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Abstract. 

The origin of cosmic-rays is one of the long-standing problems in astro

physics. In recent years, strong evidence has been found that certain classes 

of object contain and are able to accelerate particles to high energies. In this 

thesis the origin problem is addressed in two different ways. 

Firstly, two different regions of the Galaxy are studied using 7-ray ob

servations from the COSB satellite combined with atomic and molecular gas 
measurements. The Vela region contains a pulsar and a supernova remnant 

and is particularly valuable location for cosmic-ray studies because of its prox

imity, the association of the two objects, and the intensity of the 7-ray flux 

it produces. At greater longitudes, the region arovmd the peculiar object 77 

Carinae is also studied. It is rich in potential sources of cosmic rays including 

active stars and a spiral arm seen at a tajQgent at / ~ 282". 

Analysis of the Vela region reveals strong evidence for cosmic ray pro

duction at all energies observed by COSB. The supernova remnant seems the 

most likely candidate, but the possibibty of the pulsar itself producing some 

of the particles cannot be ruled out. The excess 7-ray emission from around 

T] Carinae does not appear correlated with the active stars but seems to be 

coming predominantly from the spiral arm. This is the first time evidence has 

been presented for cosmic-ray acceleration by the spiral shock in a particular, 

known spiral arm which is observed as a feature in the gcis. The 7-rays are 

produced in the gas clouds associated with this arm. 

The second approach to the cosmic-ray origin problem involves a model 

for cosmic-ray production in supernova remnants ajid is used in association 

wi th a Monte-Cailo simulation of their occurrence in the GeJaxy. Unlike earlier 

models (Bhat et al 1987), the motion of the Sun is also taken into account and 

iii 



the supernova explosions occur mainly in spiral arms. The results are in the 
form of a time sequence of energy density values and aie compared in detail 
with ^°Be results. It is found that the model accoimts for the long-term rise 
in the concentration of this radioisotope and does not predict large excursions 
from the mean energy density that beset older models. Thus the cosmic ray 
production by supernova remnants seems to be consistent with the radioisotope 
data. 
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Chapter 1. Introduction. 

1.1 Cosmic-Rays. 

1.1.1 Observations. 

The study of the properties of cosmic-rays (CR) has been a long and 

difficult one, stretching back to their discovery by Hess in 1912 (Hess 1912). 

Their origin is a major topic of research in astrophysics and it is this problem 

that is addressed in this thesis. 

Early experiments by Elster, Geitel and Wilson (see Hillas 1972) revealed 

a 'daxk current' in ionization chambers which was attributed to raxiiation from 

the Earth. Balloon-borne equipment revealed an increase in activity with al

titude however, and further experiments were carried out during the 1920's 

by Millikan and others that proved beyond any doubt that the radiation was 

indeed 'cosmic'. I t was pointed out by some experimenters that the Earth's 

magnetic field would affect the trajectories of the charged particles. Early ex

periments at vturious northern latitudes were inconclusive, but cin expedition 

in 1932 around the Pacific showed a decrease in intensity (especially at high 

energies) towards the equator which followed the magnetic field fines. Using 

the theory of St0rmer, Lemaitre and Vailarta (1933) published the first mathe

matical analysis of the interaction of CR with the Earth's magnetic field. The 

experimentation continued, revealing the constituents of this radiation to be 

protons, electrons, 7-rays, and alpha particles and later more complex nuclei. 

The Sun produces CR in flares which tend to have lower energies than 

their Galactic counterparts, but its major contribution is the modulation of 

this latter component which aifects the spectrima below about 1-10 GeV where 



the flux is high and is most easily measured. 

Observations of the cosmic radiation have continued to the present day 

with balloon-flights and satellites which have made the composition of CR im

pinging on the Earth's atmosphere one of the most precise sets of astrophysical 

measurements. Other techniques are now employed to study this radiation es

pecially at ultra-high energies (above 10^*eV) where there are extremely few 

events. For example, arrays of scintillators arranged over a large area detect 

the secondary radiation cascade produced by the primary particle the energy 

of which can be reconstructed by timing the events at the various detectors. 

Cerenkov radiation produced by the secondaries can also be analysed as a 

means of distinguishing CR from 7-rays at these highest energies. 

This study is a necessary and integral part of determining processes 

and events that occur in interstellar and intergalactic space. The CR reveal 

such phenomena through measurements of the energy distribution, isotopic 

ratios and their isotropy: they span many orders of magnitude in energy, most 

elfements in the periodic table are present (at least to Z=56) and their arrival 

directions are distributed isotropically. There is a vast number of isotopes, 

each with its own interactions so the potential analytical power in their study 

is immense. The spectra of sunlight and starlight and the study of the isotopic 

abundances of material in the solar system gives the abundances of each isotope 

which can then be compcired to the CR abundances. This permits not only 

some information about the source of the CR to be determined, but also about 

which processes are involved as they pass through the interstellar medium. 

Knowledge of the nuclear processes that can occur is a necessary prerequisite 

for derivation of important quantities such as the escape time of the particles 

from the Galaxy, the grammage of the material traversed, as well as providing 

constraints on the possible acceleration mechanisms. This indirect route is the 

only one available because, being charged, the CR are deflected by the Galactic 

magnetic field and all directional information is lost. I t is for this reason 

that the sources of CR are still not positively and unambiguously identified 

although work is now in progress to study the small flux of 7-rays in the 

primary radiation which come directly to the Earth undeflected and therefore 

wi l l be able to examine CR source directly. 



1.1.2 Sources of Cosmic-Rays. 

It is the origin of the Galactic C R that has proved so enigmatic, but over 

the years, some very strong evidence has been accumulated for certain classes 

of objects being sources of C R . In an astrophysical setting, when a charged par

ticle is accelerated in a magnetic field, synchrotron radiation is emitted which 

is detectable at the Earth provided the particle density and field strength axe 

high enough. The small mass of the electron makes it the most susceptible to 

this form of acceleration, so meastirements at radio wavelengths can reveal the 

presence of not only magnetic fields, but the electrons spiralling in them. 408 

MHz is a typical frequency for observations of synchrotron radiation although 

the thermal component of the gas must first be removed. This is done by 

performing measurements at other frequencies and fitting a thermal curve to 

the intensities. The non-thermal remainder is attributed to electrons cis other 

particles will not radiate at these frequencies because of their greater masses. 

It is for this reason that although protons are as plentiful in C R as electrons, 

it is the latter that have featured most prominently in C R studies. 

Supernova remnants (SNR) are the extended gciseous remains of a mcis-

sive, evolved star that underwent core collapse and shed its outer layers in an 

enormous explosion that liberated aroimd 10̂ ^ ergs. Such an event does not 

happen often: it is estimated that a supernova (SN) occurs once every 30-100 

years in the Galaxy, but they are the major cause of many of the objects ob

served in the sky as they cire believed to initiate star-formation in gas clouds. 

Only the spiral structure of the Galaxy itself can be said to have as great an 

effect on the appearance and evolution of the interstellar medium. Despite 

this massive and sudden input of energy, the event itself is not the major can

didate as a C R source. It is the shock wave that propagates outward into the 

surrounding gas and sweeps up this material into the shell that is a common 

feature of these objects. The large cimount of energy involved ensures that 

there is plentiful ionized gas present which drags the magnetic field with it 

as the gas is swept up. The presence of both ionized gas and magnetic fields 

explains the observations of synchrotron radiation as the electrons are forced 

to spiral in the fields, and the elements are present for a C R source: particles. 



fields and an energy source (the shock wave). 

There are a number of phases through which the remnant passes as i t 

expands. The first is the initial free expansion where the mass of swept-up 

material is negligible and the expansion is largely unimpeded by the interstellar 

gas. Gradually, the shock wave accumulates material and when the mass of 

swept-up gas is of the same order as the ejecta mass, then the renmant enters 

the adiabatic expansion or Sedov phase (Sedov 1959). This is the longest and-

probably most important phase for CR acceleration. Finally, the remnant cools 

radiatively, the expansion slows and the expansion velocity nears the average 

interstellar medium gas velocity so merging the remnant material with the 

ambient gas. 

There are a number of other potential sources of high energy particles, 

although none as powerful as SNe. Active, massive stars such as early 0-stars 

and Wolf-Rayets have strong stellar winds and high mass-loss rates which, 

when combined with the nimibers of such objects in the Galaxy can add up 

to a significant input of energy into the interstellar medium (e.g. Casse and 

Paul 1980, Volk and Forman 1982). 

Strong magnetic fields are a necessary adjunct to any acceleration pro
cess for charged particles so any astrophysical location that contains such a 
field is also a good place to look for CR. The Galactic magnetic field is of the 
order of a few micro-Gauss and is not strong enough for this purpose unless 
compressed in some way and combined with other processes such as a shock. 
However, when a massive star collapses, as occurs during a SN, then the cen
tral object (a pulsar) can have a very strong field: of the order of 10^°"^^G. In 
such an environment charged particles are continuously accelerated and cannot 
be cinything other than relativistic, so the problem is to explain how they can 
escape from the pulsar. The trajectories of these particles have been estimated 
by numerous authors following the work of Gunn and Ostriker (1969). 

Material flowing out from some object, be it stelltir, interstellar or in

tergalactic, will collide with the surroimding material and the flow can, in 

some cases, terminate as a shock. Such a phenomenon is seen, for example, 

in the Solar System as the solar wind hits the magnetosphere of a planet and 

a shock forms. Particle acceleration has been observed to occur at such loca-



tions depending on the form and strength of the shock. At the other end of 

the scale, jets emitted from active galeixies and quasars encounter the inter-

gala<;tic meditmi forming a shock and providing another environment for the 

acceleration of particles. 

Clearly there is a wealth of potential sources for the cosmic radiation, 

but wherever they are formed, all directional information is lost via their 

interaction with the weak Galactic magnetic field. This introduces the subject 

of how these C R can interact in the interstellar medium and thus provide a way 

for their sources and their distribution to be uncovered. Before examining the 

7-radiation produced by C R , the acceleration mechanism for these particles 

mtist be discussed. 

1.1.3 Shock Acceleration of Cosmic-Rays. 

A common theme in a niunber of the above C R source candidates is 

the presence of shocks. One of the most studied contenders for the accelera

tion mechanism of C R particles is known as diffusive shock acceleration and 

was developed almost simultaneously by a number of authors: Axford et al 

1977, Krymsky (1977), Bell (1978), Blandford and Ostriker (1978). The idea 

was also implicit in a number of much earlier papers: Jokipii (1966,1968) and 

Fisk (1971). Parker (1958) and Hudson (1965, 1967) dealt with the first order 

Fermi process cind Hoyle (1960) suggested that shocks could accelerate par

ticles although he did not suggest an actual mechanism for this. A number 

of excellent reviews of this subject have been written (Axford 1980, 1981a,b, 

Drury 1983, Blandford and Eichler 1987, Ostriker and McKee 1988) which 

cover the subject from its simplest formulation to the more recent non-hnear 

anadysis. 

The shock process is believed to occur in a number of astrophysical 

environments including SNR, active star stellar winds and the solar wind. 

The first of these is perhaps the most popular for the higher energy (> 100 

MeV/nucleon) particles as the amount of energy input by each SN is ~ 10®^ 

ergs which is easily sufficient for the C R energy budget. 



The basis of the mechanism is first-order Fermi acceleration (Fermi 1949) 

in which particles receive energy by crossing a strong shock i.e. the velocity of 

the shock (v,) is very much greater than the sound speed (c,). Particles are 

accelerated by being passed by the shock and scattered off' the turbulent gcis 

downstream. Some are then convected further downstream whilst others pass 

back upstream where they are again scattered by the gas which isotropises 

the CR distribution. The shock then catches up with the particles and the 

acceleration cycle begins afresh. The CR are strongly scattered in the inter

stellar medium by hydromagnetic disturbances known as Alfven waves. The 

process has a reasonably high eflBciency: for example, averaging the Galactic 

CR power gives ~ 3 x 10"*°ergs s"̂  (to a factor of three) and with a SN rate of 

1 every 30 years, each SN must input ~ 3 x 10'*^ergs. This is approximately 

3% of the total energy released by the explosion. Thus any serious alternative 

to the SNR origin of CR must provide either a greater efficiency or a much 

greater extent (such as spiral shocks (Duric 1984) and Chapter 3). CR must 

also be accelerated in the later stages of SNR expansion because as their mean 

energy is inversely proportional to the cube root of their number density, if 

they were accelerated in the first hundred years or so, their energy would be 

almost completely dissipated by the time the remnant was in the later Sedov 

phase. As a result i t is the larger remnants that are believed to contain CR 

with greater energy. Loop I is a prime example of such a large remnant (Bhat 

et al 1985b). 

That particle acceleration does occur by this process has been verified tn 

situ by spacecraft passing through the Earth's bow shock where the solar wind 

collides with the magnetosphere. Similar bow shocks have also been observed 

around other planets, and similar processes occur in interstellar space, solar 

flares and stellar wind termination shocks. (See the review by Blandford and 

Eichler 1987). Although the Sun is a prohfic source of extremely low energy 

CR, i t is not these particles that are of primary interest but rather the gen

erally higher energy Galactic CR that are responsible for 7-ray emission. The 

mathematical details of this process may be found in the reviews tdready cited 

and the references contained therein. What will also be foimd is the realisation 

that this shock acceleration process is a non-linear one as the accelerated par

ticles can have a modifying effect on the shock structure and propagation. The 



test particle model is not therefore accurate although i t does act as a useful 
guide for the more advanced non-Hnear studies. There is a rough equipartition 
of energy between gas, magnetic fields and CR on a large scale in the Galaxy 
at least, which suggests that none of the three can be ignored and the problem 
must be solved in a fully self-consistent fashion. To date, this endeavour has 
met with limited success. 

It is clear that shock acceleration is an excellent candidate for producing 

CR and the best sites to examine the evidence for this are SNR by virtue 

of the vast quantity of energy available and the high efficiencies that can be 

attained. Pulsars also have a means by which CR can be accelerated, namely 

their very intense magnetic fields, and this must be borne in mind as pulsars 

are believed to be the remains of the star that produced the SN explosion. 

The two are likely to be intimately connected. 

1.1.4 Cosmic-Ray Variations. 

The energy spectrum of solar CR is much steeper than that of the galac
tic CR, and it varies on a number of timescales. Produced in solar flares, 
these particles decay away in periods ranging from hours for GeV particles 
to days at lower energy. Their galactic counterparts are present continuously, 
bombarding the Earth from all directions with a high degree of isotropy until 
the very highest energies are reached. The intensity varies depending on the 
condition of the Sun (i.e. the amount of solar activity) and on the magnetic 
field strength of nearby planets. A phenomenon known as a Forbush decrease 
is perhaps the most important non-periodic variation of galactic CR over short 
timescales. It is due to interplanetary shock waves pushing CR ahead of them 
and thus causing a decrease in intensity behind. 

Distinguishing solar modulation effects from genuine interstellar varia

tions of the galactic CR is not an easy task, but a successful model has been 

formulated based on the fundamental equation of CR transport (Axford 1965, 

Parker 1965 and reviews by Jokipii 1971, Volk 1975, Fisk 1979). The CR are 

embedded in a highly turbulent and irregular drifting magnetic field so the 



directions of motion of pjirticles become random. This field is connected to 

the solcir wind, so on top of the diffusion of the C R there is both a convection 

and an expansion energy loss as the wind moves away from the Sun. This 

model is able to explain in quite some detail many of the observed variations 

in C R intensity (Kota and Jokipii 1983). These variations occur over a variety 

of timescales from the eleven year sunspot cycle to tens of thousands of years 

and a nimiber of radioisotopes have been used to uncover them. 

The most common CR-produced radionuclide is *'*C which is the result 

of proton bombardment of nitrogen in the atmosphere. This reaction has an 

energy threshold of 34 MeV (Latimer et al 1973), and the average energy of 

the protons involved in this reaction is about 1 GeV based on data from Read 

and Viola (1984). At solar minimum, when the modulation of the galactic C R 

intensity is lowest and the intensity of C R is highest, the concentration of this 

radioisotope in the atmosphere has been measured to increase. This occurs 

over in a timescale of years. Over much longer periods (to 10"* years), there 

is a roughly sinusoidal variation (Suess 1980, Neftel et al 1981, Sonnett 1985) 

of the concentration. For longer periods, longer half-life isotopes are required 

meaning that alternative sources of radioisotopes must be used instead of the 

organic reservoirs of the ^''C. Lunar rocks and meteorites with known exposure 

histories and geometries (perhaps taken from debris associated with a cometary 

orbit), can be analysed for radioisotopes with half-lives from 10̂  to 10^ years 

and can be used to determine the C R flux over similar periods. Listed in 

increasing half-hfe, these radioactive elements include: *^Kr (2.1 x 10̂  years), 

36C1 (3.0 X 105), 26^1 (7.2 X 10^), i °Be (1.5 x 10«) and '^Mn (3.7 x 10% 

To 10^ years, there are only two radioisotopes ^^^I (1.6 x 10^ years), and 

(3.7 X 10^) that have been studied (Voshage 1962, 1978, Nishizumii et al 1983, 

1985) although a new technique involving the stable ^^^Xe nucleus has been 

developed (Marti 1985). 

Studies of this sort have a direct relevance to questions about the pos

sibility of a local SN within the last 10' years near the Sun (Clayton 1984, 

Clayton et al 1986). The argument is unresolved as ^^Al and ^^Kr seem to 

give conflicting results. 

In its motion around the Galaxy, the Sun will encounter not only SNR, 
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but gicint moleculaj clouds and the spiral arms in which shocks axe believed to 

be embedded and which contain higher concentrations of gas and dust. Such 

'close encounters' are expected to have considerable influence on the motion 

of the Sim (Delhaye 1965) and studies of the velocity dispersions of stars near 

the Sun are a major topic of research (Olano 1982, Goulet 1984, Lacey 1984, 

Wielen 1974,1977, Bash 1986, Higdon and Bash 1981, Mayor 1982, Palous 

1983 and many others.) Also, as the Sun passes through or by these objects, 

it is predicted that the C R intensity will increase. If a SN has occurred nearby 

( < 100 pc), for example, then the increase is expected to show up in a number 

of the various rzwlioisotopes with the appropriate half-life (of the order of 10^ 

years.) SNR are prime candidates for C R acceleration but their distribution 

in the Galaxy is not expected to be uniform as their explosion sites will be 

near the star forming region in which the massive, short-lived parent star was 

formed. This is generally believed to occur in or near the giant molecular 

clouds which are found predominantly in the spiral arms and are associated 

with the spiral shocks such arms contain. 

Geological mass extinctions, the Oort comet cloud, crater ages and the 

search for a solar companion are all related to this field of C R variations (e.g. 

Shoemaker and Wolfe 1986 and an extensive review by Wilkinson 1987) in 

that they are also dependent on phenomena such as spiral arm passage by the 

solax system. 

It is a large task to assemble all the pieces of information required to 

model the peissage of the Sun through the Galaxy. Integration of the motion in 

either direction — past or future — is liable to errors due to a close encounter 

with a massive gas cloud which can alter the velocity of the Sun sufficiently 

to make subsequent prediction impossible. Nevertheless, some attempts have 

been made (e.g. Bash 1986). The motion of the Sun, its relative position 

with respect to the spiral arms, the frequency and evolution of C R sources 

axe ail relevant pieces of information required and each has its uncertainties. 

The predicted variation of the C R intensity is the object of the study and so 

an interesting problem can be addressed: Assuming a certciin C R production 

model, does the radioisotope data now available preclude that model on the 

basis of variations in the C R record over the past 10^ years? 



Little more can be asked without much improved data both from stellar 

observations and radioisotope measurements, but the answer to this question 

can put a usefvil constraint on the model for C R used. Chapter 4 addresses 

this topic by the use of a Monte-Carlo simulation 

1.2 T h e C O S B Miss ion. 

The C O S B 7-ray telescope was launched in 1975 by E S A under the con

trol of a group of universities in Europe known as the Caravane Collaboration. 

The experiment was a multi-layered spark chamber with an anti-coincidence 

C R dome to discriminate against charged particles and a means to determine 

the energy and angle of incidence to the telescope pointing direction of the 

incoming 7-ray photon (Fig. 1.1) The most likely interaction of an incoming 

7-ray is pair production in the electromagnetic field of a nucleus. The cross-

section is proportional to so tungsten [Z = 74) sheets were interleaved 

between the 16 1.5cm grid gaps in the spark chamber. The grids themselves 

consisted of orthogonal wires with a 3mm separation. The gap nearest the 

anti-coincidence dome and the three nearest the scintillation counters had no 

tungsten immediately above them. When no pulse wais detected in the dome, 

the detection of descending electrons in the triggering mechanism (B l ,B2 ,C) 

caused a high voltage to be applied across each of the gaps. The resulting 

discharges occurred along the electron tracks and their position wcis recorded 

to reconstruct the event. This allowed the arrival directions of the initiating 

photon to be determined. The energy of the event was measured in the scin

tillation crystal ( E ) with a further scintillator (D) to provide a high energy 

event correction. 

A high polar orbit was chosen to maximise useful observing time by 

removing the shielding of the Earth's magnetic field, but unfortunately this led 

to a high background count rate via interactions of the C R with the telescope 

itself producing 7-rays. The estimation of this backgroimd was the subject 

of intense study by the C O S B group and the importance of this quantity 

cannot be overstated. A long-term trend in both backgroimd and sensitivity 

was detected (Fig. 1.2) part of which could be attributed to changes in the 
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Figure 1.1. 
The COSB telescope, showing the major components. A: Anticomddence dome. SC: Spark cham

ber. B1,B2: ScintiUation counters. C: Directional Cerenkov counter. D: Scintillator to provide additional 
information on high energy events for which absorption in the calorimeter is incomplete. E : Caesium Iodide 
scintillator used as energy calorimeter. 

solar-modulated C R flux. The background is also dependent on the inclination 

angle from the telescope cixis. Both of these effects are corrected for in the 

program construct intensity maps supplied with the datasets. 

Observations were made for seven years until 1982 when the gas used to 

recharge the spark chamber was exhausted. In this time 209,537 7-rays were 

observed, the majority from the Galactic plane, but with some high latitude 

observation periods. Pre-flight calibration of the instrument was checked in 

flight by observing a point source (Vela) which confirmed the eairlier ground-

b2ised tests. The point spread function ( P S F ) was found to be energy de

pendent becoming narrower with increasing energy. In the spark chamber 

electron/positron pairs produced by the incoming 7-ray gave the information 

required to reconstruct the energy iind direction of the photon. The P S F also 
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depends on the pair opening angle used in the selection of acceptable events. 

For each observation period, which lasted from 10 minutes to 10 hours, the ex

posure Wcis calculated along with corrections for various instrumental effects. 

In total there were 65 pointing directions over the seven years covering all of 

the galactic plane. 

All these data axe contained in the final C O S B database available on 

magnetic tape as a suite of programs with the data sets themselves. The 7-ray 

data are in the form of records containing all the information available about 

each photon and maps of 7-ray intensity can be constructed with a variety 

of paxaimeters. The energy interval, pair opening angle, background spectrail 

index and other selection criteria to do with the observing conditions can all 

be specified. The C O S B manual provides guidelines as to the preferred or 

12 



recommended values of these parameters. 

The smallest bin of the data is a 0''.5 x 0°.5 pixel. The 7-ray intensity 

over larger regions can be calculated using the following expression: 

with an error for large N of: 

Here, A',- is the number of 7-ray photons in the i-th. bin, AA^, is a correction 

for each bin based on the observing conditions, E; and Eb,i are the exposures 

for the source and background respectively. /(, is the background intensity for 

the particular energy band, given in the C O S B manual. 

This construction means that in order to correctly calculate ly there 

must be bin by bin summing of and the exposures over the bins involved. 

The value of ly for a region cannot be just the average of the intensities for all 

the bins, although if the number of 7-rays is large, then the diff'erence between 

these two methods is not significant and in some cases, the easier method of 

averaging intensities may be used provided a less accurate result is acceptable. 

The improvement in resolution with increasing energy is an important 

property of the C O S B telescope enabling finer detail to be distinguished pro

vided the region of interest is uncluttered. The unfortunate effect of using 

higher energy bands is that the number of 7-rays decreases and the statistics 

become much poorer. Often there is a trade off between these two features, 

usually in favour of better counting statistics. The main cause of the poorer 

resolution at lower energies is the multiple scattering of electrons in the tung

sten sheets in the spark chamber. 

The P S F has been published in the C O S B manual for the three standard 

energy bands of 70-150, 150-300, and 300-5000 MeV for various pair opening 

angles as shown in Figure 1.3; this figure gives the normalised profile for the 

three standard energy bands. It takes the form of a sum of six Gaussians with 
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variable amplitudes and is considered reliable for only the given parameters 

and energy intervals. An earlier form of the P S F does exist in the form of 

an exponential (see Chapter 2) published by Hermsen (1980) which cim be 

used for any energy interval by interpolation of the curve parameters from the 

figures in his thesis. This is cidequate for non-standard energy bands, but the 

restdting P S F is not believed to be as good a representation of the actual form 

of the beam. 

m 
a-. 

300-5000 MeV 

150-300 MeV 
70-150 MeV i 

- t - ^ 1 1 1 1 ^ 1 1 

4 6 8 
Degrees. 

10 12 

Figure 1.3, 
Point spread function for the three standard COSB energy bands giving the probabibty per umt 

soUd angle to measure a photon at an angle 9 degrees from the incidence direction. The curves are normaUsed 
to unit area. 

The telescope has a half width at hcJf maximum at the lowest energy 

beind of 3°.5 which drops to l ° . l for the highest. The resolution is very poor 

compared to that available at other wavelengths, but 7-ray cistronomy is still 

in its infancy, and these are a significant improvement on eairlier balloon-borne 

experiments, and better than the earlier satellites such as SAS I I . 
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A knowledge of the P S F is crucial for work with observations at other 

wavelengths which are usually at much higher resolution. 

1,3 7-rays . 

1.3.1 7-ray Sources. 

The ratio of intensities between 7-rays and C R at energies of a few GeV 

is ~ 10~^ which would seem to indicate that 7-rays are not a significant part 

of the radiation detectable at the Earth compared to the bulk of that detected. 

The overriding factor is that 7-rays are undeflected in their traversal of the 

Galaxy unlike the charged C R so despite the poor statistics, a great deal of 

valuable information may be obtained. At the 7-ray energies detectable by 

C O S B , propagation losses by pair production and inverse Compton scattering 

are negligible. 

Of the total detected radiation, some is due to 7-ray sources such as 

the Crab and Vela pulsar. Hermsen (1980) lists those sources detected by 

C O S B along with suggestions for their identification. Some are unambiguous: 

those associated with pulsars and the high latitude source attributed to 3C273. 

Some are probably the result of enhancements in the gas (e.g. the Ceirina and 

Cygnus regions) which may or may not contain genuine sources as well, and 

one (Geminga) has not yet been definitely identified at other wavelengths. 

There is also a diffuse component arising from general CR-gas interactions 

as distinct from 'sources' due to higher density gas, and a possible unresolved 

source contribution, currently estimated at 10-20% of the flux (Protheroe et al 

1979, Houston and Wolfendale 1983,1984, Fichteland Kniffen 1984). However, 

in the outer Galaxy, and at high latitudes all the sources should be resolved. 

Given the existence of these 7-ray sources, it must be asked whether 

these are also C R sources with interactions with the gas surrounding the source 

responsible for the 7-ray emission. To ask this requires some understanding of 

the CR-ga5 interactions that can occur both near the sources and also in the 

15 



interstellar mediimi. 

1.3.2 7-ray P r o d u c t i o n Mechanisms . 

The interaction of electrons with the magnetic field has cdready been 

mentioned, although the production of 7-rays by the synchrotron process is 

reserved for very high energy particles and/or very intense fields. The intensity 

of 7-rays from bremsstrahlung near gas atoms falls oflF with energy as a power-

law and dominates photon production methods for 7-ray energies below about 

100 MeV. The Inverse Compton process occurs when a low-energy photon 

scatters off a C R particle and the photon ends up with a higher energy. The 

source of the photons that are elevated to 7-rays can be starlight or even 

the 2.7K background if the energy of the particle is high enough. For nuclei, 

the main source is via proton-proton collisions with the gas in the interstellar 

medium: a proton-hydrogen nucleus collision will produce TTQ mesons amongst 

the reaction products. The required threshold energy, T , is easily calculated 

for this reaction as: 

T = E - mp = 2m, -f 
2mp 

inserting the appropriate values yields T = 296 MeV. The neutral pion decays 

isotropically in its rest frame into (usually) two photons giving a peak in the 

7-ray spectrvun at m-^^c?/2 = 67 MeV. There are other reaction products: So 

hyperons and secondary TTQ from the decay of kaons contribute a small part of 

the total 7-radiation. 

7-ray emission from the radioactive decay of certain nuclei (such as ^^Al) 

has also been observed. Such measurements serve to place constraints on 

nucleosynthesis in stcirs and/or SN which then has a bearing on questions about 

the early history of the Solar System. The electron and positron annihilation 

line at 0.511 MeV has also been observed showing that positrons do occur in 

the Galaxy formed as the result of spallation reactions by C R on gc i s nuclei 

and by pair production by photons in the vicinity of one of these nuclei. 
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Generalising, the higher energy ( > 300 MeV) photons are produced 

mainly from protons whilst the < 100 MeV photons come from electrons. 

A definite signal from nuclei (mainly protons) has yet to be discovered. 

However, there are reasonable indications that C R nuclei are present in par

ticular sources such as some SNR. The evidence for electrons is far easier to 

observe: for example, the Crab pulsar and remnant have synchrotron. X-ray 

and 7-ray measurements all consistent with electrons being present in the rem

nant, which when combined with the observation that the pulsar powers the 

renrmant, indicates that it must have C R electrons as part of the energy budget 

along with magnetic fields and the thermal and bulk motion of the gas. 

1.4 G a s . 

1.4.1 Observat ions . 

Where there is no gas, the only source of 7-rays is the interaction of 

a radiation field with C R via inverse Compton scattering provided there is 

sufficient energy. Where the radiation field required for this process does 

not have sufficient numbers of photons to make the intensity of resultant 7-

rays significant (i.e. observable), no gas means no emission. This occurs for 

volumes of space such as the Outer Galaxy where the starlight photon field (for 

instance) is much less than the inner regions. As a consequence, the amount 

of tcirget material is of great importance when estimating the C R flux along 

a particular line of sight. The bulk of the gas in the interstellar medium is 

hydrogen both in atomic and molecular forms. It is the colimin density of this 

gas that is needed for comparison with the 7-ray intensity along the same line 

of sight. 

Observations of atomic hydrogen can have a very high resolution es

pecially interferometric measurements which can reach down to the milli-

axcsecond level. For the large scale surveys of the Galaxy much poorer res

olution is sufficient and is indeed necessary to enable the observations to be 

17 



performed without excessive observation and data processing times. The HI 

21cm data used in this thesis is a composite low resolution survey of the whole 

sky made up from surveys by Heiles and Cleary (1979) for latitudes above 10° 

and Weaver and Williams (1973) c i n d the Durham-Pcirkes survey of Strong 

et al (1982) |&| < 10°. A spin temperature of 135 K was assumed in correcting 

for saturation effects which although a rather simplistic approach, should not 

produce unacceptable errors (Strong et al 1982). The data above 10° were 

assimaed to be optically thin. The average resolution was 72.6 arcminutes. 

Molecular hydrogen does not have any convenient emission fines cind so 

cannot be observed directly unless the gas is hot when it can be seen at micron 

wavelengths. Such conditions occur deep inside molecular clouds in active star-

forming regions and constitute a tiny fraction of the total, mostly cold, gas. 

For this reason, an indirect method is used. ^^CO radiates at 2.6 mm via its 

J = 1 -> 0 rotational transition which is thought to be excited by collisions 

with molecular hydrogen. The conversion between *^C0 and H2 is the subject 

of much controversy and is discussed in the next section. There are two surveys 

of the sky in ^^CO, the first by the Massachusetts Stony Brook group using the 

Five College Radio Astronomy Observatory at the University of Massachusetts 

in the greater detail and covering only approximately the first quadrant within 

a degree of the Galactic plane at a resolution of 50 circseconds ( F W H M ) . The 

second by the Columbia group (Dame et al 1987) covers the whole longitude 

range extending to ± 5 ° in latitude and sometimes higher. The resolution is 

poorer (0°.5 at worst) and the sky is undersampled diluting the signal at large 

distances. This gives rise to the allegation that the Columbia group missed the 

cold clouds which are fairly uniformly distributed in the Gctlaxy ciccording to 

Solomon, Sanders and Rivolo (1985) and that they see only the warmer clouds 

which tend to congregate more in the spiral arms. It would of course be best 

to use the fully-sampled dataset for this work with 7-rays as the quantity of 

gas is vital to the search for C R and their sources. However, in the regions of 

interest in this thesis, the Columbia survey is the only one available and hc i s 

therefore been used exclusively. 

Ionised hydrogen is also present in the interstellar medium appearing 

mainly as H I I regions where recombination occurs. These protons also form 

targets for C R , but the column densities involved are much lower than the 
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atomic and molecular components so with the large bins used in this thesis 

(at lecist 0°.5 x O'.S), the ionised gas can be ignored. 

The binning of both the atomic and molecular gas received on magnetic 

tape is 0°.5 and both must be convolved to the P S F of the 7-ray telescope be

fore any analysis can be maide. This is done by deconvolving the gas data using 

the original telescope beam (or an approximation to it bcised on the sampling 

of the data), to give a map of the sky as seen with an infinite resolution beam. 

This is then convolved using the C O S B profile to give the gas data as seen by 

a telescope with the same resolution as C O S B . As this changes with the pa

rameters selected, the convolution must be performed for each parameter set. 

The higher energy bands give a noticeable improvement in resolution of the 

data and result in quite different numbers for each bin especially where the gas 

column density is low. It is therefore crucial that the appropriate resolution 

gas data are used with the corresponding resolution 7-ray data. 

1.4.2 C O to H2 conversion. 

The conversion of ^^CO to molecular hydrogen is achieved by multiplying 

the antenna temperature of C O in K kms~^ by a constant to give a column 

density af molecular hydrogen in atoms cm~^ thus: 

N{H2) = aao x 10^° J T{v)dv 1.4 

The constant used here known as 020, is not to be confused with the X of some 

authors which gives the nimiber of molectdes of hydrogen: 020 is simply twice 

X. Such an equation is not theoretically correct for the usually optically thick 

^^CO but empirically it follows the much less abundant and usually optically 

thin ^^CO. Equation 1.4 is therefore correct for the range of values normally 

foimd in molecular clouds. 

The value of 0:20 is the subject of some debate as various methods have 

given widely differing results over the past decade or so. Fortunately, there 

seems at last to be a convergence of estimates from these methods. Values 

tended to be higher in the past with the early ^^CO measurements of Solomon 
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and Sanders (1980), and Solomon, Sanders and Scoville (1979a,b) using the 

Stony Brook telescope cind employing local thermodynamic equihbrium argu

ments. Visual extinction data from star counts and infra-red measurements 

have also been used (Sanders 1981, Solomon, Sanders and Scoville 1984). More 

recently, techniques for estimating the masses of clouds in the inner Galaxy 

using the virial theorem have been developed. 

7-rays have also entered the debate as a useful tool for this kind of work 

(Strong et al 1987, Bloemen 1986, Richardson 1988). Assuming interactions 

of C R with the interstellar medium and including an inverse Compton compo

nent allows an estimate of the total column density of gas to be made, given 

certain assumptions about the C R flux. Further, if C R are not excluded from 

clouds and the ionized gas component is small (as is expected), then 020 

be determined as the atomic hydrogen density is known from 21cm measure

ments. Methods of estimating 0:20 can be found in a number of wavelength 

bands and they are not restricted to just the gas data themselves. Bhat et al' 

(1986c) using a variety of techniques including 7-ray, X-ray, infra-red and virial 

methods, find 020 = 3 ± 1 with a decrease towards the Galactic Centre. Un

fortunately, the C O emissivities themselves are significantly different between 

the two telescopes. This further source of disagreement has a number of causes 

(Bronfman et al 1987) including different statistical analyses and instrumental 

calibration. 

The recently published Columbia C O survey (Dame et al 1987) is now 

self-consistent unlike the earlier work from this group because the jtzimuthally 

averaged emissivities can be used to reproduce the intensities integrated over 

velocity and latitude. (See Bhat et al 1986c). 

The most recent estimates of Q 2 0 have an average of about 4.5 ± 2 with 

the trend converging on about 4. In the absence of any better estimates, and 

to be mostly consistent with the 7-ray analysis of the C O S B and Durham 

groups, it is this value that has been adopted throughout this thesis. 
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1.4.3 7-ray Emissivity. 

Having obtained the molecular hydrogen from the C O observations, the 

total gas column density for each bin can be calculated by adding the atomic 

and molecular components. It is this gas that forms the target material for 

C R and from these interactions 7-rays are produced. For a given C R flux, 

increasing numbers of 7-rays are produced for increasing gas density and this 

is reflected in the quantity known as emissivity per atom denoted by ql^n. 

In principle, this quantity should be theoretically calculable according to the 

equation: 

= n / I{Ep)a{Ey\Ep)dEp 1.5 
47r J 

where n is the volume density of the target nuclei, I{Ep) is the intensity of 

C R nuclei (i.e. mainly protons) of energy Ep and a{E.y\Ep) is the cross-section 

for the production of 7-rays with energy E^ from the C R protons. This cross-

section is given by Stecker (1971) as an integral over the energies of the pion 

created in the collision. It is not well known especially at high energies but 

at low energies a reasonable fit to the experimented data is a reaction that 

proceeds via a nuclear isobar at 1.238 GeV. This model unfortunately requires 

an additional integration over the available isobaric energies (Dermer 1986). 

The emissivity due to the bremsstrahlung process is given by Stecker 

(1975) as: 

q{Ey) = 4.3 X 10-"n^^^^^^atom-^s-^MeV-^ 1.6 
E-r 

Again, this is uncertain and is dependent on the intensity of electrons which 

is not well determined. 

The emissivity has been calculated by Bhat et al (1986b) using the 

TTQ decay emissivity spectrum given by Stephens and Badwhar (1981) and a 

bremsstrahlung estimate determined according to Equation 1.5. The spectra 

were both normalised by fitting to the observed emission and Figure 1.4 shows 

the result. Additionally, the fraction of 7-ray flux that can be attributed to 

nuclei at a particular energy range was determined and Figure 1.5 shows that 
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the proton component dominates at the two higher energy bands of the C O S B 

telescope. The significance of this is that solaLt modulation which <iffects the 

proton spectrum below about 1 G e V should not affect the determination of 

^ / 4 7 r . Greater confidence can be placed in the 7-ray techniques as a result. 

The local emissivity, representing the local C R flux, can be used as 

a guide for what may be expected elsewhere in the Galaxy. Naturadly, the 

emissivity depends on the galactic location and the availability (or not) of C R 

acceleration sites. Dividing the observed emission by the totaJ gas density 

along the line of sight gives the emissivity and where this is high, the C R 

intensity over that line of sight can be Sciid to be high also. Some other 

information — such as the distribution of gas in the area — can, in some 

cases, be used to predict the location of the bulk of the emission and the 
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enhancement in the C R intensity. Genuine 7-ray sources such as the Crab, 

Vela and Geminga must, of course, be removed from the 7-ray intensities first 

before calculating the emissivity. Removal of these 7-ray sources is not always 

an easy task, as it requires a model for the object in question to determine 

the expected number of photons produced. If the source is expected to be 

point-like, then there are methods of estimating the flux from the source by 

using 'correlated counts' (See Appendix A ) . 

1.5 Summary. 

The question of the origin of C R is important and far-reaching in its 
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implications for contemporziry astrophysics. The cinswer wiU provide powerful 

insights into many realms of reseeirch, ranging from the origin of the universe, 

the creation of the solar system and conditions favourable for life, to the pro

cesses of star formation and Galaxy evolution. Without good models for the 

many ways of imparting energy to nuclei and electrons, much of the informa

tion contained in the C R raining down on the Earth's atmosphere is lost and 

to neglect them is to ignore a full third of the energy budget of the Galaxy. For 

example, it is perfectly acceptable to model the turbulent motions of gas in 

magnetic fields, uncovering the processes of star formation and the production 

of radiation during the lifetime of the bulk of a galaxy's mciss, but it is absurd 

not to incorporate C R which contain such a large quantity of energy, have a 

profound effect on interstellar processes and contain a 'potted history' of the 

Galaxy. 

This chapter has introduced the various components for the study of 

Galactic C R involving 7-rays and gas as well as the sources of the particles 

themselves in the shock acceleration process. Some of the limitations of the 

observations and the models have been noted and some of these will return to 

frustrate the analysis in the following chapters. 

This study makes a two-pronged attack on the problem. Firstly, by 

considering the indirect evidence for C R and their action in the interstellar 

medium, namely that of producing 7-rays. Secondly, an alternative approach 

that considers their action local to the Solar System as a result of assuming a 

certain model for their production and time evolution. 

The 7-ray observations that have been described in earlier sections have 

been employed in pursuing evidence for C R acceleration in two particular 

regions of the Galaxy: around the Vela pulsar (Chapter 2), and surrounding 

T) Carinae (Chapter 3). Both these objects are listed as 7-ray sources, but 

they have very different properties reflecting two very different potential C R 

acceleration sites. This is significant as it reflects the Galaxy-wide nature of 

these particles and their effects in different astrophysical situations. 

The second prong to the study is by considering the direct effect of C R 

on the energy density of the interstellar medium near the Solar System over 

very long timescales (Chapter 4). This work has relevance in non-astrophysical 
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fields such as geophysics, and provides a link between the Galactic scale and 
local phenomena. In some senses, this work is more directly connected to the 
C R as they produce tangible evidence on the Earth's surface, in the atmosphere 
or in interplanetary space in the form of radionuclides. Unfortunately, the 
mecisurement and interpretation of this evidence is still a young science and 
further work is still in progress to strengthen the conclusions already obttiined. 
This work provides useful guidelines cind is a powerful incentive for further 
measurements. Such study may provide cinswers to important geologicail and 
geophysical questions involving the mass extinctions of flora and fauna and 
the past history of the Solar System. 

Finally, the conclusions are summarised in Chapter 5 with an exaxnina-

tion of the prospects for future work. 
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Chapter 2. The Vela Region. 

2.1 Introduction. 

The Vela pulsar dominates the 7-ray sky in the anti-centre region of the 
Galaxy. It is the relatively small distance of this object from the Sun (about 0.5 
kpc) that makes it so prominent cis it is actually four times less luminous than 
the second highest flux source in Hermsen's (1980) 7-ray source catalogue, the 
Crab. With a flux above 100 MeV of 13.2 x IQ-^ph cm-h-\ Vela has a flux 
21 times greater than the Crab. 

The proximity of Vela allows detailed studies of its properties at these 

high photon energies which complement observations at optical, radio and 

X-ray wavelengths. 

The 7-ray signal is pulsed at the pulsar radio period which makes the 
source unambiguously identified with the neutron star. Comparison with the 
Crab enables constraints to be placed on the production mechanisms for these 
high energy photons, as well as highlighting some differences between the two 
sources. For example, the ratio of pulsed luminosities (LcrabZ-^'Veia) is ~8 for 
7-ray energies above 100 MeV from SAS II (Thompson et al 1975, Ogelman 
et cd 1976), ~ 80 for 1 keV X-rays (Harnden and Gorenstein 1973), whereas 
for X-rays with energies between 1.5-10 keV, the ratio is ~ 1000 (Rappaport 
et al 1974) and is ~ 5000 at visible wavelengths (Kristian 1970, Lasker, Braker 
and Sai, 1972). This implies that the various photon production mechanisms 
of the two pulsars in the above respective energy bands may be distinct. Alter
natively, the differences may simply arise because the Crab is a much younger 
pulsar than Vela. The point to note is that conclusions about the Crab, which 
is possibly the most studied extra-solar object, cannot necessarily be applied 
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to Vela. The Crab pulsar is the remnant of the supernova (SN) explosion that 
was recorded by the Chinese in 1054 AD (Clark and Stevenson 1977) and thus 
its age is very well determined. Vela, on the other hand, has age estimates 
ranging from (1-10) x 10"* years (Reichly, Down and Morris 1970, Radhad-
krishnan et al 1969) although suggestions have been made recently that this 
range could be too high by a factor of two (Stothers 1980) and a figure be
tween (5-8) X 10̂  years might be more accurate. Whatever the value. Vela is 
considerably older than the Crab and this is reflected in the major difference 
between the two: the prominence of the associated supernova remnant (SNR). 
The Crab Nebula is the first object in Messier's catalogue which reflects its 
importance in astrophysics: a whole lAU Symposium has been dedicated to 
its study. In contrast. Vela has a much fainter remnant, insignificant when 
compared to the Crab in the optical waveband, but with a radio flux that is 
greater in magnitude and extends over an area ~50 times that of the Crab 
SNR. The morphology of the two objects is considerably different as the Crab 
SNR is a plerion or 'fiUed-centre' remnant, whilst the Vela remnant is a large 
shell seen in both radio and X-rays (Milne 1980, Kahn et al 1985, Harnden 
et al 1985). There is some confusion about whether there is more than one 
remnant in the region. The whole complex is denoted Vela X Y Z , referring to 
the three radio regions of which some observers believe to be a single object. 
Vela X has sometimes been classified as a separate plerionic remnant (see the 
review by Weiler and Panagia 1980). Milne and Manchester (1986) find three 
good reasons why Vela X is not a plerion but simply an enhanced section of 
the whole remneint. They base their arguments on observations in X-rays, on 
measurements of the pulsar position (which is not coincident with Vela X) and 
on improved fluxes at various radio wavelengths that give new estimates of the 
spectral index. 

Vela X is half the size of the whole complex which measures some 5° 

in diameter. It seems likely that there is but one remnant in the region with 

Vela X being powered less directly by the Vela pulsar than the Crab Nebula 

is powered by its pulsar. The Crab appears to be expanding with an input 

energy equal to the energy loss of the pulsar as measured by its spin-down 

rate. 

The estimated ages of the Vela pulsar and remnant have been used as 
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evidence that the two are associated and are the result of the same SN explo
sion. Stothers (1980) argues that because the true pulsar age is usually less 
than the characteristic age (given by r = P/2P) then the pulsar should be 
5000-8000 years old. The Vela remnant is usually quoted as having an age 
~ 10'* years based on assumptions about its initial energy, its pre-supernova 
gas density, and whether or not the renmant is currently in the Sedov phase. 

Recent observations of the pulsar (supposedly Lasker's (1976) M star) 
have shown that it has a very small proper motion. This has lead to claims 
(Bignami and Caraveo 1988) that the association of the remnant with the 
pulsar is doubtful since it could not have moved from the geometrical centre 
of the remnant in the time available. Larger ages are proposed to preserve the 
association, but must be rejected in the light of evidence from the SNR itself 
(Stothers 1980). The measurement of the proper motion is a useful observation 
but cannot alter the similar dispersion measure and distance estimates of the 
two objects. The biconical model of Manchester (1987) predicts a small proper 
motion and is capable of of explaining not only the Vela remnant's complex 
morphology, but also the numerous exceptions to the standard model of a 
spherical remnant expanding into a homogeneous medium. 

There are still many problems, however, and considerable improvements 
can be made both in the observations and the theory of the Vela region. This 
chapter makes a contribution from the 7-ray region of the spectrum. The brief 
review above of some properties of the Vela pulsar and a comparison with the 
Crab pulsaj is necessary as the pulsar itself is not the main subject of this 
chapter. The Vela pulsar is a prime candidate for the production of cosmic-
ray particles (as well as 7-rays directly) and these should manifest themselves 
by interacting with the gas around the neutron star and producing an extended 
emission region or 'halo' of 7-rays around it. It is these 7-rays, produced by 
C R solely from the pulsar and not part of the the general Galactic flux, that 
are being sought in this chapter. To remove all the other 7-rays requires a 
knowledge not only of the atomic and molecular gcis and the pulsed fraction 
of 7-rays, but also the point spread function (PSF) of the telescope. The 
latter must be well understood because a knowledge of the photon distribution 
around the object is critical in order to remove the pulsed 7-ray component. 
The 'background' contribution to the 7-ray intensity is defined here as that 
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produced by ambient CR interacting with the gas. To remove this component 
it is necessary to assume values for the conversion ratio from CO to H2 (020 
with units of 10^°atoms cm~^K~^kms) as well as the 7-ray emissivity so that 
the amount of molecular hydrogen can be obtained and then the expected 
7-ray intensity produced by it can be calculated. Thus: 

= 9/47r(A^Hi + oi2oWco) 

where Wco is the velocity-integrated CO antenna temperature in K km s~^ If 
there is any signal remaining after these various subtractions, and if no other 
explanation can be found, then the possibility that the signal is genuinely the 
result of CR diffusing from the pulsar or the SNR and not due to the general 
ambient CR flux must be seriously examined. The details of the acceleration 
mechanism are not relevant here, but the aim of the analysis is to see whether 
there are both electrons and nuclei being accelerated by the pulsar and/or 
remnant. It is possible (though unhkely) that the SNR is solely responsible 
for the acceleration of these particles and some attempt must be made to see 
how this idea fits in with earlier work done using 7-rays from SNR (e.g. Bhat 
et al 1986a,b, Bhat et al 1987). Theoretical predictions of the fraction of 
the initial energy of the SN (EQ) that is in the form of CR at a given time 
are based on the work of Blandford and Cowie (1982). These authors show 
that by the time a SN reaches the end of the Sedov phase of its expansion, 
as much as 50% of EQ could be carried by CR. According to this theory, the 
larger, older remnants should be the ones that are prime CR accelerators. In 
this respect. Vela is a better candidate for this analysis than the Crab. Other 
remnants have been studied for evidence of C R production. Loop III has been 
analysed by this author (§2.3.2) (Rogers and Wolfendale 1987) and Bhat et al 
(1985b) examined Loop I, using both 7-rays and radio data. 

Continuing the study of remnants in this fashion requires that the various 

components of the emission from the Vela region be examined. This study 

breaJcs new ground by virtue of the presence of the pulsar. 
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2.2 7-ray8. 

2.2.1 The Point Spread Function. 

The general form of the COSB telescope PSF has been published by 

Hermsen (1980) as an exponential thus: 

m,ey) = exp{-{9lla' + 6H9r) 2.1 

where the ,̂ are the distances in degrees from the beam centre in two or
thogonal directions, and a, h are constants for a given latitude or declination. 
Near the Galactic plane or near the celestial equator, the fvmction is circularly 
symmetrical and a = h. Nearer the poles, a and h can be adjusted to give 
the appropriately shaped PSF. c is a constant dependent on energy and pair 
opening angle. When c = 1, this gives a Gaussian function, whilst c = 0.5 
gives a genuine exponential. The function / gives the ang\ilar distribution of 
photons around a point source. This earlier version is not the most accurate 
description, as there is an extended 'tail' at large angles from the beam centre. 
A later, more accurate version takes the form of a sum of six Gaussian dis
tributions each with different widths and amplitudes. The PSF is dependent 
both on photon energy and the pair opening angle of the electron/positron 
pair in the detector, as well as on other parameters. The manual to the final 
COSB database (Mayer-Hasselwander 1985) gives the dependence of the PSF 
on these parameters for three standard energy bands and quotes the fitted am
plitudes of six Gaussians for fixed widths of 16,8,4,2,1 and 0.5 degrees which 
are summed to give / . It is useful to determine the PSF for non-standard 
energy bands, not only as a check on the behaviour of the COSB telescope at 
these energies, but also to enable the improved resolution at higher energies 
to be used to investigate the 7-ray sky in greater detail. Knowing the PSF 
for non-standard energy bands (i.e. not 70-150, 150-300 or 300-5000 MeV) 
permits the gas data to be convolved to these non-standard bands. This is 
necessary if emissivities are to be calculated as accurately as possible. The 
data given in the COSB manual come with a recommendation not to interpo-
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late the amplitudes of the fitted fimctions to other energies and pair opening 
angles, cis this will not result in appropriate PSF's for those parameters. 

One way of finding the PSF for the non-standaird energies or other non

standard parameters is to examine a bright point source and to fit a profile 

to the observed emission. The problem is to distinguish between those 7-

rays that come from the source and those which form part of the general 

-background' (i.e. non-source) and tend to blur the distribution. A pulsar is 

ideal for this purpose as the timing can be used to select only pulsed 7-rays 

which are known to come from the point source. Inevitably, there may be 

some background contribution when this phase selection is performed since 

the pulsed phase bins cannot be made too narrow as the signal-to-noise ratio 

becomes very poor. 

Using the COSB database, photon numbers in annuli around the source 

with phases corresponding only to source pulses were counted. Figure 2.1 

shows the distribution with distance from the source of pulsed 7-ray numbers 

(Np) for the three standard energy bands, along with the 'Gaussian' PSF taken 

from the COSB manual estimated with the same parameters as those employed 

to construct the map of 7-ray intensities used for the flux analysis. The PSF 

is normalised to unity at 0°.5. The correspondence between the pulsed signal 

and the published PSF is reasonable in all three bands, even with the relatively 

broad annuli used here. The non-pulsed component is defined as: 

N'^p = NT-N'P 2.2 

where NT is the total number of 7-rays observed in the annulus. NT is also 

plotted in Fig. 2.1 and gives a first indication of the background from the gas 

around Vela (i.e. the non-source emission) as it is broader than the pulsed 

component. Indeed, this is what would be expected if most of the non-pulsed 

component were coming from the gas axound the pulsar rather than appearing 

as an unpulsed ('DC') signal direct from the source. However, the non-pulsed 

fraction {Np) contains significant contamination from the pulsed emission be

cause the pulses have non-zero temporal width. In addition the pulsar, in com

mon with others of its kind, exhibits an 'interpulse' that is part of the genuine 

pulsed signal (the ' A C part); if the pulsed beam were somehow switched off, 
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the interpulse wotdd disappecir along with the pulse spikes. 

To estimate the true pulsed 7-rays requires a knowledge of the non-pulsed 

emission which, for the purposes of this thesis, is taken to mean everything 

coming from the Vela region that is not associated directiy with the pulsar 

i.e. does not have an angular distribution of photons that is consistent with 

a point source. Figure 2.2 shows a stylized pulsar phase histogram that de

fines the eight regions used here. Np corresponds to NBDFH since the phase 

selection can only divide the histogram vertically. NAE is the non-source back

ground detectable by phase selection and is used to estimate the number of 

background 7-rays in the other bins i.e. NBCD- With such a division using 

the phase selections indicated in the figure, the genuine pulsed component 

NFGH corresponds to NT — 2NAE whilst the non-pulsed photon numbers is 

just 2NAE- This is because the phase division used here gives half the total 

phase to NAE^, s o NBCD is expected on average to equal Â ^̂ ;, assuming this 

non-source background is flat with phase which should be the case if no pulsed 

7-rays contaminate it. This process of dividing the phase histogram can only 

give a good estimate of the number of pulsed and interpulsed photons if Nr 

(and hence usually NAE) is large and the averaging is therefore rehable. The 

advantages of this method of estimating the number of pulsed photons instead 

of just Np are that not only are a larger number of 7-rays involved in estimat

ing the PSF, but also the non-pulsed component should be free of any direct 

pulsed emission from the neutron star thus making the identification of the 

7-rays produced by the CR from the pulsar more certain. 

Using 800-5000 MeV 7-rays from Vela, the piilsed phcise selection can 

be performed according to Fig. 2.2 and the nimaber of photons per unit solid 

angle can be plotted against distance from the source. The background NAE 
can be obtained from the database and the genuine pulsed signal estimated. 

Figure 2.3 shows the resulting normalised distribution of photons as a function 

of distance from the source compared to that measured at 300-5000 MeV. Also 

shown is the distribution expected for this lower energy band from the COSB 

manual. As expected, the width at half maximum is narrower, suggesting 

an improvement in resolution with increasing energy. The half-width at half 

maximum is 0°.8 at 800-5000 MeV compared to 1° at 300-5000 MeV which is 

itself slightly lower than the value of I M quoted by COSB for the 300-5000 
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The 300-5000 MeV photon number distribution (Fig. 2.1a) does not 
match the expected curve (Fig. 2.1c) at all points and this can be attributed 
to three causes. Firstly, errors in the estimate of the background from NAE-
Secondly, statistical fluctuations in the numbers of 7-rays overall. Thirdly, the 
exposure of the telescope varies slowly across the whole region so the number 
of photons observed should be weighted accordingly i.e. by using intensities, 
which talce into account the exposure in each bin. However, when phase selec
tion is required, this weighting is not possible because the photons are gathered 
not only over a number of bins, but also from several observing periods each 
of which have different exposure histories. Thus each 7-ray would need to be 
treated on an individual basis. Such a process would yield little reward for the 
effort involved as the statistical fluctuations would still be present and domi
nate this third source of error. Bloemen (1985) does not consider the variation 
of exposure across the Vela region to be a significant source of error. He bases 
his conclusion on seven observation periods all having different telescope as
pect angles to the pulsar and different exposures. This conclusion has been 
confirmed using all the data and the variation of exposure across the region 
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Distribution of the number of 7-ray8 per unit solid angle against distance from the source for two 

energy bands normalised to unity at 0» .375 . The higher energy band is markedly narrower than the lower 

band. Also shown is the published C O S B P S F . 

in each 0°.5 x 0°.5 (/ x b) bin is less than 30%. The exposure variation is re

duced considerably when annular bins around the source are used or the data 

are averaged in longitude and/or latitude. Fluctuations of exposure between 

annular bins are less than 1%. 

The 800-5000 MeV photon number distribution behaves in the expected 
fashion; it has a long tail and is close to the 300-5000 MeV curve for small 
angles (Fig. 2.3) and the the values of the curve can be used to solve for the 
amplitudes of six Gaussians having the same widths as used in the COSB man
ual. It is not expected that these amplitudes will be similar to the published 
values, partly because of the warning given in the manual about interpolation, 
but also because the fit will be highly sensitive to any fluctuations in the data 
(see, for example, the range 2°.5-2°.7 in the 800-5000 MeV curve). Table 2.1 
contains the results of fitting the Gaussian functions to both the 800-5000 and 
300-5000 MeV data. They are normalised to give a value of 1.0 at ^ = 0°.375 
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Degrees PSF PSF 
from source 300-5000 MeV 800-5000 MeV 

0.0 1.139 
0.375 1.0 1.0 
1.125 0.4689 0.3238 
1.875 0.1900 0.1086 
2.625 0.0887 0.0490 
3.375 0.0427 0.0286 
4.125 0.0221 0.0078 

Table 2.1 

to facilitate comparison with the measured values. The photon number distri

bution (PSF) at 800-5000 MeV is also plotted in Figure 2.3 and the fit can be 

seen to be good over the whole range of angles used. This PSF could be used 

as an alternative to the earlier form given by Hermsen (1980) and does not 

require estimates of the parameters a, b and c from his figures of their variation 

with energy and pair opening angle. 

2.2.2 D C Component. 

The total 7-ray emission from Vela can be divided into its constituent 

components, thus: 

NT = Np + NDC + NcR + NBGR 2.3 

where T = total, P = pulsed, CR refers to the 7-rays from CR that have 

diffused from Vela, whilst BGR refers to 7-rays produced by CR interacting 

with gas in the line of sight through Vela and are unconnected with it. NDC is 

the number of 7-rays that come directly from the pulsar and are non-pulsed but 

follow the form of the PSF along with the pulsed 7-rays. Before any estimate 

of NcR can be made (which is the goal of this study), this ' D C component 

must be investigated. Grenier, Hermsen and Clear (1987) indicate that the 

non-pulsed emission is Hkely to be only a few percent at most, so this steady 
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component will probably be very small (if indeed it is present at all) and hence 

undetectable by the COSB experiment. To confirm or deny this proposition, 

the pulsed component must be subtrJicted from the total emission to reveal 

the non-pulsed component which will be made up of the last three terms of 

Eqn. 2.3 above. The analysis by Kanbach et al (1980) concludes that this DC 

component is less than a few percent of the total emission for all energies and 

is consistent with zero. 

The 7-ray data in the 300-5000 MeV energy band have been summed 

in latitude from —5°.25 to 0°.25 for each 0''.5 interval in the longitude range 

/ = 255° to / = 275° thereby ensuring that all of the Vela emission is included. 

Reducing the problem to one dimension facilitates the calculations and enables 

the distribution to be clearly visualised. A two dimensional analysis would 

decrease the number of 7-rays per bin; an accurate estimate of the non-pulsed 

contribution would not then be possible because of the larger statistical errors. 

The longitude range 258°.75 to 268°.25 was used to provide numbers of total 

and background (NAE) 7-rays. The true non-pulsed number of 7-rays, Njwp, 
was set to twice NAE since it is derived from precisely half the pulsar phase. 

The exceptions were when 2NAE > Nj, in which case Npfp was set to equal 

NT, and beyond about 6° from Vela where Np was asstuned to be zero. The 

diflPerence between total and non-pulsed numbers of photons gave the estimate 

for the pulsed contribution. If it is present, the DC component should have a 

similar angular distribution to the pulsed component. 

The cross correlation method of Hermsen (1980) (see Appendix A) Ccin 

be used to see if a non-pulsed signal with a spatial distribution similar to that 

of the PSF is present in the data. Performing this analysis with 20 bins and 

netirly 490 7-rays gave a value of C = —0.054 and a significance C/cr = 0.19 

indicating that the DC component is likely to be zero and thus can be ignored 

in Eqn. 2.3. 

Increasing the low energy limit to 800 MeV and using similar binning 

to the 300-5000 MeV band gave a slightly more significant result: C = 0.211 

with C/cr = 1.47 with 12.4 correlated counts with a significance of 1.38. These 

correlation coefficients are still small numbers and are well within the errors 

of both the data and the binning scheme. At the higher energy, the DC level 
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is also likely to be zero, although future studies need to check whether this 

steady component is energy dependent. 

The analyses by Kanbach et al (1980) and Grenier, Hermsen and Clear 

(1987) divide the phase histogram more finely and include a 'trailer' to the 

second pulse in phase bins 0.58-0.77. In the present case, this phase interval 

is in bin ' E ' i.e. in the background part of the phase. If the trailer were part 

of the DC level it might have-been-expected to be seen in this analysis, but 

no suggestion of a trailer has been seen at this higher energy bcind possibly 

because photon numbers are low. Grenier, Hermsen and Clear use 50-5000 

MeV i.e. the whole energy range of the database and consequently have many 

more 7-rays in their phase histogram. The fact that a trailer was seen by these 

authors cannot be used as evidence for a possible energy dependence of any 

trailer because the phase intervals used in the present analysis are too broad. 

It is perhaps not surprising that the DC level is low or zero considering 

the relatively low number of 7-rays. Its value is crucial however for estimating 

NcR because, if it is significant, then many of the photons attributed to CR 

from the source would be assigned to the DC component. It is thus necessary 

to analyse the data in a different fashion using the angular distribution of 

photons rather than taking just a straight average through the source. 

Constructing annular bins around the source gives a distribution of 7-

rays that matches the PSF of the COSB telescope (§2.2.1). These data give 

one upper limit for the percentage contribution of the total flux that goes into 

the steady component. Estimating the pulsed component (NECH) from the 

phase histogram and dividing the non-pulsed by the pulsed number of 7-rays 

gives the maximum percentage of the pulsed photons that the DC component 

can have. This maximum implies that edl the non-pulsed 7-rays in the central 

annulus are DC i.e. there is no contribution from CR interacting with the gas 

in the line of sight. This situation is obviously incorrect, but serves to place 

a upper limit on Npc- For an acceptance angle of 1°, the DC component 

contributes a maximum of 13% of Np. Restricting the angle to 0°.75 gives the 

same result. Above 800 MeV, the maximum DC contribution falls to 10%. 

An improved upper limit for the DC component can be made by calculat

ing the flux in each annulus around the source and varying the DC percentage 
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used. By assiuning a certain uniform value for both the emissivity and Ojo 
the 7-ray flvix expected from the interstellar mediimi along the line of sight 
can be computed and subtracted from the non-pulsed part of the emission. 
The remainder consists of the contribution from any DC component and 7-
rays produced by C R from Vela itself. Figure 2.4 shows the flux at cin angle 
9 from the source for g/47r = 0.61 x 10~̂ p̂h atom~^s~^sr" ,̂020 = 4.0 and 
various DC levels. (Henceforth, emissivity values will be stated in units of 
10~^^ph atom~^s"^sr~^). Clearly a DC contribution of 10% is too high and 
an upper limit of 8% is more acceptable, giving zero flux in the 2° bin. A 
closer inspection of these fluxes using narrower bins reduces this figure further 
to below 5%, but the errors on the points become too laxge for any definite 
conclusion. 
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Figure 2.4 
Variation of flux with angle from the source for the 300-5000 MeV energy band and various D C 

leveb. The annular bin width is C . S 
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In summ£u:y, the upper limits for the steady component are consistent 

with those derived by Kaubach et al (1980) using different energy intervals and 

phase bins. The simplest 'best-estimate' is that the DC value is zero for all 

energy bands, although the possibility that it is non-zero has been considered 

in the following analysis. 

2.2.3 Gas. 

In order to estimate the contribution to the observed 7-ray flux from CR 
accelerated by Vela only, the gas distribution and the ambient CR flux must be 
known so that the 7-ray intensity expected from the gas in the source direction 
can be subtracted. The molecular gas distribution used here is derived from 
preliminary CO maps of the region supplied by Dame (1986) in advance of 
publication. When the final Columbia CO survey (Dame et al 1987) became 
available a year later (after the present work was complete) it was found that 
the earlier digitised contour map differed from the pubhshed survey by less 
than 3%. Any small differences disappecired when the gas data was convolved 
to the COSB resolution. 

Throughout this analysis a value for 020 of 4.0 atoms cm"^K~^km~^s 
was assumed, which is representative of the many estimates of this quantity 
for the Galactic anti-centre direction (See Chapter 1 for references.) The total 
column density of neutral hydrogen was obtained by multiplying the integrated 
CO antenna temperature by 020 and adding the HI column density derived 
from 21cm measurements. Multiplying by the cissumed 7-ray emissivity gave 
the expected 7-ray intensity from CR-gas interactions towards the source, 
which was then subtracted from the observed non-pulsed 7-ray emission. Any 
significant excess of 7-rays in the remainder would indicate another source of 
C R in the region, with the Vela pulsar (and/or SNR if the two are physically 
connected) being the most compeUing candidate. CR sources apart from Vela, 
or additional changes in emissivity with longitude for example, might also 
account for some of the excess. These possibilities axe thought to be less likely 
because the majority of the gas lies at an average distance of 1.3 kpc from the 
Sun, this being estimated from the velocity information contained in the CO 
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data. This is much further away from the Solar System than the Vela pulsar. 

The pulsar has a latitude of —2° and so lies well below most of the moleculeir 

gas which is concentrated in the Galactic plane. The pulsar is therefore well 

away from peaJcs in the gas which would confuse the issue by introducing 

uncertainties about processes occurring within such molecxilax clouds such as 

star formation. Wolf-Rayet stars might also be expected to contribute to the 

excess C R budget if only by their high mass loss rates (~ 3 x lO~*M0yr~* 

Smith 1982) but examining catalogues of such objects reveals only one within 

1 kpc of Vela. Fortunately it lies well below the plane and is over 5° away 

from the source thus placing it outside the latitude range of both this analysis 

and the C O data. Thus W R stars, which have been postulated as strong 

sources of C R (e.g. Montmerle 1979), eire not likely to be the cause of any 

effects noted here. Figure 2.5 shows the case for the 300-5000 MeV energy 

band. The pulsar manifests itself clearly at 263°.75, but well away from this 

position the total, background and expected intensities are very similar and 

can be taken to be identical within the errorbars. Off source, the distribution 

of intensities expected from the gas about t ie total intensities shows that 

the assumed emissivity is correct. Nearer the source, as the total intensity 

incre£ises, the background (non-source) values remciin close to the expected 

points. The match between background and expected is fair, but there are a 

number of bins that have background values higher than expected from the 

gas. Averaging background intensities over the source region reve«ds a slight 

enhancement over the 7-ray intensity expected from the gas. The enhancement 

or excess is not correlated with the total intensity and cannot be attributed 

to a fraction of the pulsed signal that has spilled over and is appearing in the 

non-pulsed background. 

An alternative method of describing the same situation is to divide the 

observed background intensities by the gas column densities in each bin to 

obtain the emissivity required for the observed intensity to equal the expected 

intensity. Such values can be compared to the cissumed value of 0.61 (for 

300-5000 MeV) . Figure 2.6 clearly shows the excesses above this value. It is 

significant to note that, although the errors are quite large, both short ward and 

longward of the source where the C O column density increases, the emissivity 

values drop to the assumed value, or even below it. This indicates that the 
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Plots of intensities from a longitude profile through the source. The latitude range is -5°.25-0''.75. 
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excess is not correlated with the more distant molecular gas, or any sources 

that they might contain, but that it is local to the pulsar. 
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Plots of emissivities in units of photons atom-'s- 'sr- ' from a longitude proMe through the source. 

The latitude range is the same as Fig. 2.5. 

The identification of a 7-ray excess associated with the Vela pulsar has 

consequences for the proposition that the Vela remnant is not associated with 

the pulsar but is a chance superposition. It could be plausibly argued that 

the S N R is associated with the molecular gas and therefore lies well beyond 
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the pulsar. In this case, the excess 7-ray emission would not therefore be 

attributable (in the first instance) to the remnant because of the factor of 

about six reduction in intensity due to the greater distance of this object 

from the Sun. It is worthy of note here that spectral measurements made 

by Jenkins, Silk and Wallerstein (1976) of stars with distances from the Sun 

less than 1 kpc contain many spectral lines some of which could only have 

been produced in conditions typical of a SNR. Similarly, if the pulsar and 

S N R are coeval, the 7-ray excess must be treated as coming from both objects 

although one of them may be the dominant source. No techniques are available 

to distinguish between the 7-rays from C R generated by the pulsar and those 

produced by the SNR so some model must be applied to predict the expected 

7-ray contributions from C R produced by both remnant and neutron star. 

This does not seem to be a profitable line of inquiry at the present time as 

the further division of the already low intensities involved would produce large 

errors on the respective flux estimates and make definite conclusions difficult. 

Such analysis must await the next generation of 7-ray telescopes. A better 

approach here would be to take either extremum case and attribute all the 

emission to either the pulsar or the remnant. 

2.2.4 F l u x E s t i m a t e s . 

The cross-correlation method employed by Hermsen (1980) and other 

workers in the Caravane Collaboration to investigate point sources provides an 

excellent tool for estimating the flux and significance of sources provided that 

the spatial profile is known beforehand. For point sources, the observed profile 

is, of course, the P S F of the telescope, whilst for extended sources, the problem 

is not so simple since the source profile required to match against the observed 

distribution of 7-rays is unknown. As a consequence the region over which the 

flux is estimated must be defined. For the Vela region, the C R diffusing from 

the pulsar, or those produced in the SNR should be present around the pulsar 

position. If the SNR is ~ lO'* years old (e.g. Weiler and Panagia 1980, Kahn 

et al 1985), then the C R will still be largely confined within the remnant which 

will have an angular diameter of about 1°. However, they will not be easily 

seen in 7-rays considering the binning of the 7-ray data and the subtractions 
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that have already taken place. The pulsar, however, hcis presumably been 

producing C R throughout its lifetime and using the same age as the renanant, 

these C R could have diffused to fill a sphere of radius ~ 10°. The energy 

density of these C R will need to be sufficiently high to be distinguishable 

above the ambient flux. One requirement for C R production by a SNR is 

that the C R remain close to the shock since they gain energy by repeatedly 

crossing and recrossing it. If they do diffuse downstream to infinity, they will 

not gain any more energy from this process. Drury (1983) predicts that the 

probability of diffusing downstream is not high. He estimates it to be 4C//u 

where U is the bulk downstream gas velocity, and v is the mean particle speed 

relative to the bulk motion. By assumption for the shock process to operate, 

U/v « 1, so very few particles escape. Also, models of C R production by 

SNR (e.g. Blandford and Cowie 1982) predict that the amount of energy going 

into C R increases with remnant age, so a young remnant is not expected to be 

as prolific a C R source as one that is larger and older. The pulsar produced 

C R however, are accelerated at the source in the intense magnetic fields and 

gain all their energy there before escaping. There is no incremental energy 

gain like that of the repeated shock crossing. 

Estimates of the observed flux have been made by taking concentric cir

cles around the source position, summing the total intensity within each circle 

and then multiplying by the solid angle that the circle subtends at the detec

tor. The radii of the circles (Or) are increased in increments of ~ 1° out to an 

arbitrary limit where there axe no pulsed 7-rays cind all the observed emission 

arises from CR-gas interactions (and possibly from any D C component). Al

though the P S F has a long tail, the numbers of 7-rays observed at large angles 

from the source is low, so the radial extent of the pulsed emission is taken to 

be 5°.25. All the emission beyond this value (i.e. the total intensity) is equated 

to the non-pulsed contribution. The 7-ray emission contributed by the gas is 

subtracted from the non-pulsed intensity assuming a uniform emissivity over 

the region of 0.61 for 300-5000 MeV and 0.23 for 800-5000 MeV. This gives a 

map of 7-rays intensities produced solely by C R from the pulsar and/or SNR 

within a circle of 5°.25 centred on the pulsar bin at (/, b) = (263°.75, - 2 ° . 2 5 ) . 

From this map any D C component can be subtracted by multiplying the pulsed 

emission by an appropriate factor and performing the subtraction bin by bin. 
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For each O'.S x O'.S bin around the source position the angle between 

it eind the source bin was calculated. For bins lying within a certain radius, 

denoted Br, the intensities were summed enabling a flux to be derived. Un

fortunately, the distribution of emissivity values (Fig. 2.6) through the source 

is fairly flat, so it is not obvious to which radius the bins should be summed 

to estimate the flux. The approximate width of the pulsed signal is no guide 

for this radius as there is no reason to expect the 7-ray intensity produced 

by C R from the source to be coextensive with it. On average however, the 

emissivities do return to the assumed value of q/Air about 5° away from the 

soiirce giving a diameter of 10°, consistent with the estimate of the extent of 

C R diffusion, so this diameter has been used as a guide for the upper Umit for 

radii of the circles around the source. For any C R signal to be interpreted as 

coming directly from the source, the 7-ray flux must drop with radial distance 

from the source as the C R are not expected to diffuse great distances during 

the estimated source lifetime. For this reason, the actual upper limit used was 

7° to enable the behaviour of the flux as a function of radius to be investigated. 

The number of bins within the 5° circle is quite large (349) which ensures that 

the summation of intensities gives a correct value for the total intensity within 

the errors of the data. (See Chapter 1 for a brief discussion on the summation 

of intensities.) 

In order to perform an error analysis on the intensities, the accuracy of 

the HI and C O values that are used to construct the final map must be known. 

As this information is not available bin by bin, such an analysis cannot be done. 

However, the main source of error in the molecular hydrogen column densities 

comes from the conversion factor, 020, as the errors on the C O map especially 

are much smcJler than the 7-ray intensity errors. The Vela region is slightly 

away from the Galactic plane, so the molecular gcis is much less abundant 

than at 6 = 0° , and so the error on the emissivity has a greater bearing on 

the final map than the uncertainty in 020. The emissivity is better defined 

than the CO-H2 conversion ratio and has been estimated by many authors 

for many diff'erent regions of the Galaxy. For simplicity, one error is used to 

encompass the errors from all three quantities giving a value of the emissivity 

of 0.61 ± 0.21 above 300 MeV. This brackets the values obtained by most 

methods of calculating q/iv. 
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Figure 2.7 

o. Fluxes within Br degrees from the source. 300-5000 MeV for various DC levels and 800-5000 

MeV for 0% DC. h. Fluxes at 9r degrees from the source. 0% DC only for the two energy bands. Some 

errorbars on the figures are omitted for clarity. 
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The 7-ray flux produced by source C R only for both above 300 and 

above 800 MeV as a function of radius for various D C levels are plotted in 

Figure 2.7. Varying the emissivity by ± 3 0 % gives Figure 2.8 which shows 

clearly that for a D C level of 0%, high values of emissivity are required to 

reduce the flux within the radius {9r) to zero. For dr = 1°.25, J ^ | D C = O = 1-8 

whereas for 6r = 5°.0, ^ | D C = O = 1-0. With higher D C values these figures 

decrease of course, but not to zero: e.g. they become 0.9 and 0.86 respectively 

for the (unrecilistic) upper limit of DC=13%. As has already been^iscussed, 

the D C component is probably zero and for reasonable values of the emissivity, 

significant fluxes of 7-rays from pulsar-produced C R are seen. 
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Values of emissivity for zero 300-5000 MeV flux within certain 9r for against D C level. 

15 

Above 800 MeV there are fewer 7-rays, making the errors larger and 

any excess 7-ray emission from pulsar-produced C R less certain. Adopting 

the same method as for > 300 MeV, the emissivity was again varied by about 

30%. For 0% D C , the value ofq/iir for zero flux within a given radius increases 

with decreasing maximum radius. For 6^ = 5°.0, ^ | D C = O = 0.26, whilst for 

$r = 3°.25 this rises to 0.32. (Fig. 2.8 and 2.9.) It is clear then that there is 
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Figure 2.9 

Values of emissivity for zero 800-5000 MeV flux within certain Or for against DC level. 

very little signal left at this high energy — a not unexpected result in view of 

the lower number of photons. 

Going to lower energies, namely 70-150 MeV where the 7-rays are ex

pected to be produced mainly by electrons, the 7-ray flux within a given 

annulus is also non-zero (Fig. 2.10). If the emissivity depends on energy as a 

power-law with index 2.0, then this flux would be zero (within the errors) for 

9r to 5° away from the source. Here, a lower index of 1.85 has been used to 

obtain a value of ^ 70-150 = l - l - The reason is as follows: A steep energy 

dependence would imply that no electrons are being accelerated by the pulsar 

and/or remnant in contrast to the nuclei (protons) that produce the 7-rays at 

higher energies. This would be a surprising result in view of the synchrotron 

emission detected from the pulsar. The more acceptable value of the power-

law index used here means that both electrons and protons produce 7-rays 

in the source region. Thus a constraint can be placed on the 7-ray spectral 

index, namely that it should be less than 2 because if protons are capable of 

being accelerated by the pulsar, then electrons also must be accelerated. Such 

a constraint is not new and is no more stringent than other estimates of the 

power-law index, but it serves a useful purpose in highlighting some of the 
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Figure 2.10 
The 70-150 MeV 7-ray flux attributed to CR from the source in annuli around the source. 

underlying assimiptions of the analysis. 

The fluxes of 7-rays produced by the source C R were used to investigate 

the spectral behaviour of the pulsar and source CR-produced 7-rays. Plotting 

flux(> E^) against energy, E-,, for four energy bands showed that the total 

emission could be represented rather crudely by a power law of slope -1 for the 

integral spectrimi, with some evidence for a softening with increasing energy. 

For the emission produced by C R from the source, even with only four points, 

it is clear that the spectrum cannot be represented by a single power law as 

there is a distinct steepening at higher energies. This suggests that most of the 

flux emerges in the medium energy region i.e. that there is an excess of lower 

energy protons and/or a deficit of electrons. The errors on the flux estimates 

are large making a fit to the differential flux spectrum difficult. The integral 

curve provides a better picture as there is no additional loss of significance due 

to the division of the energy bands. 
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2.3 Discussion. 

2.3.1 Vela. 

§2.2.4 described the methods used for estimating the 7-ray flux from the 

Vela region arising from C R accelerated in the region. Having removed the 

contribution to the emission from ambient CR-gas interactions, what remains 

is hopefully a significant signal corresponding to these 'local' (to the source) 

C R . The value of the emissivity used has a critical effect on the fluxes obtained, 

and the conclusions drawn here must be seen in that light. If 7-ray emissivities 

were found in future work to be higher than assumed here by more than 

40% then the signal found in each energy band would disappear, and all the 

emission could be attributed to ambient C R interactions. However, if the 7-

ray emission from regions away from the source is examined using the assumed 

value of the emissivity, then the average signal is zero. This means that any 

increase in emissivity required to account for the excess signal around the 

source would leave the 'off-source' regions with negative intensities on average 

since too many 7-rays originating in the interstellar gas are being subtracted. 

This situation is not acceptable because where there are no sources, all the 

7-ray emission should be attributable to the gas. Indeed, at low energy (70-

150 MeV) even a 20% increase in q/'^ir would produce such negative intensity 

values thereby posing problems for modelling electron production in the region; 

a negative flux indicates either there is excess emission from the gas, or that 

the pulsar is under-abundant in electrons. The origin of the electrons in both 

scenarios is a problem as is the reason why the pulsar might have fewer than 

expected, but such ideas must await future observations in 7-rays with much 

improved statistics. 

The fluxes derived here for the three energy bands show that for reason

able values of the emissivity, some of the total emission can be attributed to 

C R produced by the Vela pulsar and/or SNR interacting with the gas local to 

the source(s). 

For 70-150 MeV, the signal is exceedingly weak and within the errors 
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is consistent with zero indicating that particles capable of producing 7-rays 

in this energy interval (usually thought to be electrons) are not abundant. 

The value of q/Air used here (1.10) may perhaps be too high, and a value 

10% lower might be more appropriate near the plane as the emissivity falls 

with decreasing latitude. Even with a lower emissivity, the errorbars do not 

permit any firm conclusions, even though the 7-ray fluxes will then be positive 

in all annuli around the source. Within 5° from the source, the source C R -

produced 7-ray flux is 3.13 x 10"^ph cm'^s"^ which is about 6% of the total 

emission from Vela in the same solid angle. The flux within each annular bin 

is consistent with zero, but shows a slight rise with radial distance. When 

a normalised intensity in each annulus is calculated by dividing the flux by 

the annular area (normalised to unity for the 1°.25-1°.75 annulus), the result 

is a rather erratic curve (Fig. 2.11). On average, this normalised intensity 

is positive, but again, the errors preclude any definitive statement about the 

origin of these 7-rays in this 70-150 MeV energy interval. 

At 300-5000 MeV, the 7-rays produced by C R associated with the source 

originate mainly from C R nuclei colliding with interstellar hydrogen to produce 

TTQ mesons which then decay to give two 7-rays. This production mechanism is 

expected to dominate other process (e.g. electron bremsstrahlung) above 300 

MeV so the 800-5000 MeV interval would be a more discriminating sample of 

the behaviour of protons than that above 300 MeV as the resolution improves 

with increasing energy. Unfortunately, there are fewer photons above 800 MeV 

which outweighs the advantage of a clearer distinction between electrons and 

protons. 

Photon counting statistics are suflBciently good at 800-5000 MeV to allow 

a meaningful analysis. The flux from an annulus rises slowly with distance of 

the annulus from the source. Compensating for the effect of increasing annular 

area gives (Fig. 2.11) a roughly flat curve. Again, if the 7-ray emissivity 

were to rise even by about 20%, nearly all the emission could be accounted 

for by the gas in the line of sight, but such an increase at 800-5000 MeV has 

implications at lower energy, namely ^|7o-i50 ~ 1-4 suggesting a deficit in C R 

electrons in the source region unless the 7-ray spectral index is less than 1.85. 

This does not seem to be an acceptable solution, so the 300-5000 MeV signal 

can be attributed to nuclei (protons) being associated with, and presumably 
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Flux divided by area of annulus. The area of the 1°.25-1.°.75 annulus is taken as unity. 

accelerated by, the source. 

The maximum D C level above 300 MeV is 8% of the pulsed signal for 

q/4Tr = 0.61, whilst q/iir = 0.4 tillows a D C level up to 13% for all annular 

bins less than 5° away from the source. The favoured values are q/in = 0.61 

and D C level =0% which give a flux for the 7-rays produced by C R associated 

with the source of (1.02 ± 0.13) x 10-^ph cm'^s'^ which is 17 ± 2% of the 

total flux from the same region. Of course, this fraction varies with dr, having 

a minimum of 11% and an average of 13.9%. The higher contribution to the 

7-ray emissivity from C R accelerated in the source for larger radii arises from 

the much lower fraction of pulsed 7-ray emission at large distances from the 

source. 

At 800-5000 MeV, the residual 7-ray fluxes suff̂ er from large errors be

cause of the poor photon statistics, but the general trends are still apparent 

and confirm the results from the 300-5000 MeV band in which there are greater 

numbers of photons. The flux within 5° of the source becomes negative for all 

values of D C if q/iir is greater than 0.26. This emissivity 'threshold' increases 
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with decreasing radial distance from the source reaching 0.48 for DC=0% at 

BR < 1°.25. A reasonable upper limit for the D C level at 800-5000 MeV is 5% 

of the pulsed flux which produces zero integrated flux at 2°.5 from the source, 

but it is diflScult to determine the best value for either the D C component or 

q/Aiz because of the fluctuations in the data and photon counting statistics. 

As 9/47r = 0.23 is favoured from analyses elsewhere in the Galaxy, D C values 

above 5% of the pulsed signal are cle«irly too high. For a D C level of 0%, 

which is the most likely (and simplest) case, the flux within 5° of the source 

is 8 X 10"^ph cm"^s~^ or 6% of the total flux. The normdised flux shows the 

same flat distribution versus 9^ with no indication of any dependency on the 

narrower P S F of the telescope at this higher energy thereby giving support for 

the contention that the emission is extended and not point-like. An additional 

check on this hypothesis is to consider how the integrated pulsed flux varies 

with 9r since the pulsed component must originate from a point source. In 

this case, the integrated pulsed flux in each annulus decreases with giving 

a curve that flattens with increasing distance from the source. This behaviour 

is in contrast to the background and non-pulsed fluxes that rise linearly with 

distance from the source. 

2.3.2 Loop I I I 

Following the successful identification of an excess 7-ray intensity to

wards Loop I , attributable to C R being accelerated by this old remnant (Bhat 

et al. 1985b), the search for further evidence of particle acceleration was made 

towards Loop I I I . This radio loop is older than Loop I , lies at a greater dis

tance and is less prominent at 408 MHz. Such observations can account for 

the lower 7-ray emission. 

The excess emission AI^ was calculated for the three standard C O S B 

energy bands and 100-5000 MeV, by subtracting the 7-ray emission expected 

from neutral hydrogen in the line of sight from the observed emission in the 

Loop. The longitude range 80°-170° at latitudes between 10°-30°was assumed 

here to lie inside the Loop region. Studies of SNR at high latitude are facili

tated by negligible amount of molecular gas out of the Galactic plane and the 
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absence of nearby sources. 

The 7-ray emissivity used to estimate the emission expected from neutral 

hydrogen (in this case, all HI) was derived by two methods to give an idea of the 

sensitivity of the results to the assumed emissivity value. Firstly, the Galactic 

average emissivity [ly/Nm) taken over all longitudes at the same latitude as 

the Loop was calculated and secondly, the Loop I I I region was excluded from 

the longitude range. In both cases, A / y was positive, with arlowCT-significance 

for the higher latitude band ( 2 0 ° - 3 0 ° ) than the lower ( 1 0 ° - 2 0 ° ) . However, the 

overall significance of this result is not high because of the significant errors 

in the data resulting from poor counting statistics at these high latitudes. 

The resulting emissivities for the two ctises were: ^ [ i n s i d e = 0 . 9 1 ± 0 . 0 7 and 

= 1 . 3 8 ± 0 . 3 whilst ^ l o u t s i d e = 0 . 6 4 ± 0 .1 and = 0 . 5 5 ± 0 . 8 5 for the ( 1 0 ° - 2 0 ° ) 

and the ( 2 0 ° - 3 0 ° ) latitude bins respectively. The outside values are consistent 

with the expected value of the emissivity (~ 0 . 6 3 ) , whilst the higher values 

inside indicate that C R could be being accelerated in the remnant. 

Finally, a brief comparison with Loop I showed that the emissivity inside 

Loop I was 5 0 % higher than in Loop I I I , whilst outside the two Loops, the 

values were the same within the errors. This is consistent with the ages, 

distances and sizes of the two remnants because Loop I is the larger and closer 

of the two. 

This analysis of Loop I I I has provided a useful backup to the results 

from Loop I and gives further weight to the argument that SNR are sources 

of both electrons and protons. The photon statistics at such high latitudes 

are not satisfactory for this kind of comparative work but the results are an 

incentive for a closer examination of individual large SNR in the Galaxy. This 

is likely to be a highly rewarding field of study when improved photon numbers 

are obtained at higher latitudes. 

2.3.3 A Source Model. 

The source of C R producing the 7-rays seen near the pulsar is uncertain. 

The pulsar might seem to be the obvious choice, but there is also a SNR in the 
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region which is capable of shock accelerating C R . Of course, it is most likely 

that both are sources of C R , but as has already been noted, the chances of 

distinguishing the two objects with the present data are low, vmless reliable 

models of both objects become available. 

Jenkins, Silk and Wallerstein (1976) use l U E data to show that the Vela 

S N R is expanding into a highly inhomogeneous mediimi where the density 

enhancements exceed the average by a factor of It)r~Comparison of the cooling 

times of the newly shocked gas with the estimated age of the remnant gives 

the density of gas ahead of the shock as 1-10 atoms cm"' with a blast-wave 

velocity of 470 ± 80 km s~*. A velocity of this magnitude suggests an initial 

explosive energy of 5 x 10^° ergs, similar to that normally expected from a SN. 

Serious doubts have been raised (Bignami and Caraveo 1988) about the 

association of the Vela remnant and the pulsar. A common scenario for SNe 

is that they are the end product of short-lived massive stars which do not 

drift far from their birth places because of their short lifetimes. They are 

believed to form in giant gas complexes such as the Orion molecular clouds, 

and often clusters of these type of O B stars occur in association with SNR 

and gas complexes. Montmerle (1979) has studied these 'SNOBs', finding 

numerous examples in the Galaxy. However, the molecular gas in the Vela 

region where a S N R might be expected lies much further away from the Sun 

than the pulsar, so it is worth speculating that the pulsar and Vela X Y Z are 

not causally connected and that another (unidentified) renmant is associated 

with the pulsar. This would be plausible if such a hypothetical remnant had 

the same age as the pulsar and the gas density in the region was low, or 

if it was a 'radio-quiet' type of remnant (Blandford and Cowie 1982). This 

hypothetical remnant would have a angular radius about 5° corresponding to 

a radius of 45 pc at a distance of 500 pc. 

In line with evidence from giant radio Loops I and I I I , the Vela SNR 

(observed or hypothetical) can be fitted to the theoretical curve of energy 

input into C R versus radius of the remnant. Calculations by a number of au

thors (Axford 1981, Drury and Volk 1981, Blandford and Cowie 1982) predict 

that the energy input into C R {ECK) increases with radius whilst the shock 

acceleration mechanism operates. 
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W i t h the fluxes obtj i ined here, estimates can be made of the energy 

input into CR assuming a particular SNR shock acceleration model. Above 

300 MeV, the 7-ray flux w i t h i n 5°.25 of the source (i.e. w i t h i n a radius of 

45 pc) generated by CR f r o m the source is ~ 1 x 10"^ph cm~^s"^ The 

expected flux f r o m Blandford and Cowie's model is 2.2 x 10"'S~'-^cm~^s~^ 

where B is the magnetic flux i n fxG. This implies a magnetic field of lO^zG 

which is w i th in a factor of two of the expected value of about 5/xG. These 

figures correspond to a to ta l proton energy of 5 x 10''* ergs to be compaired to 

~ 6 X lO'** ergs f r o m the model w i t h B = bfiG and a proton to electron density 

ra t io of 6. However, i n reaJity, the remnant has a radius of approximately 20 

pc f r o m radio measurements of Vela X Y Z so the model predicts a flux of 

1.1 X 10~^ph cm~^s"^ for a magnetic field of 5/iG. This corresponds to a 

proton energy of 8 x 10^^ ergs. For comparison, the observed flux w i th in 20 pc 

is 3.3 X 10~^ph cm~^s~^ i.e. about a factor of 3 lower than the model predicts. 

The agreement between these estimates is surprisingly good in view of 

the uncertainties involved. I t is the model that is perhaps the most tentative, 

as many of the problems of the shock acceleration mechanism have yet to be 

resolved. Also, the proton/electron ratio is not well known and is l i t t l e more 

than a guess. The filling factor of the pre-shock medium is also relevant and 

can alter the model predictions by an order of magnitude or more depending 

upon whether the medium into which the shock passes is of the McKee and 

Ostriker (1977) type or is a dense molecular cloud. 

A t lower energies, where electrons dominate, the value of the magnetic 

field predicted by the model using the observed flux w i th in 5° of the source is 

higher again by a factor of 2.5, and the energy input into electrons is ~ 6 x lO'*'̂  

ergs. This is a factor 1.7 times lower than the model predicts, but represents 

reasonable agreement considering the errors. 

As the observed 7-ray flux decreases, the magnetic field required to sus

ta in this flux increases. Thus the very low flux observed above 800 MeV would 

require on average a high field, which is contrary to expectations. I t is more 

probable that either the model is not working well at these higher energies or 

the data are too poor i n quality, or perhaps that the shock is not accelerat

ing particles as efficiently regardless of the value of the magnetic field. The 
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most l ikely of these possibilities is that the poor qual i ty of the data causes 

the discrepancy, but unfortunately l i t t l e can be done about the problem unt i l 

new observations are made. However, i t is clear that the SNR model can ex

pla in the 7-ray emission observed around Vela. A t very high energies, where 

the errors are largest, the model and observations are not i n good agreement. 

However, this is not necessarily an indication that the model is wrong, but 

s imply a reflection of the d i f f i cu l ty i n obtaining significant results when the 

statistics are poor. The SNR model and the observations complement each 

other and when new results are forthcoming at high energy, the val idi ty of the 

model for the acceleration of protons can be further tested. 

Unfortunately, the energy distr ibut ion of electrons and protons cannot 

yet be predicted individually. For the present, the broad division of 70-150 

M e V 7-rays being produced mainly by electrons and those above 300 MeV 

being produced by nuclei must be retained. This division highlights the need 

for a better understanding of the nature of the shock acceleration process. 

Despite the problems, i t is clear that the SNR model is an excellent candidate 

for the production of 7-rays as the energies required by observations agree 

w i t h the model to w i t h i n an order of magnitude. 

The age and size of the Vela SNR has s t i l l to be resolved and the con

t r i bu t ion f r o m the pulsar needs to be assessed. The angular size used here for 

the flux estimation {Or ~ 5°) is approximately the angular extent of the excess 

7-ray flux surrounding the pulsar position and would correspond to a remnant 

of radius ~ 45 pc at a distance of 500 pc wi th an age ~ 10''years (Sedov 

phase), i f the medium in to which i t expands has a density of ~ 0.08cm"''. 

This age is the same as that of the pulsar, but the remnant observed at radio 

wavelengths has a radius of only about 2°.5. This means that the estimates 

of the energy input into CR using a 45 pc radius are too high by a factor 

of about five. In i t ia l ly , this could be seen as support for the conjectiue that 

the pulsar is contr ibut ing a significant fract ion of the CR in the region by ac

celerating particles to great distances (Thielheim 1987). However, the model 

works very well for a smaller radius (20 pc) and can account for the whole 

of the flux using the expected value of the magnetic field. This suggests that 

there is another cause for the larger angular extent of the emission. The PSF 

of the COSB telescope which spreads the point source pulsed emission over 
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a few degrees w i l l also spread the extended emission in a similcir fiishion. A 

simple model is to consider the 7-ray excess flux cis a ' top-hat ' function set 

equal to zero beyond a radius of 20 pc where the CR from the SNR and/or 

pulsar have not yet reached. This is then convolved w i t h the COSB beam to 

produce the observed profile that extends beyond 20 pc, and decreases slowly 

w i t h increasing distance from the source. 

A n alternative model is that the pulsar itself is responsible for the CR 

that produce the excess 7-rays. The CR would be accelerated by the pulsar 

and then diffuse away forming a 'bubble' of radius X in t ime T where: 

X = V2DT 2.4 

D is a diffusion constant and the factor 2 is s tr ict ly relevant only for one-

dimensional diffusion. W i t h D = 5x l0^^cm^s-\ and T = 10" years, X = 58 

pc or 6°.5 which is close to the observed angular diameter of the excess 7-ray 

emission. This distance is increased by a factor y/S i f 6D is used in Eqn. 2.4 

in the case of three dimensional diffusion. Obviously a model of the energy 

density of CR produced in this manner is required, along w i t h some estimates 

of the emissivity so the expected 7-ray flux can be calculated. Using 61? in 

Eqn. 2.4, a value of X of 45 pc, gives a diffusion constant of 1.0 x lO^^cm^s"* 

which is towards the low end of the acceptable range, but may be appropriate 

for the Galactic plane. Alternatively, the age of the pulsar may be lower th«in 

10" years as Stothers (1980) suggests, i n which case I> = 2.0 x lO^^cm^s'^ 

2.4 Conclusion. 

This chapter ha^ presented results f r o m an analysis of 7-rays f rom the 

Vela pulsar and the surroimding areas. Estimating the various components of 

the to ta l 7-ray emission has revealed a small but significant excess, which is 

probably caused by CR f r o m a local region around Vela rather than ambient 

CR f r o m the rest of the Galaxy. Table 2.2 summarises these results for above 

70 and above 300 M e V in terms of the percentage of the total flux wi th in a 

given radius of the pulsar position for a given energy interval. 
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Degrees Percentage of toted flux. 

f r o m source 70-5000 M e V 300-5000 MeV 800-5000 MeV 

5.25 16.8 17.5 3.8 

4.75 16.1 16.1 4.1 

4.25 15.2 15.3 6.4 

3.75 15.2 14.4 8.5 

3.25 14.0 13.3 7.1 

2.75 13.4 11.7 4.2 

2.25 13.0 10.9 4.0 

1.75 12.9 12.7 8.7 

1.25 14.2 13.5 6.7 

Table 2.2 

The figures presented in Table 2.2 are the main results of the analysis 

and show that CR electrons and protons are present around the source. The 

errors are large, but the fluxes are s t i l l significant. Further work w i t h improved 

counting statistics are required especially at the highest 7-ray energies ( > 800 

M e V ) . 

The next step has been to attempt to identify the source of the excess 

CR. There are two possible models: firstly, a SNR could have accelerated 

the CR by diffusive shock acceleration to energies required to produce the 

observed 7-rays. Secondly, there is the pulsar itself. The first of these models 

could be fu l f i l l ed by the Vela X Y Z complex. Theory predicts that the energy 

input into CR increases as the remnant expands, so i f Vela X alone is the 

accelerating SNR, there is a problem because using the observed 7-ray flux 

predicts a larger radius for Vela X than is observed. This supports the view 

of Mi lne and Manchester (1986) that Vela X is part of the whole complex. 

Al though the association between the remnant and pulsar has been ques

tioned (Bignami and Caraveo 1988), there are published models (Manchester 

1987) that not only explain the anomalous appearance of SNR in general, but 

when applied to Vela also predict the very low pulsar proper motion. The 

distances to the Vela renmant and pulsar are the same wi th in the errors, and 
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apart from the lower age estimates of Stothers (1980), their ages aie also in 

reasonable agreement. 

It is reasonable then to assume that the pulsar cmd SNR were produced 
by the same SN explosion and that both are now potential sources of CR. The 
extent of the emission (~ 5° in radius) is larger than the remnant, and so 
the energy in CR is larger than that expected on the basis of the models by 
Blfindford and Cowie (1982) and others with the same radius. The observed 
Vela X Y Z complex has a radius of ~ 20 pc giving fluxes in good agreement 
with the model predictions. A large part of the spread in this emission has 
been attributed to the PSF of the COSB telescope which tends to smear the 
true signal. This eff̂ ect cannot be removed because deconvolution of the 7-ray 
data with a bin size of 0°.5 will produce erroneous results. The beam has a 
FWHM of ~ 1°.2 above 300 MeV, so the true emission region will have an 
angular size much closer to 20 pc. It is not clear whether all the emission can 
be explained in terms of a SNR acceleration model. What is now required 
is some theoretical understanding of the role pulsars play in CR acceleration 
on a Galaxy-wide scale. This will complement the SNR models and hopefully 
will also shed hght on their interaction and evolution as sources of the bulk of 
Galactic CR. 

The SNR model can produce the observed 7-ray fluxes with reasonable 

values of the magnetic field, indicating that this is a valid description of particle 

acceleration in the Vela region. Obviously, improved measurements at all 7-ray 

energies and a better understanding of the relationships of SNR and pulsJirs 

are required to resolve the source ambiguity. SNR are excellent candidates for 

the acceleration of both electrons and protons because the mechanism is able 

to explain the 7-ray emission from such regions. Three remnants have now 

been identified in 7-rays, of which Vela has provided direct evidence for CR 

acceleration by the source. 
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Chapter 3. The Carina Region. 

3.1 Introduction. 

I t has long been appreciated that the Carina region of the M i l k y Way is a 

fascinating part of the sky for study at all wavelengths. The t] Carinae Nebula 

w i t h its associated H I I regions is the most prominent optical object and a 

spectral analysis of stars i n the vic ini ty reveals an unusually high proportion of 

W o l f Rayet ( W R ) stars and OB associations. H I maps show a marked increase 

i n column density at longitudes around 282° and, recently, CO surveys show 

i n some detail the extent of the molecular gas component in and near the 

Galactic plane in Carina. 

I t is generally true that the more interesting the region of sky, the more 

d i f f icu l t i t is to elucidate the details of its structure and the processes occurring 

there. Bok has been one of the champions of Caxina, producing numerous 

papers addressing the problems of spiral structure in this region as well as 

a t tempt ing to fit other observations of, for example, giant stars, H I I , and 

Cepheids to the gas structure (Bok 1937,1959, Bok et al 1970). Over the years 

as observational data have accumulated, i t has become apparent that the line of 

sight becomes a tangent to a spiral arm at around / = 280°-282°. The wealth 

of informat ion now available over a very wide range of wavelengths including 

measurements of radio H I I regions (Georgelin and Georgelin 1976, Georgelin 

et al 1979), Cepheids (Tammann 1970), young Galactic star clusters (Becker 

and Fenkart 1970), and H I kinematical distances, all points to the existence of 

spiral structure extending f r o m the Solar neighbourhood out to much greater 

helio- and galacto-centric distances. The recently published Columbia 'all-sky' 

CO survey (Dame et al 1987) delineates this spiral structure particularly well . 

However, when attempts are made to fit this feature to other Galactic spiral 
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a rm tracers, difficult ies are encountered which are reflected by the confusion 

i n the l i terature. Where does the Carina arm go inward of the tangent point? 

Does i t stretch to the Sun, or does i t connect somehow to the Sagittarius arm 

(also seen i n CO, for example, w i th a tangent at / = 312°.) What then of the 

local material commonly called the Orion arm or Local Spur? Yuan (1970), for 

example, finds no evidence that the Carina arm connects to either the Orion or 

Sagittarius arms, whereas Courtes et al (1970) and Garzoli (1970) jo in Carina 

to Sagittarius considering them a 'structural and kinematic continuity' . For 

a useful comparison of the interpretations of the data, see Bok (1971). There 

is considerable room for improvement in all observations of this region, and 

therefore the latest (and last) part of the electromagnetic spectrum to be 

ut i l ized i n astronomy can be examined to see i f any weight can be lent to any 

particular model. 

The most successful theory of spiral structure proposed thus far is that 

of density waves. I t was first put forward in a series of papers by B. Lindblad 

start ing i n 1941, but d id not receive general acceptance at the t ime because of 

the large numbers of assumptions and approximations he used. The idea was 

developed fur ther by P. O. Lindblad (1960) and B . Lindblad (1963), but the 

credit for the i n i t i a l development of the currently accepted version belongs to 

F. H . Shu. Further extensive work was done by L i n , Shu and Yuan and others 

in the late 1960's. The early studies found linear solutions to the equations 

governing the spiral pattern and the gas response (e.g. L i n et al 1969). The 

work was taken fur ther w i t h the slightly non-linear solutions of, for example, 

Vandervoort (1971) and the highly non-linear regime (Roberts 1969). Much of 

this work deals w i t h a 'grand design' spiral pattern that extends f r o m an inner 

resonance (the Lindblad resonance) outward in the f o r m of (usually) a two-

or four-armed spiral. These are often approximated by a logarithmic spiral of 

the fo rm: R — iJ/e""^'^' where (j) is the azimuthal angle, Ri is the arm scale 

factor, and R is the galactocentric radius, i is the arm inclination defined as 

the angle between the tangent to the arm at a given point and a circle around 

the Galactic centre through that point. L i n , Yuan and others use i = 6°.2 cind 

Ri = 8.26 kpc (e.g. Yuan 1970). Wol t jer (1965) finds i = 6° . Unfortunately, 

the Carina a rm does not fit easily into these low i models of the global (i.e. 

whole Galactic) pat tern. Using the Colimabia CO data, the present author 
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has derived here values for these two pairameters: t = 9°.04 and Ri = 9.17 

kpc. Similarly, the Local Spur does not fit in to the pattern, having veJues of i 

quoted in the l i terature much higher than 6° w i t h typiccd values in the range 

2 0 ° - 3 0 ° . Yuan declares that i t does not seem possible to model the primary 

spiral pattern of the Galaxy w i t h values of i as high as this. 

Many authors have attempted to account for the observations of young 

-^objects^ such as OB staxs and H I I regions. L in (1970) puts forwaird a number 

of ideas, suggesting that these objects have migrated out from the Sagittarius 

a rm or that they are part of a local pattern moving at 15 k m s~' kpc~* or 

a t ra i l ing pat tern travelling faster than the local circular speed. A trail ing 

pa t tern is one i n which the spiral arms rotate such that the inner parts of the 

a rm lead the outer parts and the impression is that the arms should wind up 

on themselves. 

A feature of density wave theory is that i n addition to the primary mode 

spiral arms, additional modes could be present. Usually only the short wave

length modes are considered as these are expected to be most prominent, but 

these other modes could account for some of the features w i t h larger inclination 

that are observed. I t must be said that an ad hoc introduction of these modes 

just to fit the data is not satisfactory from a theoretical standpoint. Another 

possibili ty that can be derived f rom the non-linear version of the theory which 

does not require this ad hoc treatment is the appearance of resonances. The 

epicyclic frequency is the frequency w i t h which an object travelling around 

the Galaxy i n a circular orbi t performs an epicycle i n that orbit when subject 

to a small perturbation. A t the Lindblad radius, the epicyclic frequency at 

that radius equals the rotat ion speed of the spiral pattern (17p) and a reso

nance occurs through which the spiral arm cannot usually propagate. The 

observation of large amounts of molecular gas around 4 kpc f r o m the Galactic 

centre has been at t r ibuted to this resonance. The other terminal resonance 

occtirs where the speed of the spiral pattern equals the circular gas velocity 

(i.e. they are i n corotation) which, for a pattern speed of ~ 13.5 k m s"̂  kpc~^ 

and a flat rotat ion curve beyond the solar circle, occurs at ~ 18.5 kpc. The 

production of resonances is an important feature of the theory w i t h a number 

of consequences. One of these is the prediction of 'ultra-heirmonic' resonances 

of which more w i l l be said i n §3.2.3. 
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The evidence for CR sources is considered here both from the nature of 

the objects i n the Carina region and f r o m the 7-ray intensities. Alternative 

models for the sources are discussed w i t h reference to the data, w i t h the aim 

of pu t t i ng the region in the context of the rest of the Galjixy. 

3.2 The Carina Region. 

3.2.1 COSB Sources. 

The motivat ion for the study of this region stems f rom the work of the 

COSB collaboration which aimed at discovering the 7-ray source population 

of the Galaxy. In i t ia l ly , many more sources were thought to exist, but the 

generally accepted view now is that most of the 7 radiation detected by the 

satellite is diffuse emission and not dominated by large numbers of unresolved 

point sources. I t is this diffuse emission that is of prime concern in this chapter. 

This emission is produced by xo-decay and electron bremsstrahlung caused by 

CR propagating through the interstellar medium, rather than being produced 

at and seen directly f r o m a point source such as Vela (Chapter 2.) 

Hermsen (1980) lists the 2CG catalogue of 7-ray sources w i t h estimates 

of their positions, fluxes and significances. Some have unambiguous identi

fications, such as the Crab and Vela by vir tue of their pulsed emission, and 

others by their positional coincidence — 3C273 and the molecular cloud p-

Oph. for example. Apar t f r o m the enigmatic Geminga (2CGl95-f 05), there 

are two strong sources associated w i t h large gas complexes, which are both 

annotated as 'could be an extended feature'. One of these is the Carina region 

i n which Hermsen finds two sources (2CG284-I-00 and 2CG288-I-00) using his 

cross-correlation analysis. That there are 7-rays from this region has been 

well documented by the COSB collaboration in their analyses of the Galaxy. 

Figure 3.1 shows a 7-ray map of the Carina region at 70-5000 MeV, and clearly 

demonstrates why this region is included in the list of 7-ray sources. 

These sources may be indeed be extended but this does not answer the 
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question of the origin of the radiation. Pollock et al (1987) state that the 

evidence for an excess above that expected f r o m the gas cdone is 'weak' and 

suggest that a l ikely explanation is the irradiation of gas clumps by a 'normal ' 

flux of CR. W i t h the recently available CO data, and better estimates of the 

conversion rat io of CO to H 2 ( 0 2 0 ) , the evidence for an excess is much better 

than simply 'weak', especially for 2CG284-f-00 (see §3.3). 

3.2.2 The Nature of T) Carinae and Its Nebula. 

Most of the studies of this fascinating southern sky object i n the optical, 

infra-red and X-ray wavebands have concentrated on T) Carinae itself as this is 
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thought to be the prime cause of most of the effects observed i n the nebula. I t 

was not un t i l Walborn (1975) took interference f i l ter photographs of the nebula 

and i n the fol lowing year made spectrograms of various parts (Walborn and 

Li l le r 1977), that the association of r; Carinae itself w i t h the nebula was finally 

established. Some regions of the nebula were found to be reflecting the central 

object 's peculiar spectrum. Thus very early and massive O stars that produce 

much of the emission nebulosity are also associated w i t h r/ Carinae. This lends 

support to the idea that this object is aJso very mcissive. 

Two models of the region (Davidson and Ostriker 1972) have subse

quently been tested mainly by X-ray observations. The first model consid

ered the central region to be a massive, slowly expanding supernova remnant 

(SNR) . Energy was supplied to the remnant by a central pulsar that produced 

non-thermal radiation in the infra-red and in X-rays. The second model pos

tulated a very massive star that ejected a significcint f ract ion of a solar mass 

of material i n an outburst observed in 1843. The ejecta then became visually 

opaque as dust grains formed and re-radiated the absorbed stellar radiation 

i n the infra-red. Either model required a shock in the f o r m of an expanding 

shell heating the gas. 

This outburst was thought to be possibly a SN, but X-ray observations 

made by Seward et al (1979) using the Einstein observatory show that the 

event had an energy of ~ 10^^ergs w i t h an in i t ia l gas density of ~ 20 cm~^, 

w i t h a current mass of emit t ing gas of ~ O.OlM©. These values do not support 

the SNR hypothesis, but do support the idea that the gas is heated by a shock, 

especially when the symmetrical appeartince of the nebula about the central 

object is considered. The X-ray observations (e.g. Seward et al 1979) predict 

a temperature of ~ 10* K , which is an order of magnitude higher than that 

derived f r o m the expansion velocities of the outer condensations of gas which 

travel at between 750 and 1000 k m s"̂  (Walborn 1976). However, the higher 

temperatures probably come f rom only a small part of the emit t ing region, so 

there is no real contradiction. The X-ray observations therefore argue against 

the SNR model since the expected non-thermal luminosity would then be 

> lO^erg s~^ Energies of this order would lead to a flatter spectrum at 

higher energies than is actually observed. This argument uses the remnant 

shell diameter obtained f r o m the X-ray observations which agree wi th those 
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at optical wavelengths. 

The outburst of 1843 which was followed by observers at the t ime, yielded 

a light-curve that is reproduced in Walbom and Liller (1977). A four th magni

tude object brightened to about the zeroth magnitude and remained there for 

approximately twenty years before i t declined to about the sixth magnitude 

at which i t has subsequently remained. Davidson (1971) proposed a scenario 

for this outburst in which he argued that the object was more p robab lya very 

massive evolved star well beyond the main sequence rather than a very young 

star approaching i t . The pulsationally unstable star ejected material forming 

an expanding shell which increased the visual radiation to the zeroth magni

tude although the total luminosity remained roughly constant. Dust grains 

gradually formed making the object more opaque in the visible and brighten

ing i t i n the infra-red. A t the present t ime, T] Carinae is the brightest infra-red 

object at 20fim outside the Solar System, having a bolometric luminosity of 

~ 2 X lO^Ir0 (Westphal and Neugebauer 1969). This infra-red continuum 

emission is thermal in origin. 

The nebula itself, N G C 3372, is much larger (2°) than the central 'ho-

munculus ' (10" x 15") and is comprised mainly of a large H I I region containing 

many powerful early stars. I n fact , the H I I region includes three 0 3 stars which 

have not been observed to occur i n such numbers anywhere else i n the Galaxy. 

Some parts close to T) Caxinae are reflection nebulosity and there is a general 

expansion in the central region of around 600 k m s" c - i 

This review of some of the properties and observations of NGC 3372 

makes i t clear that there is considerable act ivi ty and considerable amounts of 

energy being liberated. The velocities of some parts of the nebula and the 

f a i r l y high densities involved make i t almost certain that shocks are present. 

Str ict ly, the whole Carina Nebula should be considered as an agglomeration 

of C R source candidates as there are so many possible sources. I n dealing 

w i t h 7-rays as a potential tracer of the CR in this whole region, i t must be 

remembered that the point spread funct ion (PSF) of the telescope is such that 

i t w i l l not be possible to ident i fy any individual source and reference to r) 

Carinae as a possible CR source must be taken to mean the whole Nebula and 

not just the central object or homunculus. 
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3.2.3 Spiral Structure and Shocks. 

The presence of shocks in the spiral arms of galaxies has been demon

strated conclusively by Matthewson et al (1972) in studies of M51 which have 

revealed an enhancement i n synchrotron radiation in association w i t h optical 

and H I arms. This enhancement has been ascribed to electrons being accel

erated at the shock. I n this Galaxy, the circular gas velocity is greater than 

the pat tern speed at the same radius over a wide range of galactocentric reidii, 

so that shocks can f o r m near the minima of the pattern. The gcis flows into 

the shock, is compressed and emerges outside the arm where i t expands. Such 

compression is expected to trigger gas cloud collapse and hence init iate star 

format ion giving rise to bright OB stars and their associated H I I regions which 

then delineate the arm optically. I t is therefore expected that when an arm is 

observed at radio wavelengths, say in H I or CO, the young objects should ap

pear at larger longitudes than the gas peak in quadrants I and I I , and smaller 

longitudes than the peak in quadrants I I I and I V . Even a ctisual inspection of 

the situation in the Carina region in quadrant I V shows that the tangent to 

the arm is very well marked in CO, especially when the velocities are taken 

in to account (Fig. 3.2), but that the OB and W R stars appear longward of the 

tangent point. I f the model of gas compression and star format ion is correct, 

then this observation can only be accommodated by the geometry of the arm. 

B o t h the CO and H I have maxima at / = 282° a longitude which is commonly 

believed to be the actual tangent to the arm. Assuming this longitude indi

cates the region of maximima compression, i t should also approximately mark 

the shock front and, for that part of the arm that lies on the side of the tangent 

point nearer to the Sun, the young stars and H I I regions should lie at lower 

longitudes (i.e. towards / = 270°). The arm is, of course, curved and at higher 

longitudes the line of sight should pass through many young stellar objects, 

the peak in the gas density, and the shock ( in that order), on the near side of 

the tangent point . The T] Carinae nebula, i f associated w i t h the shock, should 

lie i n f ront of the shock and be a product of i t . Also, the W R stars should have 

a spatially dis t r ibut ion consistent w i th being formed behind (downstream of ) 

the shock. 
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The CO data obtained by the Columbia group have been recently anal

ysed by Grabelsky et al (1987) and Cohen et al (1987) for the Carina region. 

Cohen et al have compiled a list of molecular clouds f r o m / = 270° to / = 320° 

which corresponds to increasing galactocentric distance along the Carina arm. 

They identified many of the nearer clouds w i t h known optical and radio ob

jects. Using the longitudes and distances of these objects, a least-squares fit to 

an equation of the f o r m R = Ri exp'*" "* has been performed to estimate the 

incl inat ion i and scale factor Ri of this arm. These are found to be: i = 9°.04 

and Ri = 9.17 kpc. Figure 3.3 shows a plan view of the Carina arm w i t h 

the positions of the molecular clouds of Cohen et al, along w i t h H I I regions 

(Humphreys 1972), W R stars f r o m catalogues in the li terature (e.g. Smith 

1968a,b,c, Stenholm 1975) and r/ Carinae. The least-squares estimate of the 

position of the a rm is also drawn. This figure shows clearly that most of the 

70 



H I I regions and W R stars lie outside (i.e. downstreeim o f ) the a rm i n agree

ment w i t h the model described above. There cire, by defini t ion, approximately 

hcJf of the molecular clouds either side of the least-squares line, so the shock is 

expected to He somewhat interior to this line i.e. at smaller Ri w i t h an inclina

t ion similar to the least-squares estimate. These molecular clouds are thought 

to be the direct product of the spiral shock (Elmegreen 1979, Elmegreen and 

Elmegreen 1979). The estimates of Ri and i give a tangent at / = 284°.7 which 

can be compared w i t h the observed CO peak at / = 282°, where there is an 

abrupt increase i n the numbers of young stellar objects. These two values of 

tangent longitude are not necessarily inconsistent because of the f in i te spatial 

extent of the clouds and the greater prominence of nearby clouds which might, 

by chance, lie outside the mean position. I f this is the case, then the apparent 

tangent w i l l occur at a higher longitude than the actual tangent. 

The H I has a max imum at the same position as the CO and the argument 

about the finite spatial extent of the clouds also applies, but i t is less important 

because of the lower density contrast between arm and interarm. 

Roberts (1969) investigated shock formation i n spiral galaxies using den

sity wave theory and applied the results to stax formation. His figure 6 (Fig. 

3.4) shows the gas density along a typical streamtube for his model two-armed 

galaxy. The region of high density is quite narrow, ly ing on the inner side of 

the H I arm, but outside the shock. Ini t ia l ly , i t would be expected that lines 

of sight through the lowest density regions just before the shock would appear 

as min ima in the gas distr ibution, but cis the arm curves, these lines of sight 

cut the highest density regions i n two places (the near and far points) leading 

to a higher column density of gas apparently inside the shock. This effect is 

not l ikely to be as obvious i n H I as in CO, again because of the lower density 

contrast. 

Various CR source candidates such as OB and W R stars, al l fit reason

ably well in to the picture of a spiral arm having a high gas density near the 

shock w i t h various products of star formation occurring downstream. SNR 

should also be present as the end product of massive star evolution, and all 

these objects may contribute to the CR population over long periods of t ime 

( ~ 10^ years). The shocks and ionised gas that are predicted and/or observed 
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i n the region should be visible at X-ray energies. The X-ray evidence against 

the Tj Carinae outburst being a SN has already been mentioned (§3.2.1). The 

Einstein observatory also detected X-rays f r o m a number of specific sources 
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Figure 3.4 
Figure 6 of Roberts (1970) showing the response of the gas to the passage of a spiral shock. 

including r} Caxinae, a W R star aj id six O stars (Seward et al 1979) wi th a 

to ta l energy output of 1.5 x lO^erg s"^. The Caxinae Nebula emits diffuse 

X-ray emission produced by hot gas that has a cooling lifetime long enough for 

the emission not to be inconsistent w i t h a SN origin (w i th the event occurring 

10®—10^ years ago). Alternatively, the emission could be associated wi th a 

single massive star at the centre. The SN model has additional backing as 

the SN rate is expected to be higher than the Galactic average in view of the 

large numbers of O stars i n the area. However, the SNR would have to have 

a morphology that is unique in the Galaxy and since stellar winds are also 

consistent w i t h the diffuse emission, the SN model may be discarded. The 

complicated morphology of the Nebula makes source identification dif f icul t , 

bu t is not an obstacle to the stellar wind hypothesis. 
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The final question that caja be addressed is how the Carina spiral arm 

fits in to the global pattern i.e. whether i t connects w i t h other spiral features. 

The observations produce conflicting points of view and no clear pattern cam 

be inferred, especially on the near side of the tangent. The position of the 

Carina arm is not obvious f r o m the data for galactocentric radii lower than 

the radius of the tangent, and thus spiral arms seen in quadrant I cannot be 

joined to the Carina arm unambiguously. Simonsen (1976) models the Galaxy 

using density wave kinematics to fit the observed gas features and he finds 

that the Carina arm is not part of the main pattern but originates near the 

Sun. He argues that the lack of gas around / = 290° indicates that the arm 

terminates and does not cross 1 = 0°. Density wave theory in its basic fo rm 

caters for major spiral arms which extend f r o m the inner Lindblad radius out 

to corotation and typical models have two or four arms w i t h various (usually 

low) p i tch angles. Carina does not fit easily into these models, but a proposal 

by Shu, Milione and Roberts (1972) in a discussion about galactic shocks seems 

to explain the presence of arms between the major ones in a 'natural ' fashion 

in the context of the theory. For certain values of the wave frequency, 'ultra-

harmonic' resonances can occur which produce a secondary compression of 

the interstellar gas and generate secondciry spiral features downstreaira of the 

ma jo r arm shock. I n their model, the main ultra-harmonic resonance is found 

at 72 = 10.6 kpc and extends to 11.6 kpc — values which aie not too far f r o m 

the actual position of the arm as determined here f r o m the CO observations. 

Such resonances are also proposed as explanations for the high inclination spurs 

and 'feathers' that are observed between major arms in external galaxies; the 

Or ion Spur may be an example of such a spur i n this Galaxy. Therefore, f r o m 

density wave theory at least, a substantial 'secondary' shock is to be expected 

i n the Carina «Lrm. I t is emphasised that these features are secondary only in 

the sense that they do not extend to the inner Lindblad radius, and do not 

appear throughout the Galactic disk. 

I t has been demonstrated above that the observed gas distribution be

haves roughly as expected for a shock compression profile similar to that of 

Roberts (1969). Likewise, the positions of young stellar objects are consistent 

w i t h the Roberts model. The shock lies just interior to the gas maximum and 

should be visible i n 7-rays just longward of / = 284°.7. The 7-ray evidence 
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must now be ex«imined to see whether i t is compatible w i t h this model and 

whether these observed 7-ray features can be at t r ibuted to any of the above 

phenomena. 

3.3 T h e 7-ray E v i d e n c e . 

3.3.1 E m i s s i v i t y . 

Contour maps of 7-ray intensities at three standard energy bands and 

at 800-5000 M e V are presented in figuire 3.5. I t is evident that th^re is an 

excess in intensity (7^) beginning at aroimd / = 280° and extending to greater 

longitudes. Wha t is of interest here, however, is not just where increases but 

where the emissivity (denoted q/4:Tr — see Chapter 1) increases. To f ind this 

quant i ty for each b in , the tota l intensity was divided by the total gas column 

density i n that b in . A n y excess inq/iir above the expected value suggests that 

there is an excess of CR in that region above that which is expected purely on 

the grounds of ambient (i.e. general Galactic) CR-gas interactions. Here, the 

la t i tude range is restricted to )6| < 5° , as the objects of interest here are well 

w i t h i n this range and the CO emission drops away fa i r ly rapidly at greater 

la t i tude. Three energy bands are of particular interest: 70-150 MeV 7-rays are 

produced mainly by electrons, whilst those at energies above 300 MeV come 

f r o m nuclei, i.e. mainly protons. The 7-rays w i t h > 800 MeV are also 

examined since at these energies instrumental resolution is much improved. 

Figure 3.6 shows the longitude profiles of emissivity i n 1° longitude bins for 

each of these three energy bauds. The picture is least clear for the 70-150 MeV 

band, probably due again to the poor resolution. A t / = 275° the very low 

emissivity does not appear to correlate w i t h any stair or gcis cloud. The low 

emissivity value at this longitude is due to a low rather than an enhancement 

i n the gas, so i t is probably statistical i n nature although i t must be noted that 

i t occurs over two bins. The main peak in emissivity occurs at / = 285°.5 w i th 

f a i r l y large fluctuations on either side. These fluctuations continue at larger 

longitudes up to about / = 305° where the variations become less frequent. 
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A p a r t f r o m the aforementioned deficit , there are no obvious 'holes' in this 

emissivity. q/4:ir\jo^i5o remains roughly constant beyond the peak although 

at a marginally higher value (q/47r = 1.31 ± 0.05) than that shortward of i t 

{q/iTT = 1.25 ± 0.07). These values of the emissivity and those that follow are 

i n units of 10~^^ph atm"*s~^sr~^ 

Turning now to 300-5000 M e V , there is more structure i n the fluctua

tions. Between / = 270° -and / = 282°.5, the value of g/47r = 0.64 ± 0.02. 

I t is roughly constant and wi th in the errors is the same as the canonical (i.e. 

whole Galactic average) value of 0.63. From / = 283°.5 and continuing to 

about / = 294° .5 , the emissivity increases to a peak of 1.25 at / = 285°.5 and 

remains enhanced at 0.92 ± 0.06 u n t i l i t returns to the pre-tangent values of 

0.63 ± 0.04 between / = 295°.5 and / = 305°.5. From / = 306°.5 to the end of 

the profile, q/iir again is high on average (0.72 ± 0.03). 

Finally, at 800-5000 M e V , fur ther detail is revealed: there are three 

broad peaks and a pronounced trough. There is the peaJi at / = 285°.5— 

295° .5 w i t h q/iir = 0.52 ± 0.08, but this is now separate f r o m more enhanced 

emission lying between / = 290°.5—297°.5. A trough occurs between / = 

299°.5 and / = 303°.5 w i t h q/iir = 0.065 ± 0.02 whereas for / = 304°.5— 

319°.5 q/iir = 0.22 ± 0.02, similar to the 'expected' value of 0.23. 

To summarize these results: there is clear evidence for enhanced 7-ray 

emission around / = 285° extending over a couple of degrees in longitude. 

Addi t ional ly , this enhancement extends longward to about / = 295°.5 w i t h a 

gap around / = 288° i n the 800-5000 MeV energy band. A t higher longitudes, 

there is evidence for a slight enhancement around / = 312°. 

3.3.2 S p e c t r a l Features , 

Rogers et al (1988) analysed the COSB database for 7-rays above 300 

M e V and above 800 M e V , finding the spectral index to be flatter in the local 

a rm than in the inter arm regions. They found some support for this contention 

f r o m radio synchrotron radiation that showed a similar but much less marked 

tendency for spectral flattening i n the local arm. The difference in spectral 
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Figure 3.5 
Contournoaps of 7-ray intensity from the Carina region, o. 70-150 MeV. Contours at (1,2,5,10) x 
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Figure 3.6 
Emissivity profiles through the source for three energy bands. The longitude bin is 1° 

index between a rm and interarm was about 0.6, consistent w i th the value 

of about 0.4-0.5 found by Bloemen tt al (1988) using different energies and 

gala<;tic areas. The argument used by Rogers et al is that the parent protons 
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and low energy electrons gain considerable amounts of energy f r o m processes 

w i t h i n the spiral arm giving enhanced 7-ray emission at higher energies ( > 300 

M e V ) and producing a flatter 7-ray spectrum. 
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The use of intensities > 300 MeV and > 800 MeV in Rogers et al is 

not s t r ic t ly accurate as the energy ranges are not independent. W i t h i n the 

errors, however, the results w i l l not be altered. Bloemen et al use intensities 

between 300-800 M e V and > 800 M e V , and for comparison, these same energy 

ranges are taken here. Figure 3.7 shows the variation of spectral index w i t h 

1° longitude bins w i t h |6| < 5°. There are two features worthy of note: firstly, 

a general decline of the spectral index f r o m / = 270° to / = 290° and around 

/ = 310°, the lat ter being the narrower. Secondly a sharp increase in the index 

occurs between / = 287°—289° and between / = 298°—303°. 

I f the spectrum is flatter in the arm then the spectral index should 
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Figure 3.8 
Spectral index / 7 0 - 1 5 0 / / 3 0 0 - S O O O profile through the source. The longitude bin is 1' 

decrease as the longitudinal position of the arm is approached and therefore 

the general decline in spectral index mentioned above can be at tr ibuted to 

the line of sight passing through an arm whilst the sharp increase must be 

associated w i t h some other phenomenon that produces fewer high energy 7-
rays. Figure 3.8 shows the spectral index derived f r o m the rat io of intensities 

at 70-150 M e V and 300—5000 MeV. The situation is less obvious than the 

index derived from the higher energy bands, but the index is on average lower 

between / = 283°.5 and / = 295°.5 than at other longitudes which supports 

the result f r o m higher energies. The size of the change between arm and 

in te rarm is not large however, suggesting that either the low energy particles 

are inefficiently accelerated in the arms, or that they diffuse away quickly. Also, 

of course, the resolution of the 7-ray data at 70-150 M e V is much poorer than 

at 300-5000 M e V which acts to obscures any true variation in the spectral 

index. 

The high energy ratio of intensities show the regions / = 286°.5—289°.5 

and / = 298°.5—303°.5 both have steep spectra caused by a deficiency in 

the higher energy ( > 800 M e V ) component, suggesting that genuinely fewer 
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photons are produced there. The CR generating these high energy 7-rays w i l l 

not be excluded f r o m these regions, although the low energy particles may be. 

A t the position of TJ Carinae, the 7-ray data suggests that there is no 

excess of low energy particles, but at high energy there is a distinct deficit. 

This would i m p l y that any acceleration mechanism present in this region is 

unable to accelerate the higher energy CR required to produce the > 800 MeV 

7-rays. 

3.4 A M o d e l for the C a r i n a Region. 

The gas and 7-ray observations have been described in earlier sections, 

along w i t h possible CR sources including the spiral shock. From all of these, 

a model is now developed that can explain the gross features of this region. 

First ly, i t is obvious f r o m the CO data that the Carina arm is tangential 

to the line of sight at around / = 284°, corresponding to a spiral arm w i t h 

p i t ch angle i = 9°.04 and scale factor Ri = 9.17 kpc. The W R stars delineate 

an a rm w i t h i = 5° and Ri = 9.6 kpc an therefore lie on average at greater 

gaJactocentric radii than the molecular clouds. The latter may be caused 

by the gas moving faster than the spiral pattern causing a shock to fo rm 

compressing the gas and giving rise to the molecular clouds and subsequent 

star formation (e.g. Shu 1972). The location of the W R stars downstream of 

these clouds is i n accord w i t h this scenario. Given the position of the spiral 

a rm as delineated by the gas, the shock is expected to lie inside i t w i t h smaller 

Ri amd approximately the same i. The difference in gas velocity and pattern 

speed determines the shock velocity and how far f r o m the shock on average 

the stars w i l l fo rm. This velocity is given by: 

V, = [VlgiR) - np{R))Rsmi 3.1 

where the pattern speed is Q,p = 13.5 k m s~^kpc~' and the gas velocity, Qg, 

is approximately flat around the solar position. Therefore as R increases, the 

shock velocity decreases and the peak star forming regions should occur nearer 

the shock. Eventually, the shock velocity w i l l be lower than the local sound 
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speed and there w i l l be no shock at al l which may explain the lack of moleculjir 

clouds at large gadactocentric radi i (see, for example, Dcime 1984, Bhat et al 

1986c). 

At R = 9.5 kpc w i t h fig = 250 k m s"\ the shock velocity is ~ 19 k m 

s~ .̂ I f star formation lasted ~ 3 x 10^ years, such a d r i f t velocity implies a 

distance of 590 pc and the peak in star formation should be ~ 590 sin t = 90 

pc fur ther out f r o m the Galactic centre. This agrees very well w i t h the arm 

as defined by W R stars and provides excellent support for the model. 

The results presented in §3.1 show that in all the three energy bands 

considered there is a narrow peak in emissivity at / = 285°.5. This peak is 

caused by an increase in 7-ray intensity rather than any sudden drop in gas 

column density at this longitude and cannot be a t t r ibuted directly to a discrete 

source such as T] Carinae (which lies at / = 287°.6) or W R stars (which peak 

around / = 289°) because of the lack of any such objects near the emission 

peaks. 

The possibility that the enhanced emission is due to CR diffusing f r o m r/ 

Carina must be examined. Montmerle (1981) has presented arguments based 

on estimates of the mass of the Carina complex that the 7-ray emissivity i n 

Carina is probably much higher than locally. To account for the 7-ray flux 

of the source 2CG288-00, a mass of over ~ 4 x lO^M© is required but there 

is no evidence from molecular gas studies that such a mass of gas exists at 

this position. Alternatively, the SNR hypothesis can be tested and excluded 

largely on the basis of both X-ray results and estimates of power required 

to support this X-ray emission (see §3.2.2). Montmerle (1981) put forward 

a stellar wind shock acceleration model for CR production, concluding that 

there is no energetics problem w i t h this idea, but that reasonably efficient CR 

confinement is required unless the mechanical power from the stellar winds is 

many orders of magnitude greater than the 7-ray luminosity. In the H I I region 

produced by the powerful O stars surroimding T] Carinae, the CR confinement 

is purported to be caused by resonant interactions of CR wi th self-excited 

A l f v e n waves as they move through the gas at a velocity greater than the 

local A l f v e n speed (e.g. Wentzel 1974). I n an H I I region, these waves are only 

weakly damped providing strong confinement of the CR. The presence of 0 3 
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stars i n the Carina nebula means that the number of ionizing photons is very 

high, producing a large H I I region ( ~ 50 pc radius) which may confine the 

CR w i t h i n this radius. 
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Figure 3.9 
Contour map of excess 7-ray emission i.e. total 7-ray intensity minus that expected from the gas usmg 

q/4ir = 0.61XlO-2*phatom-is-isr-' and 020 =4.0. Contour levels at: (1,2,5,10) X 10-*ph cm-'s-'sr"* 

To investigate possible CR diffusion, the expected 7-ray intensity must 

be subtracted f r o m the observed intensity to give AI^ which w i l l indicate 

where 7-ray emission and therefore CR intensity, is high. Figure 3.9 shows 

Aly for the 300-5000 MeV band w i t h the data binned in 1° x 1° bins. A 

slight excess is observed in the direction of the source, but the bulk of the 

excess extends to lower longitudes and below the GcJactic plane. Naturally, i f 

any CR are diffusing f r o m the source, they w i l l manifest themselves only by 

interacting w i t h the gas. Comparing figure 3.9 w i t h figure 3.10 which shows 
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Figure 3.10 
Contour map of CO gas from Columbia CO survey. Contour levels at: 0.5,1,2,3...10,12,14...26 K 
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the CO gas dis tr ibut ion, reveals that the enhancement hes somewhat below 

the molecular gas over the whole of the excess 7-ray emission region. The 

A / , peak at (/, b) = (292, - f 3) does not correspond to any CO peak and is 

responsible for the enhancement i n q/iv around / = 292° seen in the higher 

energy bands. The geometry of the high gas density regions compared to the 

high Al-f make i t unlikely that these enhancements are due to CR diffusing 

f r o m T] Carinae. Comparing AXy w i t h the distr ibution of W R stars and taking 

their distances into account, i t would be possible to at t r ibute some of the higher 

7-ray emission to these objects, especially when the total power output by a 

W R over its l i fet ime is of the order of that produced by a SNR. Unfortunately, 

the combination of poor angular resolution and low counting statistics make 

such an association tentative at best and clarification must await fu ture 7-
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ray observations of the region. I n any case, the fact that the excess emission 

extends over a number of degrees indicates that certainly not all the excess 7-
ray emission can be at t r ibuted to active stars and i t is likely that most emission 

comes f r o m another source. It is proposed here that the source of excess 7-
radiation is due to CR accelerated by the spiral shock. These CR interact w i t h 

the gas along the length of the arm and produce 7-rays which are observed 

most prominent ly i n the direction of the tangent. The poor angular resolution 

of the COSB satellite means that there is no chance of showing that the 7-ray 

peak does not coincide w i t h the shock position; any difference between the 

two w i l l again have to await improved telescope resolution. The fcict that the 

7-ray emission is displaced to lower latitudes below that of the CO on the neax 

side of the arm is no longer a problem as the gas responsible for the emission 

is distr ibuted over the whole arm. Additionally, the arm is warped, dropping 

below the plane for increasing R (Grabelsky et al 1987) i n the same way as 

the H I layer (Henderson et al 1982). The maps of H I column density (Fig. 

3.11) show that a large amount of gas over the whole line of sight is present i n 

the enhanced emission region. The enhancement in q/4w observed in all three 

energy bands at / = 285°.5 is at t r ibuted to the line of sight passing along the 

tangent to the shock. The inclination of the shock is taken to be 9°.04 using 

the result obtained f r o m the molecular clouds, and the scale factor is slightly 

less than that of the CO. The equations governing the geometry of the arm 

axe Equation 3.1 and 

tan(360° - /) = , ^ ^ " " ^ . 3.2 
^ ' Ro- Rcos(f> 

where (j) is the azimuthal angle, increasing anti-clockwise such that ^ = 0° 

when / = 0°. Combining Equation 3.1 wi th Equation 3.2, and finding the 

stationary point gives the longitude of the tangent to the arm, which can then 

be used to find Ri. For a tangent at / = 285°.5, the scale length is ~ 9.1 kpc 

which is sl ightly less than 9.17 kpc for the gas arm and gives a distance of 

0.46 kpc between the shock and the gas peak. W i t h a d r i f t velocity of ~ 20 

k m s~^ a distance of 0.46 kpc corresponds to a t ime ~ 2 x 10'̂  years which is 

a typical age for many of the OB associations in the region. I t is also w i th in 

the ~ 3 X 10^ years quoted by Roberts (1969) as the average length of t ime 

an association lasts. 
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Figure 3.11 
Contour map of HI gas. Contour levels at: (2,3,4...12,14,16,18) X10^^atoms cm""̂  

The excess 7-ray emission observed at 70-150 MeV is attributed to C R 

electrons and which is especially important in the Hght of work by Duric 

(1986a, b) and Duric et al (1986), as well as observations of external galax

ies at 20cm and at visible wavelengths by Matthewson et al (1972). These 

papers present evidence for the existence of strong density waves by showing 

that the electron synchrotron radiation observed at 20 cm is displaced closer 

to the galactic centre relative to the optical arms. Duric calculates the C R 

energy density to be in the range 1 to 50 eV cm~^ which appears to be similar 

to the energy density of the gas turbulence and supports the concept of energy 

equipartition between gas, C R , and magnetic fields. This calculation allows 

the 20 cm enhancements to be attributed to increases in both magnetic field 

strength and number of C R particles. The importance of these observations 

also lies in the fact that the products of the spiral shock (SNR, O B stars etc.) 
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are not found at the peak in the synchrotron radiation «ind thus can be ruled 

out as the sources of the CR. Additionedly, measurements of the synchrotron 

spectral index show that i t flattens towtirds the centre of the spiral arm. 

Such flattening is di f f icul t to see i n the ratio I70-150/I30Q-5000 but there 

are certainly no large positive excursions of this ratio between / = 280° and 

/ = 292° whereas there are three bins w i t h a low value of the ratio (Fig. 3.9). 

The behaviour of the rat io I30Q-800/Jsoo-sooo shows a pronounced steepening of 

the C R spectrum between / = 286°.5 and / = 289°.5. This steepening can be 

a t t r ibu ted to TJ Carinae rather than the spiral arm, since i f a latitude range is 

chosen to exclude i t , then the spectral steepening disappears. The longitude 

range in which the steepening is observed is bracketed by three low bins wi th 

a spectrum in agreement w i t h the models of Rogers et al (1988), Bloemen 

(1987) and Bloemen et al (1988). I t could be that the presence of the spiral 

a rm manifests itself either side of the active region whereas between / = 286° 

and / = 289°, CR f r o m TJ Carinae swamp the emission. These spectral ratios 

indicate that the 7/ Carinae region is relatively weaker in high energy 7-rays 

than the spiral arm although the intensity is higher f r o m the Carina Nebula 

region i n al l energy bands. This would seem to imply that the arm is capable of 

accelerating higher energy CR, a conclusion which is reinforced by the distinct 

deficit in q/4:Tr at 800-5000 MeV at the position of T] Carinae in contrast to 

the clear peaJc at the tangent. A t lower energies, there are more 7-rays f r o m 

around both sites. 

Some estimates put the maximum energy of CR produced by the spiral 

a rm shock at 1 GeV (Volk 1987), and since the average proton energy for 

7-rays of energy > 300 M e V is ~ 7 GeV (Rogers et al 1988) r) Carinae should 

be responsible for the particles producing these higher energy 7-rays rather 

than the spiral shock. Volk's calculation is based on an average shock speed 

of ~ 30 k m s~\ and requires v,hock > Vai/ven for a shock to form. W i t h 

B = 3fiG and ~ 3 x 10"^cm"^, Vaifven is ~ 38 k m s"̂  so the inequality 

is not satisfied and the diffusive shock acceleration process cannot work. The 

above calculations are based on the work of Duric (1986) who calculates that, 

providing a shock does fo rm, particles can be accelerated by the diffusive shock 

mechanism to at least 1 GeV w i t h high efficiency; greater energies can in fact 

be attained at the expense of this efficiency. He also notes that protons w i l l 
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be easier to accelerate than electrons because of deflections by the shock, but 

that beyond a few GeV there is a problem in providing sufficient numbers 

of high energy particles. Also, dense neutral clouds provide heavy damping 

for A l f v e n waves preventing the acceleration mechanism from working. The 

preferred site for the acceleration of CR is one which is mostly ionized w i t h 

a temperature of ~ 10'*K in a fa i r ly dense medium. Lower density regions 

require a smaller ionized fraction, typically ~ 10% for the warm intercloud 

medium. Such conditions are often encountered in the interstellar medium. 

The results obtained for the Carina region may be summarised thus: 

between / = 286° and / = 290° there is a deficit of high energy ( > 800 

M e V ) 7-rays below that expected on the basis of local emissivity values, whilst 

the low energy (70-150 MeV) band is slightly enhanced but not prominent. 

Between / = 283° and / = 285°, all three energy bands have a high emissivity, 

indicat ing a possible source(s) of CR. 

The commonly proposed mechanisms for these two longitude regions are 

the spiral shock and stellar wind shock acceleration. The former is expected to 

produce CR to a few GeV whilst the latter can produce CR beyond 10^ GeV 

(Cesarsky and Montmerle 1983, and see also Casse and Paul 1980, Volk and 

Forman 1982). I t would appear then that the f? Carinae region should produce 

the high energy CR whilst the spiral arm should produce more at low energy. 

This is the reverse of the situation that is actually found here and means 

that either CR diffuse f r o m r} Carinae cind interact w i t h the gas associated 

w i t h the spiral arm, or that they are efficiently confined to TJ Carinae cind 

the spiral arm is much more efficient at CR acceleration than has previously 

been estimated, providing of course that no other factors are involved which 

could lower the emissivity (e.g. Q20 is higher in the arm than the interarm). 

Cesarsky and Montemerle argue that H I I regions provide good confinement 

for CR, imply ing that CR are not able to diffuse out of the Carina region 

to produce the extensive emission observed around / = 285°. The proposed 

geometry of the arm also precludes this possibility, as there should be some 

emission longward of T] Carinae as well as towards the tangent, and this does 

not appear at any energy. Although the emissivity is high at the position of 

the tangent, i t must be borne in mind that the line of sight through the gas 

is very long so that the acceleration efficiency need not be very high as there 
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is a great deal of target material. However, what is perhaps more relevant is 

that if the shock can only produce lower energy C R , there should be a steep 

spectral index towards the tangent point. This is not observed and indeed 

the spectrum flattens (Rogers et al 1988, Bloemen et al 1988). Interestingly, 

Blandford (1980) predicts a flatter spectrum from a weak shock even, as the 

C R have a lower effective specific heat ratio than the bax;kgroimd medium. 

The shock velocity must be sufficiently high, however, and this may not be 

the ca^e for a spiral shock. 

W R stars in the arm could be the source of the high energy C R , but there 

are only five within 8 kpc of the Sun between / = 283° and / = 286° and not 

all axe good source candidates since two lie well below the C O and another lies 

between the Sun and the majority of the gas. W R are not therefore expected 

to be the dominant source of C R over the arm. It is, of course, perfectly 

possible that these stars do contribute to the C R budget, but more than two 

are required to explain the observed 7-ray emission. 

Clearly then, there may be a problem with the high energy component 

of the emission that appears to come from the spiral arm (/ = 285°) rather 

than a particulau- active region. The whole of the emission at this longitude 

has been attributed to the spiral shock, but this is not likely to be an accurate 

model as Nature usually has more than one string to her bow. The line of sight 

along the spiral arm allows for a large number of potential C R sources to be 

produced by the shock. Observations of such objects are sparse. W R and O B 

associations are known to occur out to large distances (over 10 kpc) but they 

do not appear to be able to account for the excess at high energies otherwise 

•q Carinae, which contains many of these objects, would then have a flatter 

spectrum than observed. SNR are the one class of objects that are capable of 

producing the high energy enhancement, but none have been reported in this 

region near the Galactic plane (Green 1984, 1987). Some are expected because 

of the large numbers of O B stars which are believed to end as SNe. A detailed 

radio survey of non-thermal sources of the kind performed recently in the first 

quadrant (Kassim 1988) is required in this longitude region. Such a survey 

should be capable of detecting the remnants associated with the spiral arm 

which would provide support for the shock-gas compression-OB star-SNR 

scenario (Elmegreen and Elmegreen 1979), as well as providing high energy 
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C R source candidates. In fact, an analysis of synchrotron emission performed 

by Broadbent et al (1988) ha^ revealed a possible SNR at / = 286°, 6 = 0". 

There is therefore a good chance that more remnants could be found. 

3.5 The Sagittarius Arm. 

If the spiral shock is capable of producing substantial fluxes of higher 

energy C R particles which are then translated into 7-rays above 300 MeV, 

then there should be evidence for enhanced 7-ray emission from other spiral 

tangents around the Galaxy. The ambient conditions elsewhere in the Galaxy 

are not likely to be the same as in Carina, if only because the tangents to other 

arms will not be observed at the same galactocentric radius and there are a 

nimiber a relevant parameters that depend on R (e.g. the shock velocity, am

bient C R electron density etc. ). Attention is restricted here to the Sagittarius 

arm which is seen in the gas profile at a tangent at / = 312°. The various 

spiral tracers that provide a rather confused picture of the Carina arm also 

leave open to doubt the existence of this tangent. There is a large cimount of 

gas at the tangent point, seen as a prominence in the longitude-velocity dia

gram at negative velocities (see for exaunple, Grabelsky et al 1987) although 

it must be noted that the increase in gas at / = 305° is a zero velocity feature 

which is probably local and not connected with the distant spired arm of the 

Sagittarius tangent. 

The greater distance to this tangent will mean that any 7-ray excess will 

be lower than that observed in Carina making the analysis more difficult. 

As expected, the 70-150 MeV emissivity is only marginally enhanced 

around / = 310° probably due to the poor angular resolution. There is a 

small increase in emissivity at 300-5000 MeV at / = 312° which becomes 

more obvious at 800-5000 MeV, in line with the improvement in resolution. 

Little is revealed from an examination of the spectral index Iro-iso/1300-5000, 

because of the errors, whilst /aoo-sooZ-̂ soo-sooo suggests a distinct flattening 

around / = 310° similar to that for the Carina tangent. 

The region between / = 298°.5 and / = 303°.5 containing the large zero 
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velocity cloud has a particvdarly high spectral index indicating that no arm is 

seen at these longitudes. It is the absence of high energy 7-rays that produces 

this low index, rather than an enhancement at low energy so it is particularly 

interesting to note that a number of SNR and pulsars have been detected in the 

region by EXOSAT(WBivfick et al 1988). Presumably these objects have been 

produced by the Sagittarius shock and they might be expected to contribute 

at higher energies and flatten the spectrum, but this is not observed. Such 

observations give considerable support to the idea that it is the spiral arm 

regions that are responsible for the high energy C R component and that it is 

the Galactic shock that provides the acceleration mechanism. 

Thus there is now also evidence from 7-rays as well as gas and optical 

tracers for a tangent point to a spiral arm at / = 312°, i.e. as an increase in 

emissivity and as a flattening of the 7-ray spectrum towards the arm centre. 

For a pitch angle of 6°.2, which is the most commonly quoted value for the 

major arms from density wave theory, Ri ~ 6.8 kpc giving an arm spacing of 

2.1 kpc at / = 0°. A value of i = 9° (i.e. the same as for the Carina arm ) would 

give an interarm spacing of ~ 2.5 kpc. The evidence for this arm in 7-rays is 

weaker than that from Carina because of the greater distance to the tangent 

and consequently more of the gas in the line of sight is not connected with the 

arm. It does give considerable support to the interpretation put forward here 

that most of the 7 emission at / = 285° is due to the spiral arm rather than 

any other source such as 77 Carinae. 

3.6 Conclusion. 

In this chapter the 7-ray evidence for C R sources in the longitude interval 

/ = 270°-320° and latitudes less than 5° has been examined at three energy 

intervals: 70-150, 300-5000, and 800-5000 MeV. The raw 7-ray intensities 

indicate a substantial increase longwards from around / = 280° and declining 

with longitude. Consideration of both molecular gas and neutral HI , using the 

C O to H2 conversion ratio (a2o) = 4 gave an estimate of the total unionized 

gas. Dividing the intensity by the total gas column density gave the emissivity 

for each 1° longitude bin, from which the regions of enhanced C R activity could 
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be determined. 

There are two good source candidates for the production of C R in the 

region: the Carina Nebula and the spiral arm shock. 

The Carina Nebula lies at / = 287°, just below the Galactic plane, and 

contains large HII regions, active stars and the (possibly massive) peculiar 

object, 77, at the centre. This whole complex is clearly seen in molecular gas 

and in H I I emission and has a complicated morphology. The large lower density 

H I I regions have not been included in the total gas colimm density estimates 

used when calculating the emissivities. It has been pointed out that in some 

cases the neglect of this ionised component could lead to significant errors in 

the emissivity. This is not the case in Carina as there are insignificant amounts 

of ionised gas and the error arising from its neglect is smaller than the errors in 

the 7-ray and neutral gas data. However, the presence of low density ionised 

gas has a more indirect effect on the measured flux as it can have a significant 

effect on the ability of the region to produce a shock. Although the Carina 

Nebula is classified as a 2 C G source, the emissivity'derived at higher energies 

is not significantly above that expected from ambient CR-gas interactions. 

As the energy of the 7-rays decreases the emissivity rises indicating that 

the lower energy particles (which are probably electrons) cire more responsible 

for the emission than nuclei. 

At first sight, it is perhaps surprising that such an active region of the 

Galaxy does not appear as a genuine C R source at all energies. When the 

mechanism for C R acceleration is understood, it is in fact to be expected as 

the sound speed in the ionized gas in the Nebula is higher than in the denser 

molecular cloud. This in turn requires a higher velocity for any disturbance be

fore a shock can form and may contribute to the lack of higher energy particles. 

Thus the ionised gas inhibits the formation of shocks and consequently reduces 

the overall C R production efficiency in the region. It is also worth noting that 

if the H I I column density was significant, and there was therefore more tar

get material than is estimated here, then the probability that the Nebula is a 

substantial source of C R would be even less likely. Higher energy particles are 

present in the Nebula since some emission is observed at 800-5000 MeV, but 

the existence of an enhancement above the expected ambient background at 
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low energies only is probably a residt of eflBcient confinement by the ionized gas 

CIS mentioned in section §3.4. This means that the fairly large bins necessary 

in this present analysis to obtain adequate counting statistics would tend to 

smear out any signal from a genuine higher energy C R source. Improvements 

in 7-ray telescope resolution should be able to resolve this question. 

It is at lower energies (70-150 MeV), where electrons are dominant, 

that Tf Carinae becomes more evident. Unfortunately, the spatial resolution 

is poor making the conclusions more tentative. There is evidence from the 

emissivity profiles and the spectral information for a low energy C R source 

at the position of 77 Carinae which shows a high ratio of low to high energy 

particles. Restricting the latitude range of the analysis to exclude the Nebula 

removes the emissivity enhancement suggesting that it is the Carina complex 

that produces these effects. The poor resolution of the 7-ray data is insufficient 

to make a distinction between the source candidates in the area, so whether 

active stars contribute or whether the whole of the emission is from 77 Carinae is 

not clear. The production of low energy particles clearly occurs and such active 

stars are the strong contenders for the production sites. Much better resolution 

must be achieved in order to distinguish between TJ Carinae and other active 

stars, but some support can be given to Montmerle's (1979) contention that 

active stars are able to accelerate C R . 

The second source of C R is just short ward of the Carina Complex and 

lies between / = 280° and / = 285°. The spiral arm contaiins a shock that is 

not as strong as, say, a SNR blcist wave but should still be able to accelerate 

particles to C R energies. The main problems lie in the difference between 

the gas velocity and the speed of sound in the medium and how efficiently 

Alven waves can propagate in the medium. These arguments have been used 

against the whole idea of spiral arm shock acceleration. The 7-ray results 

presented here show that there is an effect directly associated with the spiral 

arm and in the absence of any other more compelling sources such as SNR, 

the spiral shock seems to be the best candidate. SNR might be expected to 

be found near a spiral arm so it is surprising that none have to date been 

observed (Green 1988). SNR only persist in the interstellar medium for up 

to 10^ years before the velocity of the remnant gas is of the order of a few 

kilometres per second, so it could be postulated that the emission is due to 
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C R produced by old remnants that are no longer seen as non-thermal raidio 

sources. The problem then is similar to that of the spiral shock model: the 

shocks will be weak and unlikely to produce the higher energy pjirticles and 

the advantage of the long line of sight through the gas in the spiral cirm that 

could enable the spiral shock to contribute to the higher energies cannot be 

applied to the much smaller old SNR shocks. Also, the numbers of SNR in 

each 1° longitude bin over the line of sight will be small not only because the 

SN rate of one per 30-100 years permits only two every 10^ years on average, 

but the spatial extent of the older remnants will make them more difficult to 

observe. The strength of the evidence that remnants can accelerate C R to high 

energies requires a detailed survey for these objects in this longitude interval. 

They would be better candidates for C R acceleration than the spiral shock in 

view of the problems of this latter model with the weakness of the shock and 

uncertainties about whether it can be formed at all. 

Other source candidates should also be surveyed as the strongest evi

dence for the spiral shock producing the C R is that there is no other source 

candidate in the region. Pulsar surveys, for example, are still under-sampled, 

and these objects could certainly be responsible for some of the emission as 

the 'halo' aroimd the Vela pulsar found in Chapter 2 showed. There may be 

some pulsars that axe undetected as yet, or are undetectable because the angle 

of the radio pulse emission does not intersect with the line of sight. Until the 

survey is complete, the numbers expected in any line of sight are still highly 

uncertain. Also, distributed reacceleration has recently been suggested (e.g. 

Giler et al 1987a,b, Osborne and Ptuskin 1987, Letaw et al 1987, Wandel 

et al 1987) as a mechanism for the production of C R in spiral arms. There 

are problems with this model however, in that the resulting primary to sec

ondary ratios do not appear to be correct. Modifications of the theory might 

resolve such diflBculties and the numerous weak shocks expected in a spiral 

arm may then be a significant contributor to the C R flux. 

Estimates of the Galactic 7-ray point source population undetected by 

C O S B have been made by a number of authors. Since point sources are likely 

to be associated with spiral arms and their enhanced gas density, it is possible 

that it is such a population that contributes in this longitude region. The 

nature of these sources is open to speculation; pulsars, Geminga-type objects, 
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young SNRs such as the Crab, or obsctired active stars in regions of high gas 

density have all been suggested. 

The positions and distances of W R and 03 stars are such that they are 

unable to accoimt for the emission. In addition, there is excess 7-ray emission 

at higher energies at the location of the Carina tangent that is not present 

in the Carina Nebula where such stars are relatively common. The evidence 

would thus seem to point away from active stars being responsible for all the 

emission, although those stars that are distant and obscured could still mcike 

a contribution at lower energy. 

In the absence of any other source that is both consistent with 7-ray ob

servations at other longitudes and is actually observed, the spiral shock model 

would appear to be the only remaining viable candidate. Alternative, hypo

thetical sources associated with the spiral arm can be put forward, such as SNR 

or pulsars, but these will remain speculative until the required observations 

for the alternatives are made. 

There are problems with the spiral shock acceleration mechanism how

ever, as it is not expected a priori to produce the higher energy C R necessary 

for the > 800 MeV 7-ray emission. Certain parts of the gas distribution can 

be selected by restricting the latitude range of the 7-ray data to exclude Tj 

Caxinae, rather than just talcing the whole latitude range of the molecular gas 

data, namely |6| < 5°. The velocity information of the C O data can be used 

to distinguish those molecular clouds that are in the arm and lie at various 

distances from the Sun. This is what Cohen et aJ (1987) have done. It is found 

that the excess emission follows the arm to greater heliocentric distances and 

is therefore associated with the arm generally and not just the tangent. This 

does not eliminate any of the sources mentioned above cis they are expected 

to follow the shape of the arm. However, it does reduce the probability of 

the excess being associated with a more local source. Restricting the latitude 

range in such a manner decreases the number of bins over which the average 

is taken which consequently increases the uncertainty in the 7-ray intensity 

and makes the association of the excess 7-ray emission with the arm open to 

doubt. Hopefully, when much improved spatial resolution 7-ray measurements 

are made, the photon counting statistics will be sufficient to begin to attribute 
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7-ray fluxes to gas at various distances. 

In conclusion, the Carina region of the Gjdaxy remains one of the most 

fascinating parts of the Galaxy because it offers a view towards a spiral arm 

uninterrupted by large quantities of dust or other obscuring material. There 

are now strong candidates for C R sources both in the Carina Nebula and 

also towards the spiral arm tangent. Active stars and/or T] Carinae seem to 

provide lower energy C R responsibleJor-the low C O S B energy 7-ray energy 

band emission observed from the Nebula, whilst in the absence of a more 

compelling source, the excess near the tangent has been ciscribed to the spirad 

shock believed to be contained in the arm. More observations at radio cind 7-

ray wavelengths are needed to clarify the nature of this complex region. 7-ray 

measurements with improved spatial resolution and photon counting statistics 

axe the most important for C R studies. 
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Chapter 4. Cosmic Ray Variations. 

4.1 Introduction 

The study of cosmic ray ( C R ) variations is one that brings together many 

disciplines. From a C R physicist's point of view, the temporal variations of 

C R axe most important as paxt of their overall study, giving information about 

not only their past and present characteristics but also about their possible 

future behaviour. For example, such information can be used to tackle the 

problem of the formation of the solar system, or perhaps give some indication 

of the frequency of geomagnetic reversals. Cosmic rays continually bombard 

material in the solar system, some of which is accessible for analysis: Moon-

rock and dust, meteorites, the atmosphere and lithosphere of the earth are all 

targets that bear scrutiny. Cosmic rays produce Vcirious cosmogenic nucUdes 

in these targets that may or may not be radioactive, and the queintity of this 

material provides information about the C R exposure time of the target and 

any intensity variations. Excellent reviews of these matters may be found in 

the last two C R conferences (Povinec 1987, Raisbeck 1985) and of earlier work 

in the review by Lai (1974). 

Some methods for investigation of C R variations (e.g. meteorites and 

lunar material) give an 'integral' response to a given C R fluctuation, and hence 

give the mean production rate of the nuclide over the exposure time of the 

target. Such an average is of little value when actual time histories are required 

and therefore, studies using 'differential' detectors are required (e.g. ^°Be in 

core samples or ^'*C in organic reservoirs such as tree rings). Each sample 

contains a time sequence that records the different radionuclide concentration 

at each epoch. One difficulty is that samples must be independently dated to 
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obtain an absolute time history. The use of studies of C R variations can be 

typified by the studies of solar phenomena (Burchuladze et al 1980, Povinec 

1977, Stuiver and Quay 1981). For example, ^''C in tree rings is anticorrelated 

with sunspot numbers in the 11 year solar cycle. ^°Be results from polar 

ice have revealed a 20 year periodicity in solar activity during the Maunder 

minimum (Galli et al 1985). 

For the timescales covered by this chapter, ^°Be is one of the best can

didates for studying the C R history of the Solar System. It has a half-life 

of 1.5 X 10^ years and can be detected in cores from both Antarctic ice and 

the ocean bed. Ice cores and ocean sediments have been obtained with ages 

to 2 X 10^ years. The isotope is produced by the spallation on atmospheric 

^^N by protons and then diffuses down from the stratosphere, being deposited 

within a few weeks on to ice Or the shallower ocean layers. Up to a further 

3 X 10^ years are required for the radionuclide to reach the ocean sediments. 

With such a complex time history, there are many factors which can alter 

the amount of ^°Be produced and/or the deposition rate before it reaches the 

(hopefully) stable reservoir. Fluctuations in this record can be attributed to 

solar phenomena such as the 11 year sunspot cycle and Maunder-type minima, 

to geomagnetic effects such as field reversals, and also to climatic conditions. 

Each of these variations has a different timescale ranging from the 11 yeas 

sunspot cycle to the 10^ year period of geomagnetic effects. '̂*C measurements 

can be used over the last 10"* years and are thus excellent monitors of C R fluc

tuations during this period. Finally, the C R variation that is considered here 

is that due to phenomena external to the solar system, and in particular, that 

attributable to supernova (SN) explosions. For such work, ^°Be is the most 

suitable isotope having a long half-life and a means of deposition that allows 

a differential-type of detection. 

In this chapter, a Monte-Carlo model which has been developed for 

studying the long-term variations in C R intensity is described. The results 

obtained thereby are compared with the observed fluctuations in the record 

of ^°Be and other cosmogenic radioisotopes with similar half-lives. Conclu

sions about the model are drawn from this comparison and suggestions about 

improvements to it are made in the light of continuing improvement in the 

data. 
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4.2 ^°Be measurements 

Many groups of reseau"chers around the world have taken core samples of 

polar ice or ocean sediment and using sensitive mass spectroscopic techniques 

have measured the quantities of ^°Be present at various depths. The indepen

dent dating of the core allows the age of the sample to be determined. The 

half-life of the isotope is quoted above (1.5 x 10^ years), but is only accurate 

to 20% and various methods of measirrements have given (1.6 ± 0.2) x 10 ,̂ 

(1.5 ± 0.3) X 10«, and (1.7 ± 0.4) x 10« years. Raisbeck et al (1985) adopt 

( 1 . 6 ± 0 . 3 ) X 10^ years in their earlier work but use (1 .5±0 .3 ) x 10̂  years in more 

recent studies, as do Tanaka and Inoue (1979). The most recent measurements 

(Hofmann et al have determined the half-life to be (1.51 ± 0.06) X 10^ years. 

Figure 4.1 contains the data from six ocean core samples of Tanaka and Inoue 

(1979) and Tanaka et al (1977) as well as that of Raisbeck (1985). 

The ratio of ^°Be to ^Be is used in the more modern measurements as 

an attempt to compensate for deposition fluctuations in the ocean sediment 

and acts therefore as a 'normalising' species. 

Data Set a b 

1 2.56 ± 0.31 -0.318 ± 0.076 
2 2.76 ± 0.42 -0.374 ± 0.123 
3 2.40 ± 0.25 -0.400 ± 0.068 
5 1.53 ± 0.20 -0.365 ± 0.088 
6 1.02 ± 0.16 -0.288 ± 0.096 
R 6.54 ± 0.518 -0.486 ± 0.012 

Table 4.1 

If a least-squares fit is performed using an exponential of the form ae***, 

values for the decay constant (= 6) can be obtained for each of these data sets. 

Table 4.1 summarises these results. The units of parameter a for each data 

set are the same as in Fig. 4.1 and multiplied by an appropriate power of ten. 
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Figure 4.1a 

The >°Be concentrations in six ocean core samples. The ordinate units are disintegrations per 

minute per cm~'. From Tanaka and Inoue 1977 and 1979. 
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Figure 4.1b 
'"Be data from Raisbeck (1985). A typical error is shown. 

The half-life may be calculated from b according to: T1/2 = ((log^ 2)/6) x 10^ 

years. Set 4 has been ignored as the time sequence is not co-extensive with 

the others. 

The most obvious fact evident from this table is that the Tanaka and 

Inoue samples have half-lives greater than the expected value, 1.5 x 10^ years. 

This figure is within the errors for most of the samples, but the values of the 

half-lives are not uniformly distributed about it. The Raisbeck data, however, 

imply a half-life of less than 1.5 x 10^ years and have a much higher precision 

since they were talcen from a core with an age of over ~ 5 times longer than 

the cores of Tanaica and Inoue. Even over the shorter times of ~ 2 x 10^ 

years of these authors, no geomagnetic or solar effects are expected to mani

fest themselves and Nishiizumi et al (1980) find that the flux of solar C R has 

also been constant over the past ~ 10^ years. That the hcdf-life of ^°Be as 

estimated from the data does not equal the laboratory value indicates a trend 

in the data. Either a new very long-term geomagnetic effect is evident, or 
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there is some deposition effect, or it is due to C R variations. The sense of the 

trend for the Tanaka and Inoue data is different from the Raisbeck data. The 

Tanaka and Inoue data indicate that the ^°Be production rate h ^ been drop

ping with time to the present, whilst Raisbeck finds that the production rate 

was lower in the past. Any model of C R variations must discriminate between 

these the Raisbeck results and those of Tanaka and Inoue, but a priori, the 

Raisbeck data are expected to be more accurate firstly because the measure

ments extend to nearly 10^ years and therefore the estimate of the half-hfe is 

more precise, but also because the accuracy of the measurements themselves 

has improved with the use of new spectroscopic techniques. The Tanaka and 

Inoue data can be fitted with a function of the form given above, but also with 

a linear function. The least-squares error on the gradients obtained in both 

cases are similar. The problem with the analysis is that there are not enough 

measurements and the scatter in the points is too large to permit an accurate 

assessment of the long-term trend. 

The latest analysis of an ocean core (Bourles et al 1988) has just been 

completed but imfortimately was completed too late for this analysis. Briefly, 

the long-term trend is apparent in the data by a linear regression fit. The 

apparent 'half-life' of the cores was found to be in all cases lower than the 

theoretical value indicating a slow increase in the amount of ^°Be relative to 

^Be with time to the present. The half-life determined from different sections 

of the core gave values either in rough agreement with or slightly lower than 

the 'R ' value in Table 4.1. 

The long-term trend in the data sets can be easily demonstrated by 

subtracting the expected ^°Be values from those observed using a half-life of 

1.5 X 10^ years and normalising to the present day {t = 0) using the intercept 

from the least-squares fit. Fig. 4.2 shows the result of this subtraction. 

It is clear that nearly all the points lie below the expected (i.e. 1.5 x 10^ 

years half-life) curve showing that the observed production rate of '°Be is 

lower than expected over the whole time-span of the measurements. Another 

method of displaying this trend is to multiply each ^°Be/^Be measurement 

by the exponential decay term, e*^'^' (where Ti is the lifetime), to find the 

initial value predicted at that time. This has the advantage of not requiring 
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Figure 4.2 
Percentage deviation of '"Be data from expected curve using a half-Ufe of 1.6 x 10« years. Dataset 

4 has been excluded. 
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normalisation at the present, but also shows the trend quite clearly. (Fig. 4.3). 

In the Raisbeck data (denoted by 'R' in the figures), there are four positive 

points which were thought to be evidence for C R excursions at those times 

by indicating higher ^°Be production at those times. (See Chapter 5 for the 

latest results on the excursions.) 
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Figure 4.3b 

i°Be data from Raisbeck (1985) multiplied by e<'/'') 

It is proposed by the present author that this long-term increase is a 

result of the motion of the solar system through the Galaxy and not is due 

to any geomagnetic effects. There is support for this idea from a number of 

authors using a variety of techniques and different radioisotopes. For example, 

Raisbeck argues that over timescales greater than 10'' years geomagnetically 

induced variations of C R intensity should be attenuated. Kohl et al (1978) 

indicate that the solar C R flux is constant over the past (1 —10) x 10^ years from 
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measurements on lunar rocks. Voshage (1967) finds Galactic CR intensities 

30% lower in the past 10^ years than in the last 10^ years contradicting the 

Tanaka and Inoue results. This is confirmed by Hampel and Schaeffer (1979) 

in their work on ^^Al in iron meteorites. 
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Figure 4.4 

C R intensity variations about the contemporary value from an analysis of cosmogenic nuclides. 

o.Terrestrial samples, b. Non-terrestriaJ s^mlples. Meteoritic data is shown with a thick line, limar data 

with thin. The full and broken curves represent the model predictions of Bhat et al (1987) with Z? = 5 X 10^* 

and D = 5 X lO^^cm's- ' respectively. Refs.: A: Dergachev ct al 1983, B : Kocharov and Konstantinov 1983, 

C : Raisbeck 1985, D: Tanaka and Inoue 1979, F : Nishiizumi et al 1985, G : Tokar and Povinec 1983, H : 

Voshage 1984. (This figure is taken from Bhat et al 1987.) 
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Bhat et al (1987) proposed a simple model for the energy density vari
ations expected at the Eaxth due to CR produced by supernova remnants 
(SNR). A Monte-Carlo approach was used with a model of both the SNR shell 
and of the subsequent diffusion and loss from the Galaxy of the CR produced 
by the SNR. The model produced variations in CR intensity that did not con
tradict the results from ^°Be and numerous other radioisotopes. (Fig. 4.4). 
Using an autocorrelation technique, long-term variations were investigated and 
a distribution function of energy density values found. (Fig. 4.5). From this, 
the probability of a given increase in CR energy density (and therefore in '°Be 
production) was calculated and hence the probability of a certain number of 
fluctuations away from the expected value in a given time period. The re
sults suggested that the two possible excursions mentioned earlier i.e. the four 
points in the Raisbeck data available at the time the paper was written(Fig. 
4.1b) were consistent with the model in that they had the amplitude and 
width similar to that expected from a 'local' supernova. However, subsequent 
improvement in the data (by taking more core samples) have prompted the 
statement by Raisbeck (1988) that these excursions are not present any longer, 
but the latest results allow the possibihty of an excess around 8 x 10^ years 
ago. (The long-term increase is, however, still evident.) The lack of excesses 
poses a problem for the Bhat et al model as the predicted probability of there 
being no 'local' supernova within the time period of the *°Be observations is 
rather low. Therefore, refinements are required to this model to bring it into 
line with the new observations. Indeed, Povinec in his invited talk to the 20th 
International CR Conference in La JoUa urges further work along these lines 
(Povinec 1987). A further problem with the Bhat et al model is that i t does 
not produce the canonical energy density value of leV cm~^ (Ginzburg and Sy-
rovatskii 1964), but values of at least a factor of six times higher. Naively, one 
might expect that the average energy density predicted by the model would 
not be this canonical value, but further consideration reveals that if the model 
is to be at all credible, the value produced must bear some resemblance to that 
found in nature. The reason is that the construction of the model is based on 
actual functional relationships between the age, radius and energy expected 
for a SNR. These equations should produce sensible results when combined in 
the model. A further critisism of this model can also be made which leads nat
urally to improvements described in later sections. The critisism is this: the 
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probability per unit area of the Galactic disk of a SN occurring in a given time 
was taken in the Bhat et al model to be the same in ail directions. Clearly, 
in the real Gcilaixy this is not the case. Observations of external galaxies show 
spiral patterns that are delineated by bright stars (usutilly OB associations), 
giajit H I I regions and areas of obscuration. H I and CO observations also show 
this spiral structure revealing that giant molecular clouds occur mainly in the 
arms (Fig. 4.6). (Stark 1979, Dame 1984). I t is well documented that SN oc
cur in or near OB associations and giant moleculeir clouds (Montmerle 1979a,b 
and references therein) and this observation is backed up theoretically with the 
prediction that the more massive cind luminous the star the shorter its lifetime 
and the more likely i t is to end its days as a SN. 

The modelling of temporal variations needs improvement and some of the 

ways this may be achieved have been discussed above. The elements necessary 

for the new model wil l now be introduced. 

4.3 Past History of the Solar System. 

4.3.1 Introduction. 

The past history of the Solar System is an integral part of the problem 

of CR variations. An extensive literature survey has been made for evidence 

of events in the past that may have had a bearing on the CR energy density 

at the Earth. Such events include local supernovae (SNe) (where 'local' is 

left undefined at present but certainly < 1 kpc), solar crossings of a spiral 

arm, encounters by the Sun with giant molecular clouds etc. Also needed is 

the spatial velocity of the Sun with respect to the Galaxy as a whole (both 

motion in the Galactic plane and perpendicular to i t . ) Such a survey covers 

a great many interesting topics from mass extinctions of flora and fauna and 

the possibility of a solar companion, to the local galactic mass density and 

galactic dynamics. 
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Model predictions of the frequency distribution of the relative energy density t / < £ > at the Earth 
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the model data (full line) modulated with a Gaussian noise approximately equal to that of Raisbeck (1985). 
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being explicitly observed. This figure is taken from Bhat el al 1987. 
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Figure 4.6 
Diagram showing molecular gas ( C O ) clouds in spiral arms. 

4.3.2 The Local Interstellar Medium. 

The local interstellar medium (LISM) consists of matter in many differ

ent states of ionization and having a wide variation in temperature (Paresce 

1984). The region near the Sun (3—6 pc) contains neutral gas surrounded by 

a hot plasma. This neutral gas is warm ( (12 ± 3) x 10^ K) with a density 

of ~ 0.05 cm~^. Soft (< O.SkeV) X-ray background measurements indicate 

temperatures of 10^ 10^ K with n ~ 0.01 0.001 cm"^, and suggest that 

beyond the 'near' region, the average plasma density falls with increasing dis-
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tance from the Sun. One model for the LISM proposes that a shock front 
passed the Earth within the last 10^ years since this would explain the X-ray 
observations and also provide a source of energy to maintain the temperature 
of the warm clouds. If the shock front was nearby (~15 pc from the Sun) i t 
would cause the disruption of grains and dust that may have been present at 
one time, thereby explaining the lack of dust in the LISM. (Perry, Johnston 
and Crawford 1982, Crutcher 1982.) 

The Sun moves in the LISM region with a relative velocity of 15-20 
kms-i towards / = 55°, b = 23° (Bruhweiler and Kondo 1982, Frisch 1981). 

The X-ray data mentioned above, along with other such observations 
have prompted Sanders et al (1977) and Davelaar et al (1980) to suggest that 
the Sun is immersed in the hot gas bubble produced by a local supernova. An 
age of 2 X 10^ years is suggested for the SN, roughly consistent with estimates 
which show that the average CR intensity increased about 2.5 x 10^ years 
ago (Nishiizumi et al 1980, Muller, Hampel and Kirsten 1981). A candidate 
for this SN is the large feature known as Loop I or the North Polar Spur. 
The centre of this structure, if spherical, lies ~130 pc away from the Sun, 
with a radius of ~115 pc. I t appears as a shell in 21 cm radiation and in 
X-rays, but the temperature of the X-ray emission is not consistent with the 
age and energy of the SNR implied by the size of this shell. Thus, it has been 
proposed (Iwan 1980) that this SNR reheated a second SN explosion with a 
age of 2 X 10^ years and initial energy of 6 x 10*° ergs. Loop FV is the prime 
candidate for this role. Ikeuchi (1978) on the other hand, proposes Loop I as 
the SNR that reheated the circumsolar bubble, but this does not seem Ukely 
in view of the neutral gas sheet lying in front of Loop I . Davelaar et al (1980) 
propose an old cooling-phase SNR to explain the local hot region, with Loop 
I located in a cavity created by winds from the Sco-Cen OB association, with 
which Loop I may be associated (Weaver 1978). Weller and Meier (1981) 
measure the interstellar helium component near the Sun and conclude that 
the photo-ionization rate of the gas is substantially higher than expected from 
either soft X-rays or CR, but can be explained by UV radiation from hot stars. 
Morfi l l and Hartquist (1985) review the evidence for SNe activity in the solar 
neighbourhood over the last few 10^ years. They use estimates of the loced ^®A1 
production rate and derive the 7-ray line flux from i t , concluding that the Solar 
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System is immersed inside an old 'superbubble' (Innes and Hartquist 1984). 
This *^A1 emission is not inconsistent with a recent local SN, but when the 
galactic emission is taken into account, the evidence becomes 'less compelling'. 
Additionally, high measurements of the ^®A1/̂ ^A1 ratio in meteorites show that 
if there is a local origin for ^^Al then special conditions must have prevailed 
when the Solar system formed. 

Forman and Schaeffer (1979) estimate that only SN explosions within 

100 pc of the Sun could lead to an observable excursion from the background 

CR flux. This gives a first approximation for the term 'local'. 

There are problems with finding a candidate SNR responsible for the 
conditions prevailing in the solar environment. The gas front forming part of 
the shell of Loop I , for example, does not appear to have reached the Sun, 
and some authors do not consider some of the other giant radio Loops to be 
real features. Apart from SNR, there are objects capable of producing these 
conditions. Stellar winds from OB stars and their ionizing UV flux seem to 
provide the most likely source of the hot gas. However, this does not explain 
the observed increase in the CR intensity around 2.5 x 10^ years ago. 

Studies of the young star distribution around the sun have revealed two 
belts or extended associations of stars. One is associated with the galactic 
plane, and the other is known as Gould's belt (Gould 1874). Frogel and 
Stothers (1982) have analyzed the motion of this belt and concluded that 
there was some disturbance that 'knocked out' a slab of gas from the Galactic 
plane. The stars that have condensed from this slab now form Gould's Belt. 
Unfortunately i t seems that this occurred approximately 2x10^ years ago and 
therefore it is unlikely to account for the observed increase in CR intensity. 
However, suggestions about disturbances of this sort must be borne in mind 
because whatever phenomenon created this belt might also have caused an 
increase in CR intensity lasting much longer than the initial disturbance. 

Finally, the idea that the Sun may have interacted in the past with the 

Orion molecular cloud complex must be dealt with. Such an encounter was 

considered a possibility in view of the proximity of the complex and would 

have had consequences not only for the CR intensity near the Ejirth, but also 

on the Sun's motion around the Galaxy. 
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From the literature, the mean centennial motions in Right Ascension 

and declination are: 

< ^•a > = —0.45 ± 0.45 seconds of arc. 

< Us > = —0.1 ± 0.5 seconds of tire. and the radial 

velocity is +23.0 ± 8.1 km s" .̂ Orion is currently at an approximate position 

of (/, h) = (206°, -18.°75) at ~450 pc (Blaauw 1956, Strand 1958, Lesh 1968, 

Warren and Hesser 1977, 1978) 

Converting these numbers into motions in and perpendicular to the 

Galactic plane, and using the Sun's velocity with respect to the local stan

dard of rest (LSR) as motion in its epicycle about a point moving around the 

Galactic Centre with a constant velocity (Woolley 1969, Allen 1973, Delhaye 

1965 and §4.3.4), then the closest approach of the Sun to Orion was around 

~ 1.5 X 10^ years ago at a distance of ~200 pc. 

This calculation relies on measurements of the velocities of the Sun and 
the Orion complex and neither quantity is well determined. The errors in the 
derived motions of the Orion complex are considerable, but i f the presently 
accepted values are of the right order then it does not appear likely that such 
an encounter took place. The dynamical history of the two objects cannot be 
known with certainty over times ~ lO^years or more, so an interaction cannot 
be ruled out altogether. Unfortunately, little more can be said until more 
refined observations are performed 

4.3.3 2-motion and Cosmic-Ray variations. 

The components of standard solar motion are (Allen 1973): 

X = 10.4 kms-^ (towards / = 0° = 0°) 

Y = 14.8 kms-i (towards / = 90° ft = 0°) 

Z = 7.3 kms-» (towards h = 90°) 

The values are somewhat dependent on the stellar class and sample used 

The motion perpendicular to the Galactic plane has an amplitude of 80 

pc, with the Sun currently about 10 pc above the plane and moving in the 
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positive z-direction. Usually this motion is assumed to be simple heirmonic of 

the form: 

z = Asmuj{t + T) 4.1 

with A = SO pc, z = 7.3 kms"^ and z = 10 pc at < = 0 (the present) implying 

that the last two Galactic plane traversals by the Sun occurred at 1.3 x 10^ 

years and 3.2 x 10^ years ago. The oscillation has a half period of 33 x 10^ 

years. 

This 2-motion has been used by a number of authors to provide a dis

turbing influence on the Solar System via, for example, the gravitational in

teraction of giant molecular clouds and the Oort comet cloud. (Rampino and 

Stothers 1984, Innanen et al 1978). I t has been argued that these interactions 

may explain mass extinctions seen in the geological record which seem to have 

a frequency of 33 x 10^ years. 

Such arguments have been the subject of controversy (Thaddeus and 

Chanan 1985). I t has also been proposed that the solar z-motion would have 

an effect on the CR intensity at the Earth, and consequently be visible in the 

radionuclide data. Schwartz and James (1984) argue that the intensity of CR 

(or soft X-rays) might increase with z, as there is less absorbing material higher 

above the plane. Schaeffer (1979) on the other hand, combines the radionuclide 

data with a CR intensity profile of the form = /oe^"!*!/̂ '"^ to derive a scale 

length Zr for the CR of 100 pc. If this were the case then there would be a 

factor of two increase in the CR intensity as the Sun moved from z =80 pc 

to the Galactic plane over the past 18 x 10^ years. Clearly, this is rather too 

high to be consistent with the latest ^°Be data (§4.2). I t seems likely therefore 

that the use of such a simplistic CR profile must be questioned. If the CR 

were to follow the Gaussian gas distribution with a F W H M of 220 pc (Burton 

1974) then the variations over the same period would have been ~ x l . 4 — 

which is more consistent with the data, although still rather high. For the 

present, a simple exponential wiU be used, and the half-height predicted by 

the radioisotope data calculated. 

Using the data of Raisbeck (1985) and assuming that the ^°Be/^Be 

(= B) concentration ratio is proportional to the CR intensity then: B = 
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5oe"'''^'/oe"l^l/*' where z is given by Eqn. 4.1 and T/ is the *°Be lifetime. 

Putting this into a suitable form and performing a least-squares fit, Zr was 

found to be 270± Vo" pc. Fig. 4.7 shows the fit. Leaving out the four high 

points at around z = 35 pc and 2 = 46 pc from the fit, Zr drops to 190± 4 ° pc. 

This value compares favourably with the gas scale height, and hence within 

the errors the slow increase in ^°Be concentration relative to ^Be over the past 

10^ years could be due to the Sun's motion within a gas disk of scale height 

190 pc. I f the scale height were less than this, it would mean that the 2-motion 

'over-compensates' for the slow increase in ^°Be concentration, implying the 

necessity for extra CR activity at earlier times. Alternatively, if the CR do ex

tend beyond the gas (as seems likely) (Kniffen, Fichtel and Thompson 1977), 

then there is still a deficit in CR activity to be made up, i.e. not all the increase 

in ' °Be concentration can be attributed to the Sun's vertical motion. 

The model of solar z-motion producing the observed increase in ^°Be 

115 



with time is just one extreme of a whole r<inge of models. The other extreme 

is to consider that any effect on the CR intensity produced by the 2-motion is 

negligible, and that all the CR intensity variations deduced from the radionu

clide data are the result of solar motion in the gcilactic plane. At present, 

there seems to be no way of disentangling these two effects and one or other 

model must be chosen. As there seems to be much evidence that CR leak 

from the galactic disk and therefore have a scale height greater than of the 

gas, the effect on the CR intensity due to the z-motion will be set aside, and 

solar motion in the Galactic plane will be examined. 

4.3.4 Solar motion in the Galactic Plane. 

As a good first approximation, the Sun's orbit around the galactic centre 

is an epicyclic one. This is defined as follows. If a small perturbation is made 

to an object in a Keplerian orbit, a peculiar velocity is developed in both radial 

and angular directions causing i t to move in an epicycle about the path of the 

original orbit. I t is easily shown (Bowers and Deeming 1984) that the epicyclic 

frequency K of this peculiar motion at a given galactocentric radius is: 

2 2 0 2 r , . i^o dOc 
K = 1 + 

00 dR 
= 2n^ 

R^^dQ 
^ 2n dR 

4.2 

where 0 c is the circular velocity, 0o is the local circular velocity, R is the galac

tocentric radius, R^ is the Sun-Galactic centre distance, and f i = Qc{R)/R 

The displacements {i,T]) in the radial and angular directions are given 

by: 

^{t) = Hi sin Kt 4.3 

and 

. . 20ono , A A 

where K is evaluated at i?o and Ho = ^(0) in the solar neighbourhood K -

31.62km s-'kpc-', n = ^ = -10.4km s-̂  and 0 = f) = 14.8km s'' 
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Putting in these figures the Sun is currently close to perigalacticon, 
nearly 300 pc inward (i.e. nearer the Galactic centre) of the epicyclic cen
tre and trailing ~500 pc behind i t . These values may be compared to earlier 
results by Woolley (1969). I t is interesting to note that, using his figures with 
a spiral arm width of 0.8 kpc and with the arm parameters of Yuan (1977), 
the Solar System last crossed a spiral shock ~ 2.5 x 10* years ago. As a con
sequence, for such a 'grand design' spiral pattern, there should be no evidence 
for such a shock in most radionuchde measurements. 

4.3.5 Spiral Parameters. 

The Galajcy, according to the density wave theorists and some observers, 
consists of a grand design spiral pattern that extends throughout most of disk. 
Several equations have been used to describe the spiral of which R = A + B6 
and R = Ae^^ (Weaver 1970) are two common examples. The most commonly 
used equation is of the form: i i = i?/e*^^' where <!> is the azimuthal angle, 
Ri is a scale length and i is the inclination angle of the arm, defined as that 
angle between the tangent to the arm and the tangent to a circle at that point. 
Chapter 3 deals with the Carina region of the G«daxy and the various estimates 
of i are discussed there. Here, i t is suflBcient to state that the values of i and 
Ri used are those of Yuan (1970, 1977) for his global pattern. 

This pattern rotates with «m angular velocity flp that is derived from 

density wave theory. A value of 15 km s~^kpc~^ was found initially, but when 

the thickness of the gas disk was taken into account, this dropped to 13.5 km 

s~' kpc~^ (Lin 1977). It is this last mentioned value that is used here. 

The gas density contrast between the arm and interarm regions is com

monly taken as 3:1 (Kniffen, Fichtel and Thompson 1977) from observations 

at 21 cm and in the optical waveband. The width of the arms is another uncer

tain quantity. Commonly used values are ~ 0.5 1 kpc, obtained both from 

observation and theoretical work. (Innanen, Patrick and Duley 1978, Roberts 

1970, Pawsey 1965). 
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4.4 The Model. 

4.4.1 Introduction. 

In a series of papers produced by the Durham group on CR from SNR 
(Bhat et a/1986a,b, 1987) Monte-Carlo simulations of the temporal and spatial 
intensity variations of the Galactic CR-^ere made. The hypothesis in these 
papers, and the one employed here, is that CR are produced by the shock-
acceleration mechanism widely discussed in the literature (for example. Bell 
1978a,b, Blandford and Ostriker 1978, Blandford and Cowie 1982). A feature 
of this mechanism is that the energy input into CR is not made at once at 
the initial explosion, but over a period of time as the remnant expands. I t 
is unlikely that the remnant will have a uniform CR density inside (Bogdan 
and Volk 1983) because the acceleration mechanism does not smooth the CR 
distribution over volumes the size of a SNR. 

In common with most analyses, the SNR is assimaed to spherically sym

metrical and expanding into a uniform medium. This is an assumption, but 

any other more realistic geometry is considerably more difficult to handle both 

analytically and numerically. As the remnant expands the energy content of 

accelerated nuclei (protons) is given by: 

Ep = 2.8 X lO '̂V^-^ergs 4.5 

where r is in parsecs. Equation 4.5 is within a factor of two of the estimate of 

Ep given by Blandford and Cowie (1982). Bhat et al (1986b) show that such 

a relation is consistent with the estimated CR energy in the Loop I SNR. 

During the CR acceleration phase, the expansion proceeds as: 

r = 0.66<°''pc 4.6 

where i is in years, and the energy density is given by: 

e{t) = 1 9 . 1 6 r ° - 2 e V cm"^ 4.7 
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In Bhat et al (1986a), this «icceleration phase is followed by an adiabatic loss 
phase and fiucJly the CR are allowed to diffuse away into the Galaxy. Here, 
as in Bhat et al (1987), the second pheise is neglected. The diffusive phase 
i.e. the one in which CR diffuse away from the remnant, is characterised by a 
diffusion constant £ ) , c i n d diffusion occurs from the end of the previous phase 
(when r =130 pc) tmti l the escape time r is reached. At this point, the CR 
are assumed to escape entirely from the Galaxy and no longer contribute to its 
energy density. The CR diffuse away from the SNR site in a sphere of radius 

X = \/2Di 4.8 

where t is the time since diffusion began. Strictly, for three dimensional dif

fusion the factor 2 in Eqn. 4.8 should be replaced by 6, and an anisotropic 

diffusion constant D should be used. Ginzburg and Ptuskin (1985) quote 

~ 6 when the smooth magnetic field component equals the random 

component. Also, the diffusion constant D is not a well established quantity 

but is probably in the range: 5 x 10^̂  -+ 5 x 10^* cm^s"^ 

As these CR diffuse away from the SNR, their contribution to the energy 

density is given by: 

€{t) = 3.01 X lO^rjd-^V cm'^ 4.9 

where T; is an efficiency factor and d is the diameter of the diffusion volume 

given by: 

d = X + mpc 4.10 

For 77=1, 55% of the available energy from the SNR goes into CR. Volk et al 

(1984) have estimated rj to be in the range 0.5 < r? < 1. 

Such equations are obviously approximations and many of the simplifi

cations are necessary to malce the problem tractable, as well as for ease and 

speed of computation. As the simulation is performed over a great length of 

time compared to the lifetime of a typical SNR (a few 10^ years), the results 

are not expected to be significantly different from those from a more accurate 

SNR model. This assumption can only be tested with such an accurate SNR 
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model, but improvements that may be made to the simulation described here 

are discussed in §4.6. 

4.4.2 An Analytical and One-dimensional Model. 

As part of the work involved for Bhat et al (1987), a one-dimensional 
-Monte=^Carlo model was developed using the above parameters for the SNR and 
CR. A Poisson distribution random number generator was used to assign SNR 
to radial bins a specified distance away from the Earth, up to a maximum given 
by ^ m a x = V ^ 2 £ ) T . The SNR were allowed to occur in the bins at random and 
the CR energy density resulting -was followed at the Earth for 10* years. Three 
parameters were varied: the CR escape time, r , the diffusion coefficient,/) and 
T the step length of the integration. Values of the average energy density, 
< € > , over the whole simulation run were obtained for each set of these 
parameters, with the averages taken only after equilibrium had been reached. 
This usually required r / T number of integration steps to achieve this. The 
results were compared to an analytical model using the same parameters. It 
was found that the two models agreed to within 4% in their predictions of 
the energy density. As the diffusion constant was increased from 1.8 x 10^* 
to 1.7 X 10^^ cm^s"^ the energy density dropped smoothly from 2.8 to 1.1 eV 
cm"^. Increasing the escape time from 6.7 x 10^ to 6 x 10^ years produced a 
smooth increase in < e > from 0.9 to 3 .2 eV cm~^. As a test of the stability 
of the program, the time step T was varied from 3 x lO'' to 10^ years which 
resulted in varying the average energy density by less than 7%. 

This one dimensional model served as a useful check on the two dimen
sional version used in Bhat et al (1987) as i t showed the feasibihty of the 
method and that meaningful results could be obtained from i t . The analyti
cal solution confirmed that the program was behaving as expected and that 
the energy densities i t produced were not artifacts of the simulation. The two-
dimensional version developed by C. L. Bhat and and as well as radial distance 
from the Sun, also involved taking heights above the Galactic plane for the 
SNR of up to 100 pc, above which no SNR were said to occur. This feature 
was included because the authors were considering two sections of the Galaxy 
— one near the Sun as represented by high latitude data, and the other far 
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from the Sun represented by the data at low latitude. 

4.4.3 G a l a c t i c M o d e l . 

It is evident that the Galaxy is not a smooth distribution of gas, dust and 

stars, particulcirly if attention is focussed on young objects where the distribu

tion becomes very inhomogeneous. Molecular gas is also found predominantly 

in clumps of varying sizes even up to the largest and most massive objects in 

the Galaxy, the giant molecular clouds. It is probable that two phenomena 

are largely responsible for this state of aifairs. The first is the supernova ex

plosion and its associated remnant. These events, being the most energetic 

in the Galaxy, completely alter the interstellar medium whenever they occur 

as they produce copious quantities of material and ionizing radiation. They 

are thought to be responsible for the hot ionized component of the interstellar 

medium, as well as being triggers for the collapse of gas clouds and the initia

tion of star formation. The second phenomenon is that of the spiral pattern as 

delineated by bright young O B stars, H I I regions and molecular clouds (Casoh 

and Combes 1982). Associated with these objects and probably responsible 

for them, is the spiral shock produced by the spiral fluctuation in the gravita

tional field of the Galaxy. The spiral shock is also thought to be cin initiator 

of star formation because it compresses the gas and precipitates massive stars 

formation. O B associations are thought to have formed in this way as they 

delineate the spiral arm. Such massive stairs have a short lifespein, ending as 

SNe before they leave the arm (Burbidge 1969, Clark et d 1977). It is also 

likely that these SNe will give rise to further star formation downstream of 

the shock, so that not all SNe will occur in the arms. This idea has been used 

by Gerola and Seiden in their papers on stochastic self-propagating star for

mation (Gerola and Seiden 1978, Seiden and Gerola 1979, Seiden et al 1979). 

Their models gave a spiral pattern, albeit a more fragmentary one than that 

of density wave theory. 

The Solar System will not encoimter SNR and their associated C R in 

a purely random fashion as it moves around the Galaxy since the frequency 

of an encounter will be modulated primarily by the spiral pattern. All pre

vious models have assumed a uniform number density of SN in the Galaxy 
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i.e. they have neglected the Sun's motion altogether. The Bhat et al (1987) 

model seemed to mimic the data of Raisbeck (1985), but as has already been 

mentioned, the Raisbeck group at Orsay has improved its measurements and 

argue that the two possible excursions at 6 x 10^ and 8 x 10^ years are no 

longer present. This poses a problem for the model in that, as Bhat et al 

comment, the data seem to 'suffer somewhat from the relative paucity of large 

(+50%) positive excursions' common in the simulation. The solution proposed 

by Bhat et a/of admitting a lower half-Ufe for ' °Be does not seem to be suitable 

according to Raisbeck (1988) as laboratory measurements of the ' °Be half-life 

have confirmed the value of 1.5 x 10^ years. Also, the slow increase in C R 

intensity described in §4.2 has not yet been explained and does not appear in 

any feature of the Bhat et al model. 

Consequently a new Monte-Carlo simulation program has been written, 

tested and run on the Durham S T A R L I N K Vax computers. The main feature 

of this model is that it attempts to trace the motion of the Solar System in 

the past whilst allowing SN to occur and produce C R which then diffuse away 

in the same manner as the previous models. In this way, it was hoped to test 

the hypothesis that C R are produced in SNR against the observed fluctuations 

in the ^°Be record, and also to model the long-term C R increase mentioned 

above. As §4.3 described, it is assumed here that the z-motion of the Solar 

System is negligible i.e. the model is two-dimensional with all motion occurring 

in the plane (see §4.3.4.). This assumption is valid if the scale height for ̂ °Be 

production from C R is greater than the amplitude of solar oscillation. It also 

permits the model to be executed on the computer without the unacceptably 

long execution times inherent in a three-dimensional motion. 

The preceding sections have all introduced various parameters that cire 

required for the model. The planar motion is described in §4.3.4. The param

eters of the spiral arm model are given in §4.3.5, and §4.4.1 introduced those 

of the SNR model. However, there are still other parameters that are decisive 

in determining the outcome of the simulation, namely the variation of energy 

density with time. 

Firstly, there is the rate of SN explosions in the galaxy, denoted /i. This 

is a much debated figure varying from between 1 in 25 years to 1 in 150 years. 
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For example, Clark and Caswell (1976) estimate / i to be of the order of 1 in 

150 years from studies of historically observed SNe and Montemerle (1979) 

estimates 1 in 50 from observations of S N / O B associations. Other estimates 

can be made from the pulsar birthrate (if all pulsars are produced by SNe) 

and from extragalactic observations of spiral galaxies. (Tamman 1974, 1981 

Lerche 1981, Tsvekov 1983). 

Secondly, the scale of the galaxy is determined by-tfee-Sun-galcictic centre 

distance. For a number of years now the accepted value for RQ was 10 kpc, but 

recently a revision has taken it to 8.8 kpc. To a certain extent, the value of RQ 

is unimportant as long as all the dependent quantities are scaled accordingly. 

The most important one of these is ©o, the circular velocity at i?o. The 

standard value is ©o = 250km s"' but with the revision of RQ, it has dropped 

to 220 km s~^. It would be probably more consistent in future work to use 

the latest values, but as much of the work reported here needs to be compared 

with earlier results, the older values for RQ and BQ have been adopted in the 

first instance. The conclusions are not sensitive to which pair of parameters 

is used. 

Finally there are a number of program parameters that must be consid

ered and which are generally constrained by computer resources. The escape 

time r must be varied upwards by at least a factor of 5 i.e. to 10* years and 

the program must integrate over time for at least r years before the value 

of the energy density, < e > , has settled to an equilibrium. (See, for exam

ple, the times sequence for the datum model in Fig. 4.8). Consequently the 

run must last this long before any < e > values can be taken. In addition 

to this, the ^°Be data is reliable for the last lO^years, so allowing for future 

improvements to the data, the length of time over which the simulation must 

occur must be at least 1.2 x 10* years, (= IcyUn)- The time resolution of the 

^°Be data is at present approximately 5 x 10"* years, but is likely to improve. 

The incremental time step, T^tepi is taken as 10"* years. Combining /cy/en with 

Tgtep', gives 1.2 X lO"* steps in the integration. Each SN is followed for up to 

T/Tstep = 2 X 10^ steps so if the whole galaxy were considered, 1.2 x 10^ SN 

would be followed (assuming an explosion rate, fi = 1/100 per year) giving 

a total of 2.4 x lO^steps. Fortunately, it is unnecessary to use such a large 

number of steps because the Earth does not 'see' any SN that is further away 
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Figure 4.8 

Time sequence of energy density values for the datum model (Model Base). Note the rise to 'equi

librium' in the first 2 X 10^ years of the run. 

than Xmax (see §4.4.1). Therefore as the Sun moves axoimd the Galaxy, sites 

of SN production that were once beyond Xmax are brought into range. The 

program restricts the area of the Galaxy in which SN explosions Jire considered 

to a square of side Nun x -Own pc where Dbin is the length of the bin and Nbi„ 

is the nimiber of bins on a side of the square. This quantity must satisfy 

Nbin X Dbin > 2Xmax 4.11 

If Nbin is small, the integration is more accurate but requires long integration 

times because there are more bins that must be considered. The square in 

which the SN explosions that are considered occur is moved as the Sun moves 

around the Galaxy, so that the only SN production sites that can affect < O 

are those that are within Xmax- This technique reduces the number of SN that 

are considered during the simulation and makes the number of integration steps 

manageable. Even so, a typical run uses six hours of C P U time on an Vax 
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11/750. Table 4.2 gives a list of the parameters used in the program with their 

'beise' values. 

Parameter Value 

i 6°.2 

Op 13.5kms"^kpc"^ 

Ri 3764 pc 
10" pc 

vo 250kms-* 

Repi 10282.5 kpc 
K 31.6228 

n . -14kms-^ 

Unou; -10.4kms-^ 
Ratio 3 

Hwidth 500 pc 
SN rate 1/75 

2 X lO^yr r 
1/75 

2 X lO^yr 
D 5 X lO^^cm^s-' 

Rexpn 130 pc 
T 55 X lO^'yr 

V 1.0 
l O V r 

^cylen 12000 

Dbin 20 

Nbin 299 

Table 4.2 

4.5 R e s u l t s . 

4.5.1 P a r a m e t e r Space. 

With such a large number of parameters, the size of parameter space 

available is enormous. However, some the model parameters can be treated 

as constants whilst some depend on the values of i2o and QQ. For example, 

the Sun's velocity in the sense of Galactic rotation, H is constant, and the 
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galactocentric distance of the epicentre of the Sun's epicychc motion, R^pi, the 

epicyclic frequency, K, and the initial value of 11 adl depend on RQ and Gq. Some 

pareimeters need to be varied to test the stabihty of the program (T.jep, Nbin, 

Dbin) and Icyien should be increased if computer time was available. There 

are then nine parameters that could have a direct impact on < e > . Three of 

these are spiral pattern parameters of which the pattern speed, Up seems to be 

reasonably well known, i and Ri are open to debate, but the result of holding 

these constant as the others are allowed to vary should be only that the model 

becomes only quantitatively less accurate. Given a global spiral structure, the 

values chosen above should be representative and not too far from the truth. 

This leaves six parameters which must be varied to find the model predictions 

for the long term C R variations. These are: the arm-interarm density contrast 

denoted Ratio, the SN rate, fi, the escape time, r , the diffusion constant, D, 

the shock efficiency, r/, and the width of the spiral arm, Hwidth- Table 4.3 gives 

the range of values over which these are varied. 

Parameter Range 

Ratio 
Hwidth 

SN rate 
T 
D 

V 

Dbin 
Nbin 

1-50 
100-1500 pc 
1/200-1/50 

1 X 10^-8 X l O V r 
(0.5-7) X 5 X 10^8cm^s-^ 

0.1-1.0 
10''-5 X l O V 

20-40 
249-399 

Table 4.3 

4.5.2. I n i t i a l R e s u l t s . 

Fig. 4.8 gives the results of one run (Base— the 'datum' values) and 

shows the initial increase to equilibrium which takes ~ 2 x 10^ years (i.e. 

roughly the escape time, r ) . There are fluctuations in energy density about a 
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mean value, with an occasional 'spike' when a SN goes off close to the Earth. 

The form of this result is typical of <ill the runs. The only obvious change 

as parameter Vedues are varied are the level of mecin, the time taken to reach 

this mean, and the frequency of the spikes. An important feature of the time-

sequences is the slow increase in mean energy density level observable in the 

last ~ 2 X 10^ years. 

The simulation results can be processed in a number of ways. Firstly, an 

autocorrelation analysis may be performed similar to that in Bhat et al (1987). 

This will give the correlation timescale of the model results which indicates the 

likely duration of any effect. Secondly the energy density distribution for the 

whole run can be examined and integrated to estimate the probability of an 

excursion (i.e. an brief increase in energy density) of a given factor above the 

mean 'background'. Thirdly, any evidence for an increase in < c > in the past 

~ 10^ years that appears in the model results must be treated with caution 

to avoid any numerical instabilities of the program. To this end, the program 

must be tested for any strong dependence say, on Nbin or T^tep-

4.5.3 Autocorre la t ion Analys i s . 

The correlation scale of any regular time series can be estimated by 

evaluating the autocorrelation coefficient rjt: 

where e, is the ith energy density value, N is the total number of values in 

the time series (Chatfield 1975), k is the correlation length parameter and kc 

denotes its value when first approaches zero. It is kc that when translated 

into a time, that gives the favoured timescale of the data. Fig. 4.9a shows the 

'correlogram' for the base model «dong with that found when the model results 

are modulated with Gaussian noise comparable to that of the '°Be data. This 

is done not only to show the effect of noise on the model, but also to enable a 

comparison of this model's performance with earlier work. 

As may be seen in Fig. 4.9, kc is approximately 60 which corresponds to 

6 X lO'years. Many of the models have values of between 45 and 65 which 
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Figure 4.9 

Correlogram for model a. Base. 6. 5. c. 36. 

is similar to the results of earlier work by Bhat et al (1987). This suggests a 

timescale of around 5.5 x 10® years which is the same as that at which the SNR 

acceleration mechanism switches off and diffusion of the C R begins. In most 

instances, the correlograms show no other interesting detail, (e.g. periodicity), 

which can be analysed, but it is worth considering in more detail those models 

that do not have kc around 60. 

Model 5 has a value kc around 780 (Fig. 4.9b) corresponding to a time 

of 7.8 X 10^ years with no evidence that approaches zero around 5.5 x 10® 

years. This model has Ratio=30, with all other parameters equal to that of 

the datum model, so that the expected number of SNR close to the Sun is 

very small and distant SNe in the spiral arms will dominate. It is difficult to 

find a time of ~ 8 x 10® years in the model as none of the input parameter 

times correspond to this value. The epicycle the Sun performs as it orbits 

the Galactic centre has a period of 1.9 x 10* years, so it performs only a half 

cycle over the length of the Model 5 run (Fig. 4.10), and thus cannot account 
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Figure 4.10 

The orbit of the Sun with respect to the two-armed spired pattern used in the model. 

for the modulation at 7.8 x 10^ years directly. Model 15 has Ratio=10, and 

exhibits similar modulation behaviour to Model 5, with around 120 which 

is equivalent to 1.2 x 10^ years, kc for Model 36 similarly has a large value 

of A;c=690 for Ratio=50 (Fig. 4.9c), so it is clecir that there is some form of 

connection between motions in the high C R density regions of the cirm find in 

the solar orbit. For Ratio=3, the modulation is not detectable, and is not likely 

to feature in any radioisotope data. However, if the density contrast between 

arm and interarm is as high as in some density wave models, or follows the high 

density contrast of C O emission, for example, (13:1 Grabelsky et al 1987) then 

the nuclide data should be examined for modulation. For such modulation to 

be detectable, long periods of time (above a few 10^ years) should be used, 

with as many measurements with high temporal resolution as possible. 

As the width of the spiral arm is increased, the number of SN occurring 

in the arm increases and even though the number density contrast per bin 

of explosions (i.e. Ratio) remains constant, the C R density contrast between 
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Variation of ifcc with H^iidth-

arm and interarm experienced by the Sun becomes sharper. Thus, kc should 

rise as the spiral arm width {Hwidth) increases, until the latter becomes large 

enough to ensure that most of the Galaxy is in an arm i.e. the interarm regions 

become very narrow. When this occurs, should return to the lower values of 

around 55 corresponding to the time of the turn-off of the acceleration phase of 

the remnant. Figure 4.11 shows precisely this effect of the variation of H^idth 

further strengthening the postulated connection between density contrast and 

the solar orbit. Unfortunately, it does not shed light on why such a connection 

should arise. 

The correlogram for the '°Be data can be examined to find any evidence 

for these timescales. Unfortunately, the data are not regularly spaced in time 

as is strictly required for the autocorrelation. Nevertheless, Figure 4.12 shows 

Tfc for the data and it is evident that no preferred timescale exists. Figure 

4.13 shows the Raisbeck (1985) ^°Be data sorted into regular time bins. The 

expected values obtained using the least-squares values for the data were in-
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Figure 4.12 
Pseudo-correlogram for the ^°Be data of Raisbeck (1985). 

serted into those time bins that had no observations and the auto-correlation 

performed again. No preferred timescale is evident. 

4.5.4 C R Excesses and the Probabi l i ty of a L o c a l Supernova . 

The Raisbeck data consist of 28 observations spread over ~ 9 x 10^ 

years with a resolution of ~ 5 x 10'' years. In the simulation, a SN that goes 

off locally is followed for a maximum of 5.5 x 10^ years before C R diffusion 

sets in and the energy density drops rapidly. The further away the SN, the 

shorter the time for which the acceleration phase is followed and the smaller 

the excursion from the background. 
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Figure 4.13 
Correlogram for the l^Be data of Raisbeck (1985) with regular binning. 

The probabihty of a SN being observed in the *°Be data can be estimated 

with a few simplifying assumptions as follows. The Raisbeck data covers ap

proximately 9 X 10® years, a length of time which may be divided into 180 

bins of 5 X 10"* years each. The ^°Be data consists of 28 mccisurements taken 

roughly uniformly throughout the core. A SN occurring less than Dbin (20 pc) 

away from the Sun is seen for a maximum of 11 of these bins, (11 x 5 x lO"* 

years), so the probability that such a maximal excursion above the background 

is actually unobserved by all of these 28 measurements is (1 — j^Y^ = 17%. 

The probability that at least one of the 28 samples of the core is within this 

11-bin window is then 83%. This estimate presupposes that one excursion 

in C R intensity reflected in increased ^°Be production is actually present in 

the data and that one observation would be sufficient to identify it. Such a 
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requirement may be a Httle optimistic with the current data as preferably two 

or more observations of an excursion in adjacent bins would be desirable. The 

high probability of missing an excursion cdtogether shows the necessity of im

provements in sampling of the ice or ocean-sediment cores. 73 measurements 

of a core would be sufficient to reduce the probability of missing a maximal 

excursion to 1%. In practise, of course, the number of measurements could be 

reduced by sampling the core regularly rather than randomly and excursions 

in radioisotope production of a given factor above the background could all 

be included with some confidence. This is not as easy as it first appears be

cause separate dating of a core must first be performed which may lead to a 

non-linear time versus length relationship down a core. 

Probabilities of observing a SN-produced increase in the radioisotope 

record must be combined with the probability of there actually being an ex

cursion in the time over which the data are taken. For each of the simulations, 

the probabihty of an excursion in energy density greater than a factor / above 

the background was obtained from the simulated time sequence of energy den

sities. Generally, the probability of an excursion > 10% ( / = 1.1) was below 

30% falling to less than 15% for / = 1.5 and dropping to 1% in one sim

ulation. Figure 4.14 contains the probabilities for various factors,/ for the 

parameter space investigated with the simulations. The behaviour of each 

of these graphs can be understood by considering what is occurring as each 

parameter is varied. 

Firstly, for each of the several values of / , and for / > 2, there is little 

change in the dispersion of probabilities as the escape time r increases (Fig. 

4.14a). Although for longer t the C R from the SNR contribute to the energy 

density locally for longer (and hence give increasing < e > with r , Fig. 4.15), 

the percentage fluctuations in t do not change even though the actual values 

of t are very small at these long times. 

Secondly, as the diffusion constant D is increased (Fig. 4.14b), two 

effects are seen. The spread in probabilities changes becoming smaller with D 

and then remaining constant. The probability of observing a fluctuation in the 

C R energy density less than a factor of 2 (denoted p ( / < 2)) drops from 1 to 

0.85. For small D , i.e. 'slow' diffusion, there is a relatively high contribution 
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from the C R diffusion phase and so distant S N R have a greater effect on the 

fluctuations thereby broadening the spread of probabilities for each of the four 

/ factors taken. On the other hand, 'fast' diffusion (high D) causes the C R 

from distant SNR to contribute very little to e and thus have a smaller effect 

on the fluctuations. As a result, local SNR become more importamt, leading to 

the observed drop in p{f < 2) as such SNR have a greater chance of affecting 

the probability distribution. 
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Figure 4.16 
Time sequence of energy density values for model 5 (Ratio=30). 

Thirdly, as the ratio between the number of S N R in arm and interarm 

is increased (Fig. 4.14c), the motion of the Sun in its epicyclic orbit becomes 

very important. Figure 4.16 shows the simulated time sequence for Ratio=30; 

the modulation in the energy density values is clearly visible (see §4.5.3). The 

effect of high Ratio on the probabihties is clear: not only does the loctil SNR 

136 



contribution become less important since most of the SNR axe in the axms 

axid hence p{f < 2) is high, but the additional modulation produces a broader 

fluctuation in e giving rise to the wide dispersion in the probability points seen 

in Fig. 4.14c. 

The probabilities of fluctuations less than a certain factor are useful for 
deciding whether or not a SN has occurred close to the Sun in the time-span 
covered by any of the radionuclide results. Taking a SN rate of 1 per 75 years 
for the whole Galaxy (see §4.4.3) then the number of SN occurring within 108 
pc in 9 X 10^ years (the length of the Raisbeck data), is ~ 6. The Sun will 
experience a SN rate lower than the Galactic average because i t is presently 
in an interarm region. Using Equations 4.6 and 4.7 to give the energy density 
in eV cm"^, shows that SN occurring closer than 108 pc from the Sun will 
produce an excursion of / > 1.5 i.e. an increase of greater than 50% above 
the background or mean level. The apparent presence of two in the earlier 
^°Be results would have given support to this theory, since the probabihty 
of these six excursions actually being present in the data but only four bins 
observed over 50% higher than the average is around 0.2. The probabiHty of 
six SNR being present and unobserved is rather low at 2% (although this is 
not negligible) and places the theory under some strain. 

The Monte-Carlo model suffers from the problem that if by chance a 
local SN were to go off very close to the Sun during the period of the run in 
which the cumulative frequency distribution is computed, then there will be 
an excess of high energy density values, cind the frequency plot will be affected 
in such a way that the probability of SN producing large fluctuations will be 
enhanced. Though in reality SN presumably do explode nearby, for modelling 
purposes, the average probabilities are required i.e. the average of a number of 
runs of the simulation with the same parameters. To do this for all parameter 
sets would significantly and prohibitively increase the amount of computing 
time used, so only four runs with the datum model were performed from which 
the average cumulative frequency plot was derived. This point must be borne 
in mind when models other than the datum model are considered Jilthough 
the deviation of an individual run from the mean energy density is not large. 
Using the datum model probability values from the last 10^ years, energy 
density variations having excursions of / < 1.5 should be observed for 88.6% 
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of the time. Taking 28 measurements at random from such an energy density 

distribution gives a probability that they all have / < 1.5 (as Raisbeck (1988) 

now claims) of 3.3%. For this probability to be high as, say, 15% would require 

an excursion with / > 1.5 to occur ~ 7% of the time. 

The *°Be data of Raisbeck (1985) appears to have no excursions of / > 

1.5 which could be attributed to the measurements being made by chance 

in the 'wrong' places in the core. The probability of this occurring for 28 

measurements assuming 6 SN within 108 pc in the time spanned by this data 

set is about 2%. 

An alternative hypothesis is that there are no SN produced intensity 
enhancements in the radioisotope record. The probability of no SN within 
108 pc when 6 are expected is very low at about 0.2%, so i t is expected that 
somewhere in the core, one or more CR enhancements are present revealed 
by increased *°Be production. The actual number of SN occurring near the 
Sim wil l be less than the Galactic average because of the Sun's position in 
the interarm. Using the parameters of the datum model, the interarm rate 
theoretically expected is 1 /89 SN per year. The actual simulation is in excellent 
agreement with this , predicting 1/85 Sn per year. This lower value for / i 
increases the probability of seeing no SN within 108 pc from the Sun — to 
only 0.5%. The probability of 28 measurements all missing the approximately 
5 SN expected with this rate within the same radius increases to 4%. 

On the basis of this model, therefore, the probability of no SN occurring 
near the Sun is very low. Consequently, enough measurements of a sample 
of ice or of ocean sediment might reveal an increase with / > 1.5. That 28 
measurements are now said to reveal no fluctuations above / = 1.5 creates a 
problem for the model which, simply put, is that the model predicts too many 
SN and ways must be found of reducing their numbers. Improvements have 
been made over earlier Monte-Carlo models however, in that the earlier work 
predicted many more SN than this simulation. Such a discrepancy between 
model and the experimental data should be an incentive to those working to 
measure the quantities of radioisotopes in various reservoirs. The low probabil
i ty of accidentally missing CR enhancements with f > 1.5 in the radioisotope 
data places constraints on the probability of observing an f > 1.5 excursion at 
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any time in the sense that this probability must be cdso be low. I t will remain 
to be seen whether future results reveal the expected fluctuations, or whether 
ideas about the production of CR in SNR must be revised. 

4.5,5 The Long-term Trend. 

I t is immediately evident from the energy density versus time sequences 

produced by the model that there is a slow increase in < c > over the past few 

10^ years. This was expected a priori from the construction of the model as 

at some point in the solar orbit, the Sun wil l be approaching a spiral arm and 

be closer to i t than the one i t has passed through. Wi th the model parameters 

used in the present analysis, the Sun does not traverse an arm in the last 

10* years, but remains wholly in the interarm region. This has a number of 

consequences of which only the long-term trend in CR intensity is considered 

here. 

The energy density values from each simulation can be used to show the 
long-term trend easily though rather crudely by making a least-squares linear 
fit of the variation of energy density with time over the last 10'̂  years (10^ 
points). The gradient and intercept thus obtained cannot be interpreted in 
any sense other than by noting the sign of the gradient: I f it is negative then 
the energy density has been falling with time. No further analysis may be 
made using the fit for each simulation because of its statistical nature. Some 
fluctuations are expected, of course, and some models do produce negative 
gradients. These are in the minority and tend to have smaller slopes. 

In order to compare the model predictions with the ^"Be data, each 
model energy density value for the last 10^ years can be multiplied by e"'/-̂ ' 
with the *°Be lifetime, T/ = 1.5 x 10^/ log^ 2 years, and then 28 measurements 
taken at random from the last 9 x 10^ years of the time sequence. A least-
squaxes fit of < e > xe~'^'^' with these points gives the simulated '̂̂ Be result 
of the long-term CR intensity increase and provides a valuable method of 
comparing the observations with the model. In particular, i t can be used 
to examine whether the model adequately explains the increase seen in the 
Raisbeck data. Table 4.4 gives the values of T1/2 expected from the data for 
some of the models and these may be compared to the Raisbeck result of 
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(1.426 ± 0.035) X 10^. The errors on these values are of the order of 0.02 being 

the average of ten sets of simulated ^°Be results. I t is obvious that most of the 

model haJf-lives are higher than that of the Raisbeck vjilue, indicating that the 

model does not provide the complete picture of the increase of CR intensity 

over the past ~ lO^years. However, that part of the increase can be explained 

is 2in important improvement on earlier work, and provides guidance for future 

studies. 

Model Number Half-life (Myr) Parameter 

Base 1.451 
3 1.316 T = 1 X l O ^ r 
5 1.417 Ratio=30 

6 1.452 Rat io=l 

8 1.438 IJw„-40 

12 1.438 D = 2.5 X lO^^cm^s-i 

13 1.442 SN rate=l/50 

14 1.426 SN rate=l/200 

17 1.557 H m = 1000 

22 1.479 H^idth = 100 

25 1.629 D = 35 X lO^^cm^s-^ 

26 1.452 T = 8 X lO^y 

Table 4.4 

4.5.6 Stability. 

Checking of the stability of the computer program is a very important 

part of the analysis. Since the simulation is statistical in nature, fluctuations 

in the results from run to run are expected even without changing any param

eters. However, if these fluctuations are attributable to program parameters 

(such as the size and number of bins considered for SN events {Dbi„ and Nbi„) 

then any variation in the results when model parameters (such as the escape 

time,r and the CR diffusion coefficient, D) are varied as well makes the results 

unreliable. Ideally, the results should be independent of any program param-

140 



eters, thereby iJlowing all variations in the results to be easily interpreted in 
terms of model parameter vciriations. However, i f a graph of the variation of 
a program parameter (known as the 'profile' of that parameter) against some 
result of the simulation, say, the average energy density, is not flat but varies 
slowly and predictably, the results from those simulations where model param
eters have been varied can be adjusted for any variation in program parameter. 
A n example illustrates this: the longer the escape time r , the larger the size 
of Galaxy that must be sampled to include cJl the SNR that can affect the 
energy density at the Sun and the larger Dbi„ and Nbin must be and inequality 
4.10 (§4.4.3) must hold. For t = 8 x 10'' years, = 5163 pc, so for datum 

values of iVb,„ = 299 and Dt,„ = 20, there will be many 'missed' SNR, giving 
erroneous results as the energy density at the Sun will be lower than it ought 
to be when all SNR are included. To satisfy Eqn. 4.10, Nbi„ can be raised to 
399 and Dbin to 26 to give the required inequality. The variation in energy 
density as these two program parameters are varied must be known before the 
effects of raising r from the datum value can be assessed. 

To find the program parameter profiles, all the model parameters involv
ing CR diffusion and SNR were kept constant and Ni^„ and £>(>,„ were varied 
in accordance with the inequality Eqn. 4.10. The results shown in Figure 4.17 
confirm the stability and predictability of the model since the average energy 
density does not change by more than 20%. Furthermore, i t does so in a linear 
fashion allowing the change to be easily incorporated into the results of other 
runs, e.g. in the example in the previous paragraph. Additionally, Tttep was 
also varied producing variations in the average energy density of only 5 

4.6 Comparison with ' °Be Results. 

4.6.1 The Long-term Increase in C R Energy Density. 

In §4.5.5 the results of the model showing a long-term increase in CR 

energy density values were examined. Most of the models showed such an 

increase, although some showed a decrease with time, but this was attributed 

to statistical fluctuations as the negative gradients were small. Simulated *°Be 
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Figure 4.17 

The profUes of two program parameter showing the dependency of the average energy density on 

a. Nbi„ and b. Dun-

results were obtained using the laboratory value of the decay half-life, and in 
all ca^es of increasing energy density the haJf-life was greater than that of the 
Raisbeck data. The reasons for this are probably two-fold: Firstly although 
the Sun is approaching the Perseus arm in the model, in reality it is also 
approaching the much closer Local Spur or Orion arm. Observations show 
that the number density of young objects such as H I I regions and OB stars 
within this Spur is the same as that of a major arm, (e.g. Lequeux, Dickel 
et al 1970, Fenkart 1979, Turner 1983, Humphreys 1983), so by implication, 
the SNR density may also be similar to that of the major arms. This means 
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Figure 4.18 
ProfUe of the program parameter Tstcp showing the variation of the average energy density. 

that the Sun is actually much closer to a CR density enhancement than the 

model predicts. Because of the high pitch angle of the Orion Spur, the Sun is 

approaching in a direction near the normal to the Spur, thus giving a greater 

increase in CR activity than expected. The sense of this increase predicts a 

lower apparent half-life for the radioisotope data in qualitative agreement with 

the actual measurements. 

Secondly, the 2-motion of the Sun, which is ignored in the model, prob

ably contributes to the increase of CR intensity with time. §4.3.3 reviewed 

its relationship to the ^°Be results and found that given some assumptions 

about how CR are connected to the gas distribution i.e. how they scale with 

z, the experimentally observed increase in CR activity could be due solely to 

this motion. Because of the leakage of CR from the Galaxy, this component 

of the solar motion is not thought to be the dominant influence on the CR 

intensity, but this z-motion should be incorporated into an improved simula

tion. I t is worth speculating whether the neglect of the z-motion provides the 

explanation for the presence of too many SN in the model compared to the 
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^"Be data. The increase in ^°Be production has already been used to estimate 

the half-thickness of the CR layer in the Galaxy, so the motion towairds the 

Orion arm and the z-motion until about 10^ years ago are complementary in 

the sense that they both predict increasing CR intensities. 

The Sun is now moving out of the Galactic plane, so when a simple 

exponential distribution of CR intensity with z is used, the intensity in the 

solar neighboiirhood should-%e-falling with time. This htis been the situation 

for the last ~ 10^ years according to a simple-harmonic model of the Sun's 

motion, but this motion has not yet produced a change of the CR intensity 

significant enough to be visible in present radioisotope measurements. In 10^ 

years the Sun moves ~120 pc relative to the spiral arms, so depending on 

whether the 2-motion or the motion towards the Orion Spur is dominant, the 

CR intensity in the future could go either way. I f the CR intensity changes 

more rapidly with z than this model assumes, then future radionuclide mea

surements should be able to resolve these two effects: Over the past 10^ years, 

the CR intensity measured at the Sun should increase followed by a flattening 

or decrease in the last ~ 10^ years as the z-motion reduces the intensity in 

competition with the planar motion. I t is interesting to speculate whether 

the Tanaka and Inoue results described in §4.2 show this reversal since they 

cover 2 x 10^ years with more points per unit time than the Raisbeck data. 

I t is unfortunate that core samples could not be measured to earlier epochs 

with the same frequency of sampling as the Tanaka and Inoue results, oth

erwise much more detailed variations could have been seen. Given the other 

problems with the short timescale data mentioned in §4.2, the data are not of 

sufficient accuracy to be used in this detailed manner. 

In conclusion, i t is found that the model of the Sun's motion in the 

Galactic plane in which SN explosions occur can account for some of long-

term increase in CR intensity found in the data. Shortcomings in this model 

have been discussed as well as predictions about how future results might be 

obtained. 

4.6.2 Improvements to the Model. 

The model of CR variations in the Galaxy arising from SNR acceleration 
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and subsequent CR diffusion is obviously a simple one. The reason is three

fold: Firstly, with the present computing facilities, tin accurate description of 

all the effects occurring would use too much CPU time even for one set of 

parameters and investigation of the ful l parameter space would be out of the 

question. 

Secondly, the theories upon which the current model is based are not yet 

ful ly est-ablisbed. For example, the theory of CR diffusive shock cicceleration 

has not been completely solved because it is a non-linear problem of great 

complexity. Current approximate solutions seem to produce meaningful re

sults, but there are still problems outstanding that could ciffect r/, the amount 

of energy from the explosion going into CR. 

Thirdly, and probably most important, the analysis of radionuclides, in

cluding ^°Be are not yet of sufficient quality to permit more definite answers 

from the Monte-Carlo simulation used in this thesis. Improvements in the 

time resolution of the experimental data must be awaited, and a better un

derstanding of the production and deposition processes of ^°Be is necessary 

before something definite may be said about the source(s) of the observed 

fluctuations. Unti l then, suggestions may be made about how future work 

might proceed in the light of the results already obtained using the simulation 

technique. 

The approach that allows SN to go off at random in the Galaxy, (even 

preferentially in spiral arms), so that statistical effects may be examined has 

probably been taken as far as i t can be, with the exception of some minor 

changes. For example, i t ntiight be possible to combine the Sun's motion with 

a 'fictional Galaxy' along the lines of Gerola and Seiden (1978) i.e. to do 

away with density wave theory and the grand design spiral and adlow SN to 

trigger other explosions. This approach has the disadvantage that any real 

fluctuations in the radionuclide data cannot be attributed to actual events, 

but only to a statistical probability of a particular event occurring. In this 

sense i t is a backward step, returning to a model similar to that of Bhat et al 
(1987). 

Alternatively, the real Galaxy could be used in an attempt to pin down 

possible locations and times of expected excursions from the CR background. 
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Figure 4.19 
Simulated gas distribution in the Galaxy. (From Simonsen 1976). 

This is a much more challenging problem as i t involves a detailed knowledge 

of all pertinent objects — such as OB associations, SNR, gas clouds, pulsars 

etc. — along with with their ages and how they have evolved with time. The 

gas distribution of Simonsen (1976) could be used, for example (Fig.4.19). 

This approach would run into problems if integration times > lO^years or 

so are required, as it becomes impossible to estimate the contribution that 

extinct objects made to the CR energy density at such early times (e.g. OB 

associations have ages of a few lO^years.) 

A fairly simple improvement would be to include more evolutionary 
phases in the SNR model, and to introduce variations in SN type. Inclusion of 
a period of adiabatic expansion following the CR acceleration phase would be 
an obvious example. Additionally, the 'onion-shell' model of Bogdan and Volk 
(1983) could be incorporated. However, such modifications to the model are 
probably minor as the timescales involved are of the order of a few 10^ years, 
and the longest phase considered is that of CR diffnsion. A probably more 
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significant change is that of varying the SN type. For example, those SN that 

produce pulsars could have a considerably longer effect on the energy density 

than those that do not. However, the connection between these two types of 

object must be more firmly established as there are only four 'definite' associ

ations (Ncirayan and Schaudt 1988) and one of them (Vela) has recently been 

called into question (Bignami and Caraveo 1987). Obviously, once pulsars are 

included, an associated model for CR acceleration and/or reacceleration must 

be used which introduces more paxtimeters and other dependency on another 

model. 

The approximation of a unique escape time used here could be made 
more realistic by using an exponential dependence, so that not only would 
the energy density diminish with increasing CR confinement volume {X), but 
also decrease explicitly with time. Diffusion within the Galaxy is another 
part of the model that is treated very simply. The difference in the diffusion 
constant in and perpendicular to the Galactic plane should be incorporated. 
This implies that the Sun's z-motion should also be taken into account along 
with the scale height of the gas, giving a fully three-dimensional model. 

4.6.3 Conclusion. 

In this chapter, a Monte-Carlo simulation has been used to estimate the 
possible fluctuations in CR over the past few lO^years as have been revealed 
by analysis of ^°Be data. The various parameters required for the model have 
been introduced and discussed and the modelling procedure described. The 
results obtained by investigating the parameter space have been compared to 
the ^°Be measurements. I t can be said that, within the limitations of the 
model, the predicted amplitude and frequency of CR fluctuations are not such 
that SN cannot produce and/or accelerate CR. Therefore, SNR not excluded 
as CR source candidates. Restriction of the majority of SNR to spiral arms 
produces sensible results and seems to be improve the agreement between 
experimental data and the model. As a consequence of this, the CR energy 
density is found to be increasing over the past few 10^ years as the Sun moves 
necirer a spiral arm (the Perseus arm in this model) and hence nearer the 
sources i t contains. The increase in CR intensity observed in the model is 
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smaller than that observed in the data and this can be attributed to the Sun 
approaching not only the Perseus arm but also the Local Spur or Orion arm. 
The solar motion perpendicular to the Galactic plane may also be responsible. 
In this respect the model results and ^°Be measurements are in agreement. 

The actual average energy density values obtained from the model are 

much closer to the canonical 1 eV cm"^ than earlier models. However, energy 

densities still tend to be too large. Reducing the efficiency of acceleration is one 

way of bringing these values down, but the required efficiency is 23%. Bringing 

down the Galactic SN rate is also a possibility, but the required rate would be 

1 in 143 years. Although this is within the predicted range, preferred values 

are higher than the 1 in 75 years of the datum model. I f the SN rate were 1 

in 50 years, then the required efficiency to produce 1 eV cm~^ would be 14%. 

This may be acceptable for CR acceleration theories, but must place them 

under more stringent constraints. I f higher efficiencies are still to be required 

then the estimates for SN rate and/or the escape time must be examined more 

closely. 
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Chapter 5. Summary and Prospects. 

In this thesis, the problem of the origin of cosmic-rays (CR) has been 

addressed by examining the 7-ray evidence from two regions of the Galaxy. 

Firstly, the Vela region has been studied. It contains a young pulsar and 
a supernova remnant (SNR) both clearly distinguished at many wavelengths 
and in 7-rays, there is a strong pulsed fraction, with a small non-pulsed com
ponent. This non-pulsed component is comprised of two parts: that due to 
ambient CR interacting with the gas in the line of sight, and that due to CR 
from the source itself interacting with the gas local to the source. The pos
sibility of a third component — an unpulsed fraction direct from the pulsar 
— has also been studied, but this 'DC component' is found to be consistent 
with zero. This conclusion is reached because no significant signal is found in 
the unpulsed fraction with a point source distribution of 7-rays. Of the two 
components, i t is the flux of 7-rays produced by CR from the source which 
is of interest. Assuming values for the ambient 7-ray emissivity, the expected 
intensity from the gas was estimated. Subtracting this from the unpulsed 7-
ray flux left the source CR contribution to the 7-ray intensity. Fluxes were 
calculated in bins around the source and revealed a small but significant 7-ray 
component solely due to the presence of either the Vela pulsar or the SNR or 
possibly both. SNR models gave fluxes within a factor of 3 of those observed, 
but the main problem is with the extent of the emission. The SNR has a 
radius of around 20 pc whereas the extent of the 7-ray flux gives a radius of 45 
pc. I t is probable therefore that CR from the pulsar contribute to the 7-ray 
emission. 

Studying the Vela region has enabled CR to be identified from an area of 

sky that was a priori believed to contain CR sources. This work together with 

that on Loop I I I and earlier studies of Loop I has shown that SNR definitely 
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contain high energy particles — both electrons and nuclei — that are capable 

of producing 7-rays. 

Providing future 7-ray telescopes have sufficiently ax;curate timing res

olution, better spatial resolution than COSB, and a well-determined point 

spread function, then there are excellent prospects for the improvement of the 

analysis performed here. The timing of each 7-ray enables the pulsed frac

tion to be identified, whilst better spatial resolutii5n~wiil reduce the angular 

size of the source 7-ray profile and enable a distinction to be made between 

pulsar and remnant. This distinction is crucial for determining whether the 

7-rays due to CR from the source are pulseir-produced or remnant-produced. 

It would be helpful in this respect to be sure whether or not the pulsar and 

remnant are coeval. Improved radio measurements should help to refine age 

estimates of the remnant, as well as providing better data for models of SNR 

shock acceleration of CR. 

This analysis has provided additional confirmation of what was already 

believed about SNR in their relationship to the origin of CR, and there are 

excellent opportunities for further understanding of the behaviour of CR in 

this region. 

Chapter 3 dealt with Carina, both its Nebula, peciiliar object and gas 

clouds marking the spiral arm. The 7-ray data has again been used at differ

ent energy bands to distinguish the active region of the Carina Nebula from 

the spiral arm tangent. A combination of calculations of emissivities and 

spectral indices has shown that both regions contain enhancements in emis-

sivity suggesting the presence of CR sources, but also that there is a deficit 

of high energy particles in the region of the Nebula. Near the spiral tangent 

at / = 284", high energy particles producing 7-rays with energies > 800 MeV 

are present. Massive, active stars such as WR or 03 stars are thought to be 

capable of producing such particles in stellar wind termination shocks. Un

fortunately, most of these appear to be in the vicinity of the Nebula and in 

the same direction as the lack of high energy 7-rays. Wi th no observations of 

SNR or pulsars, the only remaining candidate is the spiral arm shock. This 

hypothesis is not without its problems as some authors believe that the spiral 

arm shock is not capable of producing the high energy 7-rays observed here. 
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However, i f confirmed, this analysis reveals explicitly for the first time 7-rays 
from the globad spiral shock, and not just as a result of the increased column 
density of gas associated with the tangent. Clearly, there is a need for more 
observations at both 7-ray and radio wavelengths to search for other potential 
sources. SNR and pulsars particularly should be searched for, as these are 
the most likely candidates for high energy CR production. Some progress has 
already been made in this search with the possible identification of a SNR at 
/ = 286°. 

The Carina region has been the focus of interest for a number of decades 

and should remain so for years to come as these 7-ray results have indicated a 

new problem and so provide a stimulus for further observations. The prospects 

for study of the Carina region have always been good with the wealth of 

unusual, active and massive objects it contains and they will remain good 

with the new requirement to distinguish between sources of CR in the Carina 

Nebula and those in the spiral tangent. 

Direct 7-ray and gas observations provide one of the best ways of de
termining the behaviour and distribution of CR sources. Theoretical models 
provide impetus and explanation for these observations and such models often 
have consequences in what might be initially thought to be unrelated astro-
physical fields. This is the case with SNR production of CR. 

Over Galactic timescales, SN occur very often and such extremely power

fu l events have effects which can extend over many parsecs and many hundreds 

of thousands of years. The CR they produce affect the production of radioiso

topes on or around the Earth and SN nearby have a particularly noticeable 

effect. 

The SN production of CR must be consistent with cdl the observations 

made directly at 7-ray or radio wavelengths for example, and also with the 

observations of the consequences of that CR acceleration process. 

Chapter 4 examines the radioisotope data and specifically the '°Be data. 

It uses the model of CR acceleration in SNR and makes assumptions about 

their temporal behaviour. I t is found that the SNR model is consistent with 

the ^°Be data, although there may still be too many CR increases due to local 
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SN predicted by the model that are not seen in the data. New ^°Be result 
received just as this thesis was being completed (Raisbeck et al 1988) indicate 
that there appear to be no variations in CR intensity greater than ±10% over 
the past 7.5 x 10^ years for data averaged over 10' years. I t must be pointed out 
immediately that the model fluctuations of Chapter 4 are averages over 5 x lO"* 
years so there wi l l be more large excursions in the simulated energy density 
values as 10' year bins wil l smooth out the excesses. I t is of considerable 
importance that Raisbeck et al (1988) suggest that there may be an excess 
at around 8 x 10^ years ago as this would bring the data and the model into 
better agreement. Such claims will need to be carefully examined. 

The Monte-Carlo technique has proved invaluable in determining the 

CR flux variations expected from given SNR models and the Sun's motion. 

Prospects for future work in this vein are more difficult to see than for the 

actual 7-ray observations, but perhaps when the mechanism for CR accelera

tion is more fully understood then such a simulation may again be attempted. 

Longer term variations in other radioisotopes could be the subject of Monte-

Carlo simulations, but models of the cause of such variations wil l first be 

required. 

In conclusion, the prospects for 7-ray astronomy and aistrophysics are ex
cellent, especially with the Gamma-Ray Observatory hopefully to be launched 
in the near future. A l l 7-ray studies will benefit from telescopes of improved 
resolution and much better photon counting statistics. These two factors are 
the main limitations of the 7-ray analyses to date, and although much im
portant work has been done, it is but the tip of the iceberg of the whole of 
7-ray astronomy. When the Observatory is launched, the next generation of 
telescope will be available and will hopefully clarify many of the outstanding 
7-ray problems as well as aiding the hunt for the origin of the cosmic radiation. 
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Appendix A. 

T h e C r o s s - C o r r e l a t i o n M e t h o d . 

The following method is based on Hermsen (1980) in his analysis of 

C O S B sources in galactic 7-ray data. 

When a source signal is superimposed on a background, it can be some

times difficult to derive the actual source flux or number of counts. The correct 

method for this separation is known as the cross-correlation method and re

quires a predictable source distribution. The result of the correlation is either 

to prove the existence of the source or to place upper limits on the signal. 

With specific application to C O S B , the data is presented as either a num

ber of 7-rays in a bin (Nij) or as a flux expressed in units of ph cm~^s~\ 

For a given source position (r) , the contribution of the source to a bin i,j is 

given by the response function / ( r , i , j ) . This will be the point spread function 

( P S F ) in the case of a point source. 

The correlation function is defined as: 

C i r ) = W { N , : - N ) i f { r , t J ) - f ) A.l 
n •• 

where n is the number of bins over which the summation is performed and / 

and iV are the averages over the z,; bins. If fluxes are used instead of numbers 

of photons, the Nij and iV are replaced by F, j and F. There will be a positive 

correlation if in general the deviations of the numbers of 7-rays (or fluxes) from 

the mean have the same sign as the deviation from the mean of the response 

function. 

For binned data, the restriction has to be made that the response func

tion is evaluated at the centre of the bin as of course / is continuous. Also, 

the size of the array i , j must be limited to prevent contamination from other 

sources or structure in the Galactic plane. Additionally, when counts are used, 
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the array must be small enough to limit the variation of the exposure over the 

array. 

The value of C obtained from Equation A . l is not normalised. This can 

be achieved by equating the number of counts in a bin i , j to the total number 

of counts from the source (i. e. 'the correlated counts') thus: 

where B is the background and the summation is taken over i , j as before. 

If B is not a smoothly varying function of position, then it is unlikely 

to produce a zero correlation signal. This obviously reduces the significance 

of any genuine signal because structure in the background can mimic source 

structure. Houston (1985) has examined this point in detail by using this 

technique to study the S A S I I data (Fichtel et al 1978) and to re-analyse the 

C O S B results for spurious sources. 

Provided then B is uncorrelated with F , then: 

'- n 

In terms of fluxes, the expression for Cp- is obtained by replacing N by F. 

The variance of C is denoted 5^ and is given by: 

si = -(C - Cf AA 
n 

and from the standard theory of errors it follows that: 

2 

The variance in the number of counts in each bin {s'^{Nij)) is Poissonian. 

Hence: 
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The error in C is simply = cr(C) so the error in Cyv is: 

Providing their are no sources and therefore no correlation, then for a large 

number of bins the following can be used: n X) fN = J2 f ^ ^ ^nd n'^p = 

J2 PYl iV. Whenlfhese are substituted into Equation A.5 and combined with 

Equation A . l , the significance of the correlation for a random count distribu

tion results: 

^ EP~{Em E N 

For the earlier C O S B P S F the response function is given by: 

f i r , z , j ) = exp{-{xya' + y y b y ) A.9 

where x and y are the distances to the bin i , j from then point r where 

the evidence for the source is to be tested. The more recent form (Mayer-

Hasselwander 1985) may also be used and is probably more representative of 

the genuine P S F for the three standard energy bands. 
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