma rays. Balloon f l i g h t observations require 

correction for the f l u x of secondary gamma rays produced by cosmic ray 

cascades i n the atmosphere, a fact which i n general establishes the 

superiority of the spacecraft measurements. The usual method of correction 

involves extrapolating a functional form for the gamma ray i n t e n s i t y versus 

atmospheric depth. 

Gamma rays cannot be detected d i r e c t l y and therefore must be conver­

ted i n t o charged p a r t i c l e s i n a high Z material, usually lead or tungsten. 

Between 1 and 10 MeV the dominant interaction i s Oompton scattering, 

whereas above 10 MeV the cross section for pair production i s greater. At 

low e n e r g i e s , s c i n t i l l a t i o n counters, usually i n conjunction with a 

Cerenkov detector, are most commonly used, whereas above about 10 MeV, 

spark chambers and nuclear emulsions, which provide a three dimensional 

"picture" of the event, can be employed. 

The disadvantage of s c i n t i l l a t o r s i s that they provide poor 

angular resulution and are usually omnidirectional, although the addition 
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of a Cerenkov counter w i l l discriminate against gamma rays t r a v e l l i n g i n 

an upward direc t i o n . This r e s t r i c t s t h e i r use to measurement of the 

diffuse background, although results w i l l be contaminated by gamma rays 

from the Galaxy and no indication of the level of possible anisotropy i s 

available. Limited angular resolution i s achieved by Schonfelder et a l . 

(1975) with t h e i r double Compton telescope which measures energy losses 

i n , and time of f l i g h t between, two separated s c i n t i l l a t o r s . The advantage 

of using s c i n t i l l a t o r s i s that they are small and l i g h t . The most 

commonly used crystal i s thallium-doped sodium iodide. 

At higher energies, detectors designed to measure pair production 

achieve good angular resolution. Nuclear emulsions have been successfully 

employed and they have the advantage of acting as both convertor and 

detector. However, they must of course be recovered which l i m i t s t h e i r 

use to balloon experiments. 

The most popular detector for gamma rays above 10 MeV has been the 

spark chamber. I n most experiments i t i s triggered by a s c i n t i l l a t i o n -

Cerenkov system and the convertor i s usually i n t h i n plates placed 

between the modules of the spark chamber. The angular resolution achieved 

i s generally of the order of a few degrees. 

The Galaxy i s found to be resolved above the background only at high 

energies. For example, Schonfelder and L i c h t i (1974) at 10 MeV, using 

the double Compton telescope, do not claim s i g n i f i c a n t enhancement from 

the Galactic disc. However, above about JO MeV,the spark chamber experi­

ments see clearly the disc and structure within. I n the following two 

sections ,the diffuse background and Galactic emission measurements are 

summarised. A b r i e f review of current gamma ray l i n e measurements i s to 
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be found i n A.4. Discrete sources are not i n the f i e l d of the present 

work, but a l i s t of those published pr i o r to May 1977 from the SAS-2 

and COS-B experiments i s given i n table A.5. 

A.2. The Diffuse Background 

Probably the f i r s t cosmic gamma ray experiment was that of Hulsizer 

and Rossi (1949) using a balloon-bourne ionization chamber. I n the 

1950's and early 1960's there were experiments using cloud chambers, 

Geiger counters and f i n a l l y s c i n t i l l a t i o n counters. These experiments 

placed upper l i m i t s to the percentage of the cosmic ray f l u x due to gamma 

rays. The f i r s t positive i d e n t i f i c a t i o n of cosmic gamma rays was probably 

from s c i n t i l l a t o r s on board the Ranger 3 and 5 moonprobes (Arnold et a l . , 

1962; Metzger et a l . , 1964). A f l u x above 100 MeV was confirmed soon 

afterwards from the Explorer 11 and 0S0-3 spacecraft (Kraushaar and Clark, 

1962; Kraushaar et a l . , 1965; Kraushaar et a l . , 1972). From the l a t t e r 

came the f i r s t reports of an enhanced f l u x from the Galactic disc (above 

100 MeV) and the f i r s t longitude d i s t r i b u t i o n of gamma rays. 

Experiments carried by balloons and spacecraft, from those on board 

the Ranger spacecraft to date, are tabulated i n tables A.l and A.2 

respectively. The measurements are plotted i n figure A . l . Many of the 

results are upper l i m i t s due to the uncertainty i n charged p a r t i c l e 

corrections, and, i n the case of balloon experiments, the secondary atmos­

pheric gamma ray f l u x . 

Above 30 MeV the observations are mainly from spacecraft experiments. 

Only those using high resolution detectors measure the true high l a t i t u d e 

f l u x , not contaminated by much disc emission. To date there has been no 

experimental search for anisotropy. The only experiment to sample several 
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FIGURE A . l . Measurements of the diffuse gamma ray background. 

Balloon Experiments; 

{ Kuo et a l . , 1973 
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$ Herterich et a l . , 1973 

-p* Daniel et a l . , 1972 

*p Share et a l . , 197^a 

^ Hopper et a l . , 1973 

$ Agrinier et a l . , 1973 

Schonfelder et a l . , 1975 

0 Tanaka, 1971*. 

Spacecraft Experiments; 

H J * Golenetskii et a l . , 1971 

*-t Vette et a l . , 1970 
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high l a t i t u d e directions i s that of Fjchtel et n l . ( 1 9 7 5 ) . These data, 

from the SAS-2 s a t e l l i t e , are the best avail.-ible at present. The average 

f l u x f o r the following s i x directions i s presented: 6 = 0 ° , b - 25°J 

e = 0 ° , b = 5 8 ° ; t = 19°, b = - 2 3 ° ; t = 1 9 0 ° , b = - 3 0 ° ; t = 2 8 5 ° , 

b = 7 5 ° ; £ = 3 0 0 ° , b = - * + 5 ° . Unfortunately, due to the small number 

of events, the f l u x values for the individual directions are not given. 

The average integral f l u x above 100 MeV was found to be ( 1 . 9 3 + 0 . 2 6 ) 
- 5 - 2 - 1 " 1 

10 cm s sr and the spectrum was found to be consistent with a 

steep power law of d i f f e r e n t i a l exponent 2..k + 0 . 2 over the energy range 

where measurements were made: 35 - 200 MeV. I t i s hoped that ,in time , 

high l a t i t u d e scans from the COS-B s a t e l l i t e (see Bennett et a l . , 1976) 

w i l l be forthcoming. 

Below 10 MeV a l l the experiments, except those of Schonfelder and 

L i c h t i (197*0, Schonfelder et a l . ( 1 9 7 5 ) and Tanaka (197*0» are omni­

di r e c t i o n a l . Inspection of figure A.l shows an apparent enhancement between 

1 and 10 MeV over a power law extrapolation from higher energies. However, 

the v a l i d i t y of t h i s feature i s a subject of debate. Most balloon 

experiments (Daniel et a l . , 1972 i s a notable exception) show the 

"shoulder". The early spacecraft measurements of Vette et a l . ( 1 9 7 0 ) 

strongly indicate such a f l a t t e n i n g of the spectral slope, but only f l u x 

upper l i m i t s are reported for most other spacecraft experiments. The 

i n i t i a l results published from the Apollo missions favoured a "shoulder" , 

but with the lat e s t corrections they are consistent with v i r t u a l l y no 

enhancement (Trombka et a l . , 1 9 7 7 )• The corrections necessary for non-

cosmic gamma ray events ensure that the f l u x values are more l i k e l y over­

estimated than underestimated. Therefore, although there i s s l i g h t 



- 153 -

evidence for a "shoulder", results are probably consistent with a power 

law of d i f f e r e n t i a l slope 2 .3 - 2,k between 1 and 200 MeV. 

A.3. The Galactic Flux 

Except for the low energy l i n e observations i n the direction of the 

Galactic centre (see next section), the Galactic disc i s only resolved 

above the background at energies higher than about 10 MeV. A compilat­

ion of balloon bourne experiments recording the Galactic centre f l u x i s 

given i n table A.3. Most employ spark chambers together with, i n some 

cases, nuclear emulsions. The int e g r a l f l u x values, f o r the longitude and 

l a t i t u d e acceptance region given i n the table, are shown i n figure 3*1 

and discussed i n section 3*2. 

The only s a t e l l i t e s to carry experiments designed to survey the 

Galactic plane are 0S0-3, SAS-2 and COS-B. From the l a s t of these only 

provisional results have so far been published (Bennett et a l . , 1 9 7 6 ) . 

The details of the experiments are given i n table A.k. 

The early 0S0-3 experiment used a scintillator-Cerenkov detector 

system. A l i m i t e d angular resolution of about 2k° FWHM was achieved. 

The f i r s t Galactic longitude d i s t r i b u t i o n for high energy gamma rays (above 

100 MeV) was produced and found to display a broad maximum for | C | < 3 0 ° . 

The best current results are from the SAS-2 experiment ( F i c h t e l et 

a l . , 1975)* The fluxes measured are generally lower than those from 

0S0-3, but are within experimental error when allowance i s made for the 

poor resolution of the e a r l i e r detector. The results exhibit the same 

general feature i . e . an enhanced in t e n s i t y for | C | < 3 0 ° , |b | < 10°. 

The data have been presented as longitude d i s t r i b u t i o n s integrated over 

+ 10° of l a t i t u d e . These are shown i n figures 3-2 and 3 . 3 for longitude 
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binwidths of 5° and 2 ^ ° respectively (see also section J . ^ . l ) . F i c h t e l 

et a l . (1975) have also presented latitude distributions towards both 

the Galactic centre and anticentre. The SAS-2 experiment was designed to 

search for sources i n the plane, p a r t i c u l a r l y those correlating with 

known supernova remnants and radio pulsars. Sources claimed are few in 

number (see table A.5), but many upper l i m i t s have been obtained 

( F i c h t e l et a l . , 1975; Ogelman et a l . , 1976). 

The COS-B experiment has already reported fluxes for the Crab and 

Vela supernova remnants, and these, together with fluxes from other sources 

found up to May 1977* are given i n table A.5. 

There have been reports of sources from balloon-bourne experiments. 

The Southampton University group (Browning et a l . , 1972b ; McKechnie et 

a l . , 1976) find several sources i n the Cygnus and Cassiopeia regions. 

In addition, many balloon experiments have observed the Crab (see re f e r ­

ences given by Bennett et a l . , 1 9 7 6 ) . 

k.km Gamma Ray Lines 

Gamma ray l i n e s have been observed from the large solar f l a r e s of 

August kth and 7 t h , 1 9 7 2 , by Chupp et a l . ( 1 9 7 3 ) using a Nal(Tl) s c i n ­

t i l l a t o r on board the 0S0-7 spacecraft. Recently,a possible observation 

of the positron annihilation l i n e from the Crab was reported by Leventhal 

et a l . (1977) who used a Ge(Li) detector which provides much better energy 

resolution ( l e s s than 1# at 0.5 MeV compared with about 12# for Nal 

c r y s t a l s ) . Relevant to the present work are the observations of l i n e s 

from the Galactic centre and Centaurus A. The currently reported l i n e s 

a l l l i e between 0.4 and 5 MeV and are l i s t e d in table A.6. 

The problems involved i n searching for small peaks on a low back­

ground flux are immense. Unfortunately a l l the present measurements have 
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been made by one group at Rice University and v e r i f i c a t i o n by other groups 

using d i f f e r e n t techniques i s desirable. 

The measurements resul t from three balloon f l i g h t s . I n each case 

the detector was a Nal(Tl) crystal with collimators also of Nal(Tl) 

giving an acceptance cone of about 2k° FWHM for the f i r s t two f l i g h t s and 

about 1 5 ° FWHM for the t h i r d . The background waB observed each time by 

alternately looking towards and away from the source for 10 minute 

i n t e r v a l s . The zenith angle Mas kept constant and the detector rotated i n 

azimuth to a point l 8 0 ° away. Due to the large acceptance angle of the 

telescope, for some of the time the source would not be completely 

removed from the f i e l d of view during the background measurements. The 

energy resolution i s about 12% at 0 . 5 MeV. 

The results for the Galactic centre from the three f l i g h t s show con­

sistency. The f i r s t two give evidence for a l i n e at about 0.1+7 MeV. 

However ,the in t e n s i t y of t h i s l i n e found i n the t h i r d f l i g h t i s about 0 . 4 

times the f i r s t value, the same factor by which the s o l i d angle i s reduced. 

This supports the suggestion that the gamma rays are produced along the 

l i n e of sight rather than exclusively at the Galactic centre. Lines at 

0 . 9 and 4 . 6 MeV were also recorded during the t h i r d f l i g h t ,with a general 

enhancement between 1 .2 and 2 MeV probably due to the sum of several 

l i n e s . 

The t h i r d balloon f l i g h t also recorded the continuum background and 

two probable lines from the radio galaxy Centaurus A. 

Gamma ray l i n e astronomy i s s t i l l i n i t s infancy. Since some lin e s 

are seen, i t i s l i k e l y that many more are above the threshold for obser­

vation. Recently,much work has concentrated on the development of Ge(Li) 

detectors which, with t h e i r superior energy resolution, are so necessary 
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for gamma ray l i n e astronomy. 

Much work has already been done i n the theoretical f i e l d , p r e d i c t i n g 

r e l a t i v e l i n e strengths (see, Rygg and Fishman, 1973; Meneguzzi and 

Reeves, 1975; Lingenfelter and Ramaty, 1976a; Lingenfelter and Ramaty, 

1976b and references therein). Lines are expected a f t e r cosmic ray i n t e r ­

actions with gas and dust. The emission includes wide lines (few 100 keV) 

from cosmic ray de-excitation,and narrow lines (less than 10 keV) from 

grains. The most commonly expected are those of width about 100 ksV from 

the de-excitation of gas nuclei. Electron-positron annihilation produces 

a l i n e of about 0.511 MeV (see the calculations of Stecker, 1969; Ramaty 

et a l . , 1970). Gamma ray li n e s have the potential of a useful probe to 

study the o r i g i n and propagation of cosmic rays. Development of a kind 

of "spectroscopy" using observations and predicted i n t e n s i t i e s of the 

various lines i s a challenge for the future. 

A.5. Very Recent Measurements 

Since A e l - A.if were written new data have been reported from both 

SAS-2 and COS-B (12th Eslab Symposium, Frascati, May, 1977)• The results 

are summarised below. 

Fic h t e l et a l . (1977a) present a s l i g h t l y revised version of the 

SAS-2 d i s t r i b u t i o n of gamma rays above 100 MeV i n 2^° bins of longitude 
o 

and integrated over j_ 10 of l a t i t u d e . The d i s t r i b u t i o n shows the same 

features as that previously published by Thompson et a l . (1976) (see 

figure 3*3) and i n pa r t i c u l a r there are no changes i n the data important 

to the present work, i . e . the flux i n the Galactic centre peak, and the 

pattern of the d i s t r i b u t i o n for longitudes 30° - 60° on which some of the 
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arguments i n Chapter 3 are based. The most important change i s the f l u x 

ascribed to Vela, which has been increased by about a factor of 2 and i s 

consistent with the COS-B measurement. No sources i n addition to those 

given i n Table A.5 are reported by SAS-2. 

Fichtel et a l . (1977a) present the f i r s t SAS-2 longitude d i s t r i b u t ­

ion integrated over a l a t i t u d e range of + 5°. The shape i s similar to 

that for the broader l a t i t u d e range, which i s as expected since most of 

the radiation i s concentrated i n the plane. I n p a r t i c u l a r , the Galactic 

centre peak i s estimated to contain the same f l u x as i n the wider 

d i s t r i b u t i o n . I n the same paper, a longitude d i s t r i b u t i o n for the energy 

range 35-100 MeV i s presented f o r |b|< 10°. Although the Galactic centre 

enhancement i s s t i l l prominant, fewer features are generally noticable. 

This i s due t o the fact that the detector angular resolution i s less good 

at these energies and the d i s t r i b u t i o n i t s e l f i s for longitude binwidths 

of 5°» Unfortunately, no Galactic energy spectra are presented i n the 

paper. 

Fichtel et a l . (1977b) report on the SAS-2 high l a t i t u d e f l u x . 

Latitude d i s t r i b u t i o n s are presented, (a) integrated over 

(b) integrated over remaining longitudes. Unfortunately anisotropy 

information i s l o s t i n such a data presentation but presumably s t a t i s t i c s 

are too poor for conclusions to be reached. The authors calculnte n best 

f i t to t h e i r data for a two component model consisting of a uniform f l a t 

disc plus an isotropic background. Taking the i n t e g r a l over a l l l o n t i -

tudes, they f i n d : 

1.22 10 
s i n b 

,-5 2 
s q ( >100 MeV) = O.kZ 10~y + 

Y 
cm sr 
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A status report on the COS-B experiment was presented at the Frascati 

symposium. From a study of four regions of the sky, ^0° wide i n longitude 

and 30° wide i n l a t i t u d e , 11 point sources have been found i n addition to 

the Crab and Vela pulsars (Hermsen et a l . , 1977)* A l l as yet are 

unide n t i f i e d . The Cygnus region i s among those studied so far and no source 

i s seen to be compatible i n position and period with Cyg X-3 reported by 

SAS-2. However, the source 195 + 4 i s confirmed and consistency with a 

59s period i s found (Masnou et a l . 1977). The remaining sources are not 

compatible with known radio pulsars. The COS-B data indicate that sources 

constitute a significant amount of the overall Galactic gamma ray emission 

(some may be i n t e r s t e l l a r clouds). 

The f i r s t COS-B longitude p r o f i l e i s presented by Bennett et a l . 

(1977b) although much of the analysis i s incomplete. The average f l u x f o r 

I t l<30° agrees with the SAS-2 value. Energy spectra f o r four directions 

i n the plane, each integrated over 30° of longitude, are presented. The 

spectra for the four directions are indistinguishable from each other, but 

are s i g n i f i c a n t l y steeper than expected from pure neutral pion decay, and 

are consistent with pure bremsstrahlung. The best f i t appears to be for a 

mixture, but with bremsstrahlung a s i g n i f i c a n t l y higher r e l a t i v e contribut­

ion than found i n Chapter 2 using l o c a l l y observed electron and proton 

i n t e n s i t i e s . This i s evidence for the electron to proton density r a t i o 

being higher than that l o c a l l y , elsewhere i n the Galaxy. 
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APPENDIX B 

Solution of the Diffusion Equation for a Point Source 

The normal steady state 3-D d i f f u s i o n equation with energy losses and 

an energy independent d i f f u s i o n c o e f f i c i e n t , D, can be written: 

(Qinzburg and Syrovatskii, 196*0. I n the equation, n(E, r ) represents the 

number of electrons per un i t volume at £ with energy E, and q(E, r) i s the 

source function. Solutions of equation B.l may be found for many source 

models (see e.g. Gratton, 1972). In the following,a derivation of the form 

for a point source, used i n Chapter 7, i s given: 

B.l can be written: 

-D V 2n + (nE) = q(E t r ) (B.l) 

-D V 2 (nE) + E-— (nE) = E(E) q (E, r) (B.2) 

Using the following d e f i n i t i o n s : 

0 = nE (B.3) 
E 

/ 
E 

dE1 

where 
E(E') 0 > 0 

( B . l f ) 

o 

the Green function G(0, r, r ) i s the solution to: 

(B.5) 

The general solution to B.2. i s therefore given by, 

n(E, r ) r d© G(r 
E(E ) 

r , 6) q(E , r ) 
—o —o E(E) 

(B.6) 
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The solution to equation B.5 i s found, for example, i n Morse and 
Feshback (1953). 

Introducing the Fourier transform (assuming i n f i n i t e space) and 

l e t t i n g be the zero vector: 
eo 

Q(r, ©) = — 2 ^ f e 1 ^ g(k, ©) d 3k (B.7) 

Substituting B.7 into B.5 gives: 

-2-5 fe^ (k 2g + ^ ) d \ = 8(0) - ± - f A ( B. 8 ) 

This gives, 
k 2 g + ^ d l = 6 ( e ) < B-9) 

2 
g(k.£) = e" k 0 6 (B.10) 

Substituting B.10 into B.7 

a ( i f o) . — L _ 7 ik.r i k . r -k D© .3, /„ \ e d-'k ( B . l l ) 

G(r, 0 ) = - ± - = T ( e 1 ^ " ^ 1 3 0 dk ) ( dk ) ( dk 
-oo 

(B.12) 

consider J * e i k x X " k x D S dk^ 
2 T„ ~ dh 

x 
1^* B- -0* ( d b )*-^F) 2-(4) 

2 x 2 



- 167 -

where W = k - T^T x 2D© 

^ ,ikxx-k|l» ̂  _ 7 e-D©W 2
 e-x 2ADO d W J e i k x X - k x D ° dk x = J 

2 -x = e 

Treating the integrals over the y and z coordinates similarly, gives, 

G(r, 0 ) = e " r 2 / i f D e (B.13) 

The solution of n(E, _r) for a point source at the o r i g i n of the co­

ordinate system can be expressed, using B.6, as, 
e 

n(E, r ) = / d© q(E ) 2_ e " r (B.l4) 
" J 0 E(E) (̂ DTO) 

Let the source function be a power law of slope f, such that 

q(E ) dE = A E" rdE (B.15) 0 0 0 0 

I f the energy losses are by synchrotron radiation and inverse Compton 

scattering they are of the form: 

E = -bE2 (B.16) 

Using B.k 

© = (E -E)/bE E (B.17) o o 

0 i s for the case E » E. i . e . max o 

°max - k <B-18> 
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Using B.15, B.l6, B.17 and B.l8 i n B.Ht gives, 

VbE 
n(E, r ) = A E"1" y dOd-bOE)1" 2 1 ^ (B.19) 

l e t u = bEG 

„ ( E , £ ) . A rrj £ (i-„)̂  (JE. * 2 «»(-£p ) <B.a» 
0 

Defining 

2 
x = (B.21) 

n ( E t £ ) = A E - r ) d u ( 1 . u ) r - 2 ^ x ^ exp^_^ j ( B - 2 2 ) 

l e t t = ( l / u ) - l 

tv> \ A E 1 ( \ $ r -xt .p-2....x-(r-(3/2))(n ^ 
n ( E , r ) = 7 7 - exp (-x) x* / e t ' (1+t) dt (B.23; 

I f D r l f ' 2 J 

Equation B.23,where x i s defined i n B.21, i s therefore the solution 

for the electron density at _r due to a point source at the o r i g i n . 

This convenient form for the solution enables the i n t e g r a l to be solved 

for a range of x and interpolation to be used for the required values. 

The solutionis sometimes wr i t t e n , 

n(E, r ) = A exp (-x) x* H T - l ) U(p-1, 3 / 2 , x) (B.2^) 
i t D r f f / 2 

where U(T-1, 3/2, x) i s the confluent hypergeometric function of the 

second kind. 
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