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(i)
ABSTRACT

A‘survej has been made of the information about the galactic. magnetic field
strength and configuration which has been obtained from a variety of astron-
omical measurements. These measurements comprisé the. polarization of starlight,
.the background synchrotron radiation emitted by relativistic electrons, the
Zeeman splitting observed in absorption lines produced by. clouds of neutral
-hydrogen and the Faraday rotation of the plane of the electric vector.of
linearly polarized radiation from extragalactic radie sources and pulsars.

Using these data four magnétic field models have been devised to reﬁresent
the coherent galactic field. These are denoted models- A, B, C, and D. Model
A describes a field directed along the galactic spiral arms towards galactic
longitude g ~ 2700 above the galactic plane and towards 2,~900 below the plane
at the Suh. Model D also describes a longitudinal type of field but with no .
reversal above the galactic plane. The model C field has & helical configura-
tion, while model B is a combination of model C near thg Spn and model D at
greater distances. A model has also been formulated for the irregular componept
of the magnetic field.

The trajectories of particles with energy above 5. 10:'LT

eV have been
followed through the coherent galactic field and, using the assumption that the
sources are uniformly distributed within the galactic disc or spifallarm55
predictions are made of the expected anisotropy of high energy cosmic rays of
galactic origin reaching the Earth.

Measurements of the arrival directiocns at.the Earth of 'extensive air
shower primaries obtained by the Volcanc Ranch, Haverah Park and Pilliga Forest
experiments are then compared with the arrival direction distribution predicted
assuming various percentages of primary particles to be of galactic origin.
Assuming that the metagalactic cosmic rays are isotropic upper limits.are

obtained for the percentage of cosmic rays that could be of galactic origin.



(ii)

Consideration of the irregular field component produces modifications in
the values for these upper limits.

In general, assuming that the galactic field can be represented by a
model such as A or D, together with irregularities, and that all primary cosmic
rays are protons, it would appear that most cosmic rays of energy ~ 6.1017 eV

9

to lOl eV must be of metagalactic origin.




PREFACE

The work described in this thesis was carried out in the peribd 1969 -
1972 while the author was a research student under the supervision of
Professor A. W. Wolfendale in the Cosmic Ray Group of the Physics Department
of the University of Durham.
The formulation of the coherent galactic magnetic field models, their
use in calculating cosmic ray trajectories and in deducing predicted anisotropies,
and the comparison with measurements was shared with the author's colleagues.
The author was solely fesponsible for the comparison of moiel predictions
with measurements of the Faraday rotation of radiation from_thé pulsafs, an@
the work on the field irregularities except where inéicated ofhérwise; |
Reports were presented at the 12th International Conference-on Cosmic Rays
(Hobart, 1971) on the possibility of energetic cosmic rays arriving from the
Crab Nebula (Osborne J.L., and Roberts, E., Proceedings; Hobart: University
of Tasmania, Vol. 3, 340) and bn the anisotropy of cosmic rays of galactic

T v (Karakula, S., et al., Proceedings; Hobart: University

origin above lO1
of Tasmania, Vol. 4, 310). The latter was also reported on by Karakula, S.,
et al., 1971, (J, Phys. A: Gen. Phys., Vol. 5, 904). The effects of the

irregularities in the field were described by Osborne, J.L., et al., at the

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

INTRODUCTION

One of the basic problems associated with cosmic rays, particularly those
of high energies ( 2 lO16 eV) is the question of where they originate. Theories
of high energy cosmic ray origin dividé into two groups. Those which postulate
that the majority of such cosmic rays are producéd in the Galaxy and those
which favour extragalactic sources.

Until the discovery of pulsars it was fﬁought that cosmic rays of energy
zZ lO18 eV could not be produced in the Galaxy. For the bulk of cosmic rays
the proposed galactic sources included stars, novae, supernovae and the
galactic centre. From considerations of maintaining a quasi-steady state for
the distribution and energy of cosmic rays in the Galaxy, non-exploding stars
were ruled out as sources for the bulk of particles Qith energy greater tﬁan

\

v 109‘ eV/nucleon. It was thought possible that small explosions (giviqg

< 10°°

ergs to cosmic rays) in the galactic nucleus or, perhaps, novae could
supply sufficient power to make significant contributions to the cosmic ray
flux in the Galaxy. However, on this basis, supernovae appear to be -the most
likely galactic source of the bulk of cosmic rays of all energies. Stroné
radio emission is also observed from supernovae which would seem to indiééte
that they are responsible for accelerating electrons, and probably the nuclear
components of cosmic rays. Thus supernovae appear to be good candidates for
the role of the main sources of cosmic rays in the Galaxy, although it is not
definitely proved that they fulfil this role (Ginzburg and Syrovatskii, 1971).
Although supernovae could produce the cosmic rays, the question of whether
they can be produced with the required intensity, energy and charge spectra
remains unresolved.

Various mechanisms have been proposed for accelerating cosmic rays in
supernovae, including acceleration by shock waves produced during the explosion

and acceleration in the supernova shell. In a supernova shell of radius

M UNIVE
o Asomms Reirp
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18 . . . - .
v 4,107 "cm, containing a field 10 3 gauss, particles could be accelerated

17

up to energies™ 10" ' eV /nucleon. (c.f. lOlLl ev/nucleon for a typical nova).

Thus this mechanism could not be responsible for producing cosmic ray

9

particles up to energies n lOl eV, and prior to the discovery of pulsars it
séemed that such particles must be of metagalactic.origin.

The discovery of pulsars, which were subsequently identified as supernovae
remnants, provided an alternative solution. Although the exact acceleration
mechanism operating in pulsars is not yet cléar they are very probably high
energy cosmic ray sources (e.g. Gunn and Ostriker, 1969; Gold, 1969). (For

a pulsar of radius N106 cm with a magnetic field ™ 1012 gauss, energies up

to 3. 10°° eV/nucleon are possible).

In an alternative model Kulikov et al. (1969) suggested that high energy
cosmic ray particles were formed in an explosion in the galactic nucleus

.
. 10° years ago. By assuming that particle propagation is of a diffusional

nature and by supefiﬁposing the-ené;g§-;£;6£ra of partiéies with a f;nge‘of
Z wvalues, they were able to reproduce the observed spectral shape. However,
this diffusional approach is not really applicable when the radius of curvature
of the particles is of the order of the disc thickness. Thus,this model would
give incorrect predictisns for the cosmic ray anisotropy in this energy
region.

If high energy particles are of galactic origin it is unlikely that they

17

will arrive at the Earth isotropically. Particles with energy 2 10~ eV

would not be completely trapped within the Galaxy by the galactic magnetic

field and their arrival directioms at the Earth would reflect the source

distribution in the Galaxy and the effect of the magnetic field. (Syrovatskii,
17

1969). Thus if cosmic rays of energies 2 107 eV were found to arrive at the
Farth with the appropriate degree of anisotropy this would be an indication

that they could be of galactic origin.




Alternatively high energy cosmic rays could be of metagalactic origin, in
which case they would presumably arrive at the Earth isotropically. Possible
extragalactic sources include radio galaxies and quasars. The biggest problem
encountered by such a hypothesis is a result of the existence of the 2.7°%K
blackbody relict radiation first detected by Penzias and Wilson (1965). If
this radiation is indeed of Universal origin and if: the cosmic rays pervade the
whole universe, then the resulting interactions would produce a cut-off in the
cosmic ray spectrum at A 301019 eV, (Greisen, 1966; Zatsepin and Kuzmin, 1966).
Hillas (1968) studied the effects of this radiation on cosmic rays in an evolving
universe, in which the suggested extragalactic sources of cosmic rays (strong
radio emitters) were more active in the past. He postulated that the interac-
tions with the microwave radiation would have produced much greéter energy loss,
with lower threshold energies in the past, and calculated the energy loss.by
protons, in extragﬁlacpiq space, due to interactions with microwave radiation
both under present conditions and in & universe ten times smaller. Thence he
predicted a steepening of the cosmic ray proton primary energy spectrum between
6.1015 eV and 3=lO18 eV due to the effects of electron pair production. Assuming
that at lO17 - lO18 eV most primary cosmic rays are protons (Linsley and .
Scarsi, 1962), Hillas suggested that the ankle of the primary energy spectrum,
often attributed to a transition from galactic to extragalactic primaries, is
actually a result of this proton-photon interaction. As a result of I produc-

9

tion a steepening of the spectrum was also predicted at n 3.10l eV, resulting
in an effective cut-off in the spectrum at this energy.
However, this cut-off is not confirmed by air shower measurements - particles
of higher energies having been detected by, for example, Andrews et al. (1968)
and Brownlee et al. (1970a). 1In fact, the latter claim to have detected
energles 2 1020 S\

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

a universal relict microwave radiation if the high energy cosmic rays are of




local (i.e. effectively galactic)origin.
Attempts have been made to retain the theory of extragalactic origin By

19

proposing that the ultra high énergy (2 10 éV) particles have a different
source. For example it has been suggested that the ulira high energy primaries
are neutrinos produced by secondaries of proton-microwave photon interactions
(Berezinskii and Zatsepin, 1969; Berezinskii and Zatsepin, 1971).

One piece of evidence that would seem to bé in favour of the extragalappic
origin theory is the observed isotropy in the distribution of arrival directions
at the Earth of E,A.S. primaries (e.g. Linsley, 1963; Brownlee et al., 1970).
Analysis of the data tc find anisotropies in the right ascension distribution
has usually yielded negative results: Within fhe experimenﬁal limits high
energy cosmic ray primaries arrive isotropically. The limits to the compatibility
of this wiih high energy primaries being cf galactiec origin can be-invesﬁigated
by studying the anisotropies that would be present in the arrival direction-
distributions assuming various galactic source distributions and galactic
magnetic field configurations. This forms the basis of the present worke.

By colleting the results of the various measuremeﬁts of the galactic
magnetic field it is possible to construct alternative field models to
represent this field. Hence cosmic ray trajectories can be calculated for each
model and assuming various source distributions within the Galaxy predictions
for the arrival direction distributions can be made. Comparison with the
extensive air shower arrival direction data yields a limit to the fraction of
high energy cosmic rays that could be of galactic origin and yet not produce

observable anisotropies.
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CHAPTER 2

MEASURFMENTS OF THE GATACTIC MAGNETIC FIELD

2.1 Stellar polarization

Evidence for the existence of a magnetic field in the Galaxy was first
found in the polarization of starlight.

Chandrasekhar (1946) had predicted that, if Thomson scattering by free
electrons plays an important part in the transfer of radiation in the
atmospheres of early type stars, then the continuous radiation emerging
from-these stars should be plane polarized.

While attempting to verify this Hiltner (1949) found that radiation
from other types of stars is also polarized and concluded that the polariza-
tion is not associated with each individual star but is the effect on the
radiation of passing through interstellar space. This polarization is
independent of wavelength, the amount of polarization is greater near the
galactic plane, and the plane of polarization is associated with the galactic
plane., Hiltner suggested that this effect could be due tb'scattering of
starlight by interstellar particles, the particles being unsymmetrical and
elongated, and aligned by some force, such as a magnetic field.

Several mechanisms for aligning the interstellar particles have been
suggested but they are usually based on the Da&is and Greenstein ﬁechanism
(1951).

Davis and Greenstein calculated the various torques that might act on
a grain of dust in a magnetic field " 10-5 gauss and concluded that only
paramagnetic relaxation has an appreciable effect. They conside?ed both
prolate and oblate spheroidal grains, consisting mostly of hydrogen compounds

5

but also 12% iron by weight, and with mean radii 10 ° to 3.10_5 cm. These

% to lO_6 rad/sec, due to

dust grains spin with an angular velocity of 10~
equipartition of energy between dust and gas. To obtain the smallest rotation

kinetic energy for their angular momentum the short axes of these grains




tend,r to become the axes of rotation. Paramagnetic absorption results in
these axes becoming aligned parallel to the galactic magnetic field. Thus
the maximum extinction coefficient is for light wi&h its electric vector
perpendicuiar to the magnetic field. The degree of alignment due to this
mechanism was described by Davis and Greensteir by a distribution parameter
F.

F = l/3 - <cos2 az>

where a, is the angle between the axis of symmetry of a grain and the axis
of symmetry of the orientating mechanism, <cos2 a > is the average over all
grains. If there is no aligmment F = 0, if the grains are all aligned with
their axes of symmetry parallel to the field F = - 2/3, and if the grains
are all aligned with axes of symmetry perpendicular to the field F = 1/3,

If the grains are prolate spheroids Davis and Greenstein predict

F = Fz = 6.3 x 10° B2
aNH,TETg

for small magnetic fields.

B is the magnetic flux density in gauss, a is the grain radius in u,
NH the number of gas atogs per cm3, T is the temperature of the interstellar
gas, and Tg is the temperature of the dust grains. The above relationship
holds so long as |F11 << l/3. If lel >3 l/3 then the grains become complétely
aligned with F = 1/3. If the grains are oblate spheroids F will be hegative
with a limiting value of - 2/3 but the plane of polarization and order of
magnitude of the effect will be unchanged.

Several modifications of this theory have been introduced by considering
different types of grains. Henry (1958), considered ferromagnetic dust

grains, with axial ratios of 2:1, consisting of monocrystals of iron or nickel,

J or of ferrites. Diamagnetic grains such as graphite flakes have also been

studied.

|
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Assuming N = 100 (for neutral and ionized hydrogen regions between

HT
clouds), Tg = lOoK, the grains will be practically completely aligned for
fields much greater than

50 ugauss for graphite flakes

30 ugauss for paramagnétic grains

1+2 ugauss for ferrites

1-3 x 1072 ugauss for iron grains.

(a.m b x 10_6 cm for iron grains and graphite flakes, and a ~ 2 x 10_5'cm
for other grains ](Hall and Serkowski 1963).

Since other measuring techniques indicate magnetic fields v lO'-6 gauss
it appears likely that the Davis and Greenstein method is applicabl%
producing polarization proportional to the squafe of the magnetic field.

Due to this uncertainty of the type of grain invoived, the distribution
of these grains and the alignment mechanism, the amount of polarization is
not a reliable measure of the strength of the magnetic field, although the
method may enable the orientation of the magnetic field in the local-spiral
arm of the Galaxy to be determined.

Hiltner (1949) found that stars of low galactic latitude tend to show
polarization with the electric vector parallel to the galactic piane,
indicating a magnetic field parallel to the plane of the Galaxy. Hoag (1953)
measured the polarization of light from 92 stars and found that in the
direction of the spiral arms the polarisastion is small and randomly orientated,
whereas light travelling perpendicularly to this direction experiences
maximum polarization. This led to the conclusion that the magnetic field
liesalong the direction of the spiral arms of the galaxy.

Since 1949 the polarization of the light from several thousands of stars
has been investigated (Math.ewson and Ford 1970).

Many models have heen proposed for the configuration of the galactic




magnetic field. Basically, however, there are two types of model; the"quasi-

longitudinal" models in which the magnetic field direction lies parallel to
the spiral arm axis (e.g. Chandrasekhar and Fermi, 1953), and the "helical
models in which the magnetic field lies along helices wound round the spiral
arms of the Galaxy. (Hoyle and Ireland 1961).

Optical polarization data appears to indicate that the local spiral arm
magnetic field has a helical component (Ireland 1961, Mathewson 1968).
Mathewson\\@oﬁb&neaﬁhis polarization measurements of 1800 stars‘with those
of several other observers, including Hiltner (1956) and Hall (1958), giving
a total of nearly 7000 stellar polarization measurements, and plotted the
electric vectors of the starlight (Figure 2.1).

The electric vector plotted at a particular latitudé and longitude

represents the projection of the magnetic field, in that direction, on the

plane perpendicular to the line of sight. By trying different field

configurations Mathewson found that the best fit-to hisbdata'woﬁld be éiven -
by a local magnetic field of a helical form. In his model the fieid is -
wound in spirals, of pitch angle 70, round coaxial elliptical cylinders
whose axes lie in the direction of the local spiral arms (latitude ® = 0,
longitude %= 90° and 270°). The axial ratio of the cylinders is 3 and the
helices are sheared through 40° anticlockwise ;ooking from the North Balactic
pole. The sun is 100 pc towards the galactic centre from the axis of the
helices and 10 pc below the galactic plane.

However, Gardner et al. (1969c) interpret Mathewson's data as being -
consistent with a longitudinal field directed towards longitude? = 500 .
In this case for longitudes %= 140° and %= 320°, the E vectors would be
parallel to the galactic plane at all latitudes, whereas for & = 50° and
% = 230° the polarization would be randomly orientated. Mathewson's data
does show these characteristics but, as seen in the diagram many of the. lines

are curved which seems to indicate a better fit from a helical model




LATITUDE

LONGITUDE

Figure 2.1. "Flow patterns" of E-vectors of optical polarization :

measureiments.
Radio spurs are shaded.
Hatched areas are strongly polarized =t 408 MHz

(Mathewson, 1968)
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(Verschuﬁr 1970). Seymour (1969) also concluded, from a statistical study
of stellar polarization measurements, that the local spiral arm magnetic
field is longitudinal but only 550 measurements were involved. Thus, the
measurements of the polarization of starlight appear to indicate a local

spiral arm magnetic field that is helical or has a helical component.

2.2 Synchrotron emission: Existence of halo field

2.2.1 Synchrotron mechanism

Relativistic electrons accelerating in the galactic magnetic field
produce synchrotron radiation at radio frequencies. An electron of energy
E GeV in a magnetic field of strength H gauss produces radiation with the

spectrum maximum corresponding to frequency

, .
2 Tme me ' o )

3 HE2 Hz . In order to

where m is the electron mass. Sov = 1-61 x 10%
relate the measured intensities of synchrotron emission to the magnetic fiéld,
some knowledge of the distribution and energy spectrum of relativistic
interstellar electrons is needed. If the electron spectrum is of the form

N(E) dE = kE "dE where k is a constant, then it can be shown that the

synchrotron emission has spectral index ¢ = léi and is given by

J(v) < N(>E) EV (_Y+l)/2H(Y+l)/2ergs Hg—l en™3

at frequency v Hz where E is the energy of electrons corresponding to vV = Vm
and N(>E) is the number of relativistic electrons with energy greater than-
E GeV (Biermann and Davis, 1960).

If the electron spectrum is known, then by measuring the synchrotron
emission at various frequencies it is possible to evaluate the magnetic field.
Many measurements have been made of the spectral index of radio emission,

e.g. Costain (1960), Smith (1961), Large, Mathewson and Haslem (1961), and

in the range 80 - 1500 MH, , o 0*6 + 0°1, giving Y = 2+2.
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Many measurements have been made of the electron energy spectrum at the
earth using cloud chambers in balloons (e.g. Critchfield et al. (1952), Meyer
and Vogt (1961), and Earl (1961)), and nuclear emulsion in balloons (e.g.
Anand et al. (1968),(1970)) and counter techniques (e.g. Meyer and Muller,
1971).

Spectral index values obtained for the electron spectrum at the earth are

~2-8.

e.g. Y 2°7 - 2.8 at 5 - 600 GeV (Zatsepin, 1971)

Y = 2°8 at 10 - 1000 GeV (Meyer and Muller, 1971).
If it is assumed that this electron spectrum extends throughout interstellar
space, allowing for the effect of solar modulation, the ihterstellar magnetic
field strength can be calculated.

Due to a lack of knowledge of the exact form of the interstellar electron

spectrum, and the distribution of these electrons in the Galaxy, an uncertainty

is introduced into the value of the magnetic field deduced from synchrotron
emission because H(Y+l)/2 « L .

NG E)
An early estimate of the galactic field based on synchrotron observations
vas made by Davies (1965), who used measuréments obtained by Mills (1959) to
: 16 . 10 .. -5
show that N(>E) H = 2-5 x 100, giving Hv 3 x 10 gauss. However,

later measurements of thgs type could give lower field estimates e.g. Anand et al.
(1968b) give H ™V 6 ¢ 107°G.

2.2.2 1Is there a galactic halo field?

Assuming a uniform electron density distribution synchrotron radiation can
be used to map the relative magnetic field strengths in the Gglaky and it can
give information in any direction of observation. Surveys of the synchrotron
emission have been carried out by many workers including Davies and Hazard
(1962) at 237 MHz , Pauliny-Toth and Shakeshaft (1962) at LOL MH,. Landecker and
Wielebinski (1970) have composed a full sky map at 150 MHz.

Although the intensity of the radiation is greatest in the galactic plane,

these surveys indicate that synchrotron radiation is also produced at high
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galactic latitudes (Figure 2.2). This could be due to the presence of a
galactic halo magnetic field. Such a halo was originally_postulatéd as a
reservoir of Cosmic Rays, and later a halo was found in spiral galaxy M31
(Baldwin (1955)). However, not all spiral galaxies exhibit such a radio
halo (Mathewson and Rome, 1963) and the question of whether our Galagy
possesses a halo or not is rather controversial.

Initially the suggestion that our Galaxy has a halo, of diameter 20 -
30 kpc, received much support on the basis of synchrotron measurements and
cosmic ray containment theories, e.g. Baldwin (1955), Spitzer (1956),
Woltjer (1965) and Parker (1965). However, it has been suggested that the
structure seen in the background radiation at high latitudes :is: of a local
nature, probably within the local“spiral'arm, and could be-éue to supernovaé
remnants (Davies, 1964). The presence of these radio spurs must be taken

into account when investigating the synchrotron radiation to determine if a _

galactic halo exists. Surveys have been made to study these loops and spurs
(Berkuijsen 1971) and it appears to be unlikely that there is a galactic

halo field.

2.2.3 Field configuration

Synchrotron radiation is polarized perpendicularly to the direction of
the magnetic field. If the magnetic field is uniform and there is an
isotropic distribution of relativistic electrons, T2% polarization would
be seen. In fact the observed polarization is only a few per cent. Also,
at frequencies less than ™~ 1000 MH2 Faraday rotation causes a reduction in
the percentage polarization, except in the directions where there is no line
of sight component of the magnetic field. Thus the radiation should exhibit
opt imum polgrization in directions perpendicular to the magnetic field
direction, and this fact was used by Mathewson and Milne (1964) to determine

the magnetic field configuration in the local spiral arm. They found that

1
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the polarized radiation at 40O MHz was confined to a band lying in a circle
which went through the poles and cut the galactic plane at " = 3L40° and l§0°,
indicating a magnetic field directed along the local spiral arm the axis of
which is directed towards 250° and 70°. However, Hornby (1966) postulated that
Mathewson and Milnes' results are not inconsistent with a field iﬁ the local
spiral arm of tightly wound helices, if these helices are sheared by
differential galactic rotation so that the field direction is perpendicular

to 8" = 140°. Using model fields of this type, Hornby attempted to predict

the intensity of synchrotron emission at LOL MHz and then compared the results
with the Pauliny-Toth and Shakeshaft survey (1962). In general he found tha£
this helical type of field model is compatible with the synchrotron measure-
ments. Other surveys of the polarized radio emission have been made by
Wielerbinski’ and Shakeshaft (1964) at L08 MHz; Mathewson, Broton and Cole

(1966) at 620 MAz, and Bingham (1966) at 1407 Miz.

Bingham and Shakeshaft (1967) devised a field model using these
polarization measurements, taking into account the distribution of the inten-
sity of synchrotron emission, and Faraday Rotation measurements of extragalactic
sources. They concluded thaﬁ in the galactic plane the magnetic field lies
along the local spiral arm towards " = T70°, but.with a reversal of direction
at positive latitudes. They suggest that this reversal of field could be due
to an extension of the field above the galactic disc. If this extended part
rotates more slowly than the galactic disc itself a reversal of field would
be produced. However, Bingham and Shakeshaft admitted that a helicél modei
would also explain the reversal of field at positive latitudes.

Mathewson (1968) attempted to show that his helical field model (Section
2.1) is compatible with measurements of the synchrotron radiation. In fact
his model, derived fram studies of optical polarization data, is very
similar to that of Hornby (1966) derived from the synchrotron radiation

measurements. Mathewson tried to show that the field directions in radio
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spurs and loops supported his helical model. Synchrotron measurements show
elongated regions of high emission intensity, that are strongly polarized
with the magnetic field direction parallel to their length. Mathewson
suggested that these spurs and ridges are due to the compression of magnetic
lines of force, and can be used to determine the local magnetic field
direction. Mathewson (1968) claimed that the field directions indicated by
such features agree with those found from optical polarization measurements
and fit his model (Fig. 2.1). However, objections to this have been raised
(e.g. Spoelstra 1971) since not all radio spurs and regions of high polariza-
tion fit the model. Some of the polarization directions in these features
are perpendicular to the helicies.

Mathewson also claimed that directions of zero or small line of sight

magnetic fields predicted by such a helical model agree with those found

6ptimum polarization should be observed where the helicies cross the galactic
plane. This does not appear to be the case. It appears rather doubtful that
radio spurs and regions of excess polarization are indicators of a helical
structure. In fact synchrotron emission possibly cannot give much reliébie

information about magnetic field configuration for the large scale field.

2.3 The Zeeman Effect

The use of the Zeeman splitting of a spectral line, in the interstellar
magnetic field, to determine the latter was first suggested by Bolton and
Wild (1957). This method can be used to determine the magnetic fields in
clouds of neutral hydrogen seen in absorption against strong radio sources.
The splitting of the 21 cm absorption line can then be observed. However,
the field measured is not necessarily representative of the general galactic
field. In a weak magnetic field the 21 cm line, when observed in the

direction of the magnetic field, is split into two components. These
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components are circularly polarized in opposite directiens.

The total splitting between these polarized components is 2°8 Hz(ub)—l
for the longitudinal field component. This is much smaller, for H 10_-5 to
10—7 gauss, than the observed line widths. However to measure the splitting
a device sensitive to the direction of the polarization can be used. The
method used is to switch from the measurement of one sense of rotation to
the other, and finding the change in the amount of light received AT, for all
frequencies across the absorption line. Assuming that this line has a
gaussian profile the maximum value of AT can be related to the frequency

separation Av by
ATmax

T

Av = QeTu

where p and T are the half width and depth of the line (Galt et al., 1960). .
Early measurements of this type failed to produce any conclusive evidence

for the existence of a magnetic field in any of the clouds meésured, Galt,

Slater and Shuter observed this absorption line using the radio. source
Cassiopeia A (see Figure 2.3). Their observed values -are- shown below. (Positive

Av indicates a field directed away from the observer).

TABLE 2.1
Source AV in Hz
Cass A - 24 + 60
Cass A + 10 + 60
£ = B82:2°, b= -2.38°  + Lo + 60.

These show no significant Zeeman splitting and indicate a field H < 5 10'-5 gauss.

Other early measurements gave similar upper limits.




arm

3Kpe .
- expanding
arm :
0__1__2 3 4 _5Kpc|_ S

[ S

Figure 2.3. Diagram of -absorbiné clouds ané sourcés -
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(Positive field indicates a field away from the observer)

Davies et al. (1960)

"
”
"

Davies et al. (1962)

_ Veinreb—(1962)-- - -——— --

Davies et al. (1963a)

Source _
(Pigure: 2.3)

Cass A.
Cass A
Cass A
Tau A
Sgt A
Tau A
Tau . A
Cass A
Cyg A
Gass-A
Taa A

Cass A, Cyg A, Tau A

2"

2"

and Sgt A

112
112
112
185

-0

0]

O .0 O O

Mean longitudinal field

41l + hO°

in absorbing cloud

Hzln qq cloud

+1+4
+ 1+ 7
+ 3.7
+10 £ 10 .

v w

2*5
<5
P
5

These early experiments thus only gave an upper limit to the magnetic field.

However as the resolving powers of the apparatus used improved, . . values of

ﬁa of 10°0 to 3°6 ugauss were detected going round the local arm"in an

anticlockwise direction (Davies et al., 1963b).

These measurements, however, indicated fields an order of magnitude

smaller than those found from the synchrotron radiation technique, at that

time (Davies and Shuter 1963).

As mentioned in 2.2.1, lack of knowledge of

the relativistic electron density makes the synchrotron method unreliable

for estimating the field strength, so that the value of 10—5 gauss given

by such measurements could be too high.

However, at that time, it was
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thought that the magnetic field was responsible for holding the gas and dust

; . . -5
in the spiral arm and this would require a field of ~ 10

gauss. The fields

found from Zeeman splitting thus appeared to be too small, and several

attempts were made to account for this by proposing that the fields in the

clouds of neutral hydrogen are not representative of the general galactic field.

Woltjer (1961) suggested that the dense clouds seen in absorption could be

diamagnetic as they are more dense than the rest of the interstellar

material and so could contain more heavy positive ions and electrons per

cubic centimetre. Diamagnetism could be produced in the clouds by the action

of surface currents in the outer layers of the cloud. Thus the field outside

the cloud could be larger than that within it.

Davies and Shuter (1963),

however, showed that neutral hydrogen clouds could not support such large

external fields but would collapse. Woltjer (1961) also postulated that the

fields inside the absorbing clouds could consist of small closed loops of

field v 1 Pp¢

. in size. However, galactic rotation and cloud collision would

result in the annihilation of such loops of field. It thus seemed likely that

the field measured by Zeeman splitting techniques is of the order of the

general interstellar magnetic field.

Recent values of ﬁz are shown in Table 2.3.

Verschuur 1968
(Confirmed by Davies, R.D.
et al., 1968)

Verschuur 1969a

Verschuur 1969a

TABLE 2.3

Position of
Absorbing Cloud

Perseus arm in
direction of Cass A

Perseus arm in
direction of Tau A

Orion arm (local arm)

Hz in u gauss

10 - 12 p gauss

- 3.5 + 07 u gauss

€1, 2-5, 48 y gauss

These measurements are consistent with a field in a clockwise direction
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around the spiral arm, observed from the North galactic pole.

Until recently it seemed that the Zeeman splitting of the 21 cm line
would provide a direct measurement of the line of sight magnetic field,
indicating field strength and direction. The field strengths found are
independent of dust, relativistic electron, or thermal electron distributions
and represent the field at a particular place, not an integrated value. This
method also shows whether the line of sight.component is directed towards or
away from the observer, allowing some information on field directions to be
found. Of course measurements can only be made from the absorption spectra
of intense galactic fadio sources, which results in a restricted sampling of
the interstellar magnetic field and the complexity of the spectra makes
estimation of the field difficult, but these were not thought to be insuperable
difficulties. However, in 1969 it was postulated that these neutral hydrogen

clouds contain "frozen in" magnetic fields (Verschuur 1969b). Verschuur

sugéests that the magnetic field may be stronger in the clouds as a result of
amplification by contraction of the clouds and he proposes that the greater
the density of the cloud the stronger the field strength in it. If a cloud
contracts isotropically its density is proportional to radius_3 and the
magnetic field strength is proportional to radius_z. Thus the magnetic field
is proportional to density 2/3. Verschuur (1970) attempted to show that the
available data gives a reasonable fit to this (Figure 2.4) so that by extra-
polating back to the average interstellar hydrogen density he finds a mean
interstellar magnetic field of 1 - 3/A,gauss. Assuming that the clouds of
hydrogen have "frozen-in" fields, Zeeman effect measurements probably cannot
be used to give field strengths and directions in the general interstellar
regions, and are of no value when attempting to construct a galactic magnetic

field model.
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Figure 2.4. Magnetic Fields in neutral hydrogen clouds as a function of their

density. (Verschuur 1970).
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2.4 Faraday Rotation: Extragalactic sources

The plane of polarization of polarized radiation is rotated as it
passes through a region of electrons in é magnetic field. This fact can
be used to determine the integstellar magnetic field. The angle through
which the plane is rotated, 6, is .\given by o = 0-81A2 fN'e H d rad where A

hY
M,

is the wavelength of the radiation in metres, N, is ‘the electron density

in cm—3, H

) is the line of sight component of the magnetic field in ugauss

and ¢is the depth, in parsecs, of the region in which rotation occurs. The
magnetic field is determined by measuring the observed position angle of the
_plane of polarization of the radiation from a given radio source. This is
done for several values of the wavelength and the resultant plot of & against
X? gives the rotation measure (R.M.) 9/)?, Values of the rotation medsure
are typically 10 - 100/ rad m_2. By using a series of sources it is

possible to find the rotation measure in many directions. A positive value

of R.M. indicates a line of sight component of the field directed towards
the observer. Then a knowledge of Né and % allow values of the magnetic
field intensity to be found. However, it is necessary to know in which
region Faraday rotation occurs and the electron deémsity in that region.
Early measurements of the position angle of the polarization from radio -
sources were made by

Mayer et al. (1962)

Haddock and Hobbs (1963)

Rose et al. (1963)

Seielstad et al. (1963)

Morris, Radhakrishnan and Seielstad (1964)

Hollinger et al. (1964)

Maltby and Seielstad (1966).

Measuring the position angle § at several wavelengths for a given source

allows the rotation measure for that source to be found. Some of the results
obtained by Gardner and Whiteoak (1963) are shown in Figure 2.5.

It is important to know where this Faraday rotation is produced. Faraday

rotation produced in the ionosphere must be taken into account. In fact,
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the values of observed R.M. are about a hundred times the expected ionospheric
effect and the position angles show little variation at different times of day
or night, so that it would appear that the ionosphere does not play a
significant part in the measured rotation (Cooper and Price 1962). Thus
most of the observed Faraday rotation occurs in the outer regions of the source
or in our Galaxy. Seielstad et al. (1964), finding a pronounced variation
of R.M. with galactic latitude inferred that the rotation is produced mainly
in the Galaxy, but this is far from conclusive.

Some sources which are only a few degrees apart show very different
R.Mcs  (Gardner et al., 1969b) which may indicate large intrinsic Faraday
rotations in the sources.

Assuming that most- of the rotation is galactic, and if the electron:
density in the Galaxy is known, a value for the mean line of sight magnetic
%— -field to the edge of the Galaxy can be found. However, it is ppgsible that
the electron density is not uniform, resulting in an uneven sampling of the
Galaxy's magnetic field. Thus although a value of fNeHQdﬁ can be found
this method is not reliable for obtaining magnetic field s%rengths. ‘(Howevef;if
Ne is taken as 0°+05 cm_3 then a value of H2 " 5 Ugauss is obtained). Thé
values of rotation measures found from sources in different directioﬁs give
information about the distribution of thermal electrons and/or magnetic field
in the Galaxy. Many observers'have investigated Fhe variation of rotation
measure with galactic latitude and longitude. Morris and Berge (1964)
collected the R.M.s of 37 sources and found a cyclical change of R.M. with

longitudé. At positive latitudes their results indicated a field away from

the observer between longitudes 160° and 340°, and a field towards the
observer at longitudes 340° to 160°. At negative latitudes thé rotation
measures were reversed. Morris and Berge interpreted these resultis as a
helical form of field with the magnetic axis directed towards £ = 250° and

L = 700, which is the local spiral arm direction. As more rotation measures
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were found their interpretation became more complicated. Gardner and
Davies (1966), using the results of 86 measurements of R.M., attempted to
draw contour lines of R.M. at O, + 20, :_hO etc. rad/mz. Once again the
results indicated a magnetic field directed along the spiral arm, towards
% = 275° at latitudesb > + 20° and towards %= 95° at latitudes b< + 20°,
thus indicating a longitudinal type of field with reversal of direction,
a longitudinal field with some kind of anomaly, or a helical field component.
Similar results were obtained by Berge and Seielstad (1967) for 79
sources, and Gardner et al. (1967) for 133 sources, although as more rotation
measures were included more irregularities in the overall pattern appeared.
Thielheim and Langhoff (1968) formulatéd a quasi longitudinal field'
model in an attempt to fit these early measurements. The field direction
lies along the local spiral arm, in opposite directinE“EEuéitE?f_§iQe of
-the galactic plane, with the sun at 85 pec  below the plane. In the local
spiral arm, in the region of the sun, the field is towarasN& = 270° above
the plane and towards £ ~ 90o below the plane. |
Davies (1968) suggested that the field reversal at b > 20° could be due
to a local irregulerity, perhaps associated with Gould's belt, superimposed
on a general galactic disc field parallel to the spiral ‘drm.
Mathewson and Nicholls (1968) proposed that such R.M. would be
observed if their helical model type of field was added to a longitudina;.
field along the spiral arm towards & = 900. The helical component wéuld
produce the reversal of direction, and the addition of the longitudinal
component produces maximum and zero R.M.s at the longitudes expected from
measurements. Since measurements of the polarization of starlight give
information about the local field (v few x 102 pc, } while Faraday
rotation measurements measure the field to the edge of the Galaxy (where
there is a magnetic field and electrons), Mathewson and Nicholls suggest

that the helical component is a local perturbation of the general longitudinal
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spiral arm field, perhaps associated with Gould's belt.

As more RiMssare found (e.g. Gardner et al. (1969a) 366 sources) evidence
for a reversal of field direction about the galactic plane becomes more tenuous
(Gardner et al., 1969c), although little data is available at positive latitudes
with 60° < 2 < 180°. See Figure 2.6.

In conclusion it would seem that Faraday rotation measurements of the
polarized radio emission fram extragalactic éources, indicate a longitﬁdigal
field directed along the local spiral arm towards i ~ 90° with local perturb;

ations, which could take the form of a helical component.

2.5 Faraday Rotation: Pulsar measurements

2.5.1 Introduction

When the Faraday rotations of extragalactic radio sources are measured
a lack of knowledge of the electron density makes an estimate of field
strength unreliable. This difficulty is removed when pulsars are used as
the.source of the polarized radio emission, as a value of fN%dZ can theq
be found, but Faraday rotation measurements have been made for only™ 20 pulsars
mostly within 1 kpc of the sun. ﬁl'the mean line of sight component of the

magnetic field to the pulsar, weighted by the thermal electron density is

then given by

it

fNeH&dl

JN 44
e

2.5.2 The Dispersion Measure

It has been shown (e.g. J. G. Davies et al. 1968) that the arrival time,
t, of a radio pulse from a pulsar is different at different frequencies, v,

due to passage through ionized hydrogen. For a uniform plasma

at _ 8100
Y3

D sec Hz-l'
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where D is the dispersion measure in pc cm—3 and is equal to the line
integral of the electron density to the source. D = fNédz pc cm-3,
where % is the distance to the source in pc, Ne is the electron density in
em™3,

Many measurements of dispersion measures of pulsars have been made

e.g. Taylor (1969), Bridle and Venugopal (1969), Davies (1969), Goldstein

and James (1969), Davies and Large (1970) and Manchester (1972).

2.5.3 Faraday Rotation measure

Two methods of measuring fNeH d¢ have been applied to pulsars.

L
One is similar to that described in section 2.4 for extragalactic sources,
and can be used even for weakly polarized pﬁlsars. This method ﬁas first
used by Smith (1968a) to measure the field in the direction of CP 0950
(2= 229°, b = 43°) and he obtained a value of EL‘: 2 x 107 gauss. ]
(M;tﬂewson (1969) suggested that this low value would be produced if the line
of sight to the pulsar passed through both helical and longitudinal regions
of field, although a randomly directed field would also give a small R.M.)
Other early field measurements of this type were made by-Smith (l968b), and
Radhakrishnan (1969). |
The second method can only be applied to strongly polarized fadiation
and does not give the field direction. The polarized radiation is observed
at a frequency ™ 150 M Hz with a detector sensitive to one plane of polariza-
tion. As the frequency of observation is varied through a band of width
“5 MHz, a 'sinusoidal' variation of pulse amplitude with frequency is
observed, the separation of the maxima giving a value for the rotation

measure, e.g. Lyne and Rickett (1968), Staelin and Reifenstein (1969),

Vitkevich and Shitov (1970), Shitov (1971).
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2.5.4 Magnetic fields deduced from pulsar measurements

Some recent values of dispersion measure, rotation measure, and the
deduced magnetic field are shown in Table 2.4. All these field calcﬁlations
are made on the assumption that there is no intrinsic Faradéy’totation in
the source. Manchester (1972) states that since the form of variation of
position angle across the pulse is independent of frequency, there is no
differential rotation across the pulse. This would seem to indicaté that
there is no intrinsic Faraday rotation. However, at present, this question
is rather uncertain, especially as strong magnetic fieids very probably
exist in pulsars. - |

The field values obtained are the mean line of sighf coﬁponenﬁs of the
field, weighted according to the electron density. Verschuur (1970):
suggests that if a dense neutral hydrogen cloud, containing a strong

magnetic field, is included in the line of sight integral, then the measured

field will be stronger than that expected from a coherent field model.
Manchester (1972) found that low lafifude pulsars with small dispersion
measures, which are probably at short distances in the local arm, héve stronger
line of sight field components than thomwith large dispersion measures.
This could indicate that the latter are at large distances and that the

_ field varies randomly aleng the path to the pulsar, or the pulsar could lié _

in an interarm region where the field is weaker.

2.5.5 Field configuration derived from pulsar measurements -

|

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

' simple longitudinal field model; the field being directed along the local
spiral arm towards & = 90° and with a field strength v 3+5' G locally. .
(Figure 2.7). These values do not appear to be compatible with a helical

component in the local field.
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N.B." A positive R.M. and field indicates :3.field

_
_
_
|

TABLE 2.4

PULSAR DISPERSION MEASURES | AND FARADAY ROTATION MEASURES

directed. towards.the.observer.

Pulgar bObdeﬂmm Latitude uwmwmwmwon.wmmmcwm wOﬁmd#OH Emmmcwm _ - H il Reference
pc em” rad m_ _ 2
-
0329 144° - 1:2° 2675 + 0°05 631+ 5 2:9 + 0+23 Staelin and Reifenstein (1969)
2678 + 0+005 -6337 + O+l -2'93 + 002" Manchester (1972)
0525 183-8° - 6-9° 493 36+ S 09 + 0+125 Staelin and Reifenstein (1969)
50+8 + 0°1 ~3971 + 0°2 - 0-961 Manchester (197la)
50°8 + 0°1 -3946 + 0-2 - 096 Manchester (1972)
|
0531 18k4.2° - 5.4° 568 -k2+2 + 046 - 0-92 Manchester (1971b)
56-8 ..:m._w + 0-5 - 0°92 + 0-02 Manchester (1972)
. _ .
0628 | 237° - 16-7° 3k-36 4s 16 Vitkevich and Shitov (1970)
J b7 + 2 + 16 Schwarz and Morris (1971)
{ 0808 13 4° + 31-6° 584 + 0-06 1147 + 1-3 - 245+ 03 Manchester (1972)
0818 236° + 13° 40:9 + 0-1 - 28+ 17 - 0°08 + 005 Manchester (1972)
| | .
| 0833 | 263:6° - 289 63 b 42 +0°8 Radhakrishnan and Cooke (1969)
0834 219°7° + 26-3° 129 +26+5 +2:3 Schwarz and Morris (1971)
12:90 + O-Qk + 2b:5 + 245 + 2:3 + 0% Manchester (1972)
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TABLE 2.4 (continued)

wOﬁm&w05 measure .

Reference

Pulsar | Longitude| Latitude meﬁwwmwoumammmcwm_ ! o H yé
pc cm rad m %
: !
0950 | 228:9° + 43.7° 2:98 €05 {02 Smith (1968b)
2:965 + 0007 + 1°8'+ 0-5 + 0°7T 4+ 03 Manchester - (1972)
1133 | 2u2° + 69° 4834 + 0007 +'3:9 + 0°2 $0°99 + 0-06 Manchester (1972)
1237 252° + 87° 9-254 + 0+008 - o.m_u.o.r - 007 + 0405 Manchester (1972)
1508 | 91-3° + 52-3° 19+6 + ko m.wo + 2eh Lyne, Smith and Graham (1971)
19+60 + 0-02 + 0°8 +0°7 + 005 + 0+04 | Manchester (1972)
160k 11° + 36° 10+72 + 0°05 - - Manchester (1972)
1642 | 14-3° +.26.2° 35-7 + 18 % 10 + 16 Lyne, Smith and Graham (1971)
35°71 + 0°01 + 165 + 2+5 + 058 + 0-09 Manchester (1972)
1706 6° + 14° 24-99 + 0-08 - - Manchester (1972)
|
1818 26° + 5° 8k-L48 + 0°08 + 70%5 + T+5 + 1.0 + 0°1 Manchester (1972)
1911 31° - 7° . 89+41 + 0-0b - - Manchester (1972)
,
1929 | 47-4° - 3-9° 346 £y | < 1k Lyne, Smith and Graham (1971)
3-176 - 86+ 1-8 - 3°3 +0°7 Menchester (1972)
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TABLE 2.4 (contimued)

Dispersion measure

Rotation measure

mzwmmw. Longitude| Latitude 3 > Eue Reference
pc cm- rad m 2

1933 | 52-3° - 2-0° 159 - 36 + 10 - 0-3 Lyne, Smith and Graham (1971)

158°53 + 0+05 | - 179 + O°k - 0+015 + 0-003 Manchester (1972)
2016 | 68° - 3+9° 14+16 + 0+03 - 346 + 1°4 - 3:0 + 072 | Manchester (1972)

. m -

2021 | 88° + 8° 22580 + 0-004 | - 65 + 0°9 - 0°36 + 0°05 | Manchester (1972)
2045 | 31° - 33° 11°51 + G*01 - 1018 + 0<b - 1+15 + 0-04 | Manchester (1972)
2111 | 89° - p..wo A 100 |pm__m. + 20 - 2.2 'Iyne, Smith and Graham (1971)

1414 + 0=k - 223-7 4 2¢2 - 1-95 + 0°03 | Manchester (1972)
2218 | 98° - 8° 4352 + 005 - 3503 + 1-8 - 1°00 + 0°05 | Manchester (1972)

_

2303 | 98° - 27° 49-9 + 0-2 - - Manchester (1972)
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2.6 Conclusions

It seems reasonable to assume that the galactic magnetic field is
connected with the gas distribution of the galaxy, so that the field is
strongest in the spiral arm regions. Four types of spiral arm field
configurations have been deduced from measurements.

Thielheim and Langhoff (1968)'s model of a longitudinal field in the
direction of the spiral arm axis, reversing in direction about the galactic
plane, and directed, at the Earth, towards ¥ = 270o above the plane and
% = 90° below the plane, was based on about 40 extragalactic Faraday
rotation measures, and is not confirmed by the pulsar measurements. A
completely helical local spiral arm field is in agreement with measurements
of stellar polarizations, if this method is a reliable Qay of finding tﬁe
magnetic field. Extragalactic Faraday rotation measurements are not ihcom;
patible with-sqch~&-field= However, it seems more likely that the helical—
field is a local perturbation of a longitudinal field directed along the
spiral arm. To discover the extent of this helical component Mafhewson and
Ford (Mathewson 1969; Mathewson and Ford 1970) divided stellar polarization
data for TOOO stars into distance intervals O - 50 pc, S0 - 100 pc, 100 -
200 pe, 200 - 400 pc, hQO - 600 pe, 600 - 1000 pc, 1000 - 2000 pc and
2000 - L4000 pc. From the electric vector plots (section 2.1), the helical
component was deduced,zzecontained in a region extending ™ 400 pc along the
spiral arm in both directions from the sun (Figure 2.8). Pulsar Faraday
rotation measurements do not support this model.

A longitudinal field in the direction of the local sﬁiral arm (2~ 90°
at the sun), is indicated by pulsar measurements and is not incompatible
with extragalactic rotation measurements.

The local spiral arm coherent field thus appears, to the author, to be
of & longitudinal type, directed along the spiral arm towards? = 900, with

perturbations, possibly of a helical nature. Smaller scale irregularities
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magnétic fields. {Mathewson i.269)
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( V10 - 100 pc) probably also exist associated with turbulence in the inter-

stellar medium. (Parker 1968, Parker 1969).
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CHAPTER 3

MODELS OF THE FIELD

Information about the magnetic field within a few kpc . of the Sun, which
is obtained from experimental measurements, indicates several possible field
configurations. To obtain models for the large scale galactic magnetic field
much extrapolation is needed, so four such models, denoted A, B, C and D, have

been considered.

3.1 Mathematical formulation of models

(N.B. All distances are in kpc)

3.1.1 Field Model A

This is the field model described by Thielheim and Langhoff (1968), based
on extragalactic Faraday rotation measures. It is a quasi-longitudinal model,

with the field direction lying along the spiral arms, towards £ ;'2700 above

the ééiactic plane and Q v 90o below the plane,at the Sun. The model does not

include any halo structure, as too little is known about £his; and is not“
intended to describe the field configuration near the galactic centre, as this
region has little effect on cosmic rays reaching the Earth.

In cylindrical coordinates R, ¢ and Z (R is the distance from the galactic
centre in the galactic plane, Z is perpendicular to the galactic plane) the

spiral arm axes are defined by

¢

b R
R X R arctan X + ¢

o

(see Figure 3.1). ¢o =0 or NI, giving the two arms, the Sun lying on the
¢o = JI arm. The constants are b =1 and k = 1-5. At lafge_distances from
the galactic centre the separation between the two arms becomes constant. In
this model the Sun is situated at R = 10 kpe, ¢ = 6:5°, and is 85 pc below

the galactic plane (Figure 3.1). The magnetic field in the plane is directed

along the spiral arms, the direction being given by the unit vector
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A

- ~
= coseg + (2 xR ) sine
0 o

=

~

R

o
~

whefe Eo is a unit vector in the R direction, Zo is a unit vector in the
7 direction, so that zo x Eo is-a unit vector in the ¢ direction.

€ is the angle between the tangent vector to the spiral arm and the
radius vector (Figure 3.1).
2

R bR
T 5o
K°+R

a¢  _ b
R ®R X R arctan

|0

tan €

Thielheim and Langhoff (1968) propose that the total magnetic field is given

by
H = 5 H + & H
- -0 a o 2
o] o
7z ¥ R \? R_\?
Ha = 5072 exp - | 7~ exp - |g~ 1 - exp - R
o] of o 1
R R I
¥ {1+ a cos (¢ - ¢D)J uG.

ZO = 0175 kpc., Ro = 10 kpc., K. = 2 kpc., and a = 2. The mean field

1

strength is v 5 uG.

_Z__
0-175

outside the galactic disc and which reverses in direction about the galactic

The Z exp - term describes a field which decreases rapidly

plane. Figure 3.2 shows the z dependence of Ha along the Z axis through
: o]
the Sun.'

2 2
The (axp - %) 1l - exp - (-1;:;) ) term describes a field varying

along the spiral arm length. Figure 3.3. shows the R dependence of Ha at
: . [e]
Z = = 0+085 kpc parallel to the axis of the spiral arm. Thus ‘Ha ‘ is zero
: o
at the centre of the Galaxy, reaches a maximum value at R = 3*6 kpc and

becomes negligible at R greater than about 18 kpc.
The [:l + b cos® (¢ - ¢R)] term describes a field which has its

maximum value on the arm axis (where ¢ - ¢R = nm ), and reduces to 0-2 times
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this value midway between adjacent arms. Figures 3.4 and 3.5 show contours

of = constant, in the planes Z = - 0085 kpe and ¢ = 6-50 respectively

H
a
o .

(Thielheim and Langhoff 1968).

In the galactic plane, at a point with coordinates xl, 5 H_X and H_Y the
field strengths in the X and Y directions respectively are given by

H

H. = % X, COSE - sin € ]

X — 1 4]

R
Ha

and HY = o) [xl sin € + ¥, cos E]
R

The field perpendicular to the galactic plane, denoted by HZ is obtained by

. (o]
setting Div H = O (Thielheim and Langhoff 1969).
1 Zg
H = 1 H —_—
Zs & ZR(l+t2)2
! SbEPR % 2 2 2 -1
2R 2R R
g 2 C-a vl e B bl B
1+t (X“+R") R& Rl 1

where t = tan ¢

. However, values of HZ are v 1% or less of those of Ha .
o ' o

3.1.2 Field Model C

This model consists of a helical form of magnetic field, based on the
interpretation of stellar polarization data by Mathewson and Nicholls (1968).
Their results indicated a local field which is helical in form, but in this
model the helical field is taken to extend throughout the Galaxy. The field
lines wind around the spiral arms from the galactic centre out to R = 15 kpe.

The spiral arm axes are described by the function ¢R = CR'+‘¢0 vhere
C = 0°943. ¢O = 0 or M. This function produces a similar.spiral drm cthigur—

ation, near the Sun, to that generated by the spiral function of Thielheim and
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Langhoff (1968), but itsvuse simplifies computation.

The field directions lie tangential to right handed helices of pitch angle
70, wound round tubes coaxial with the spiral arms. The tubes are of elliptical
cross section, the ellipses having axial ratio 3, with their major axes lying
in the galactic plane. The axes of the helices are sheared through 40° anti-
clockwise (lpoking downwards from the north), from the direction of the axis of
the arm. Figures 3;6 and 3.7 show the locus of such a helix with minor axis
of length 0*6 kpc. Every point in the region of this helical field is
considered to be lying on a helix, with the field diréétion tangential to the
helix at that point.

The method used to. determine the field direction and strength at any point
is described in Appendix I.

Figure 3.8 shows contours of |Hf = constant in the plane.¢ =0, fér the
helical model. |H| is the field strength in u.G. | -
In this model the Sun is 0«1 kpc towards the galactié céntre.from the arm

axis, and is 0-01 kpc below the galactic plane.

3.1.3 Field Model D

Field model D consists of a longitudinal field directed towards & = 90°.

The spiral arms are defined as for model A with the Sun situated at

R = 10 kpe, ¢ = 6:5°, and 2 = O.
The mathematical formulation of the magnetic field is the same as for

model A except that Ha is given by
o

= -0 oo - (5] || (o - (% iz (2f)]

x: [1.+ l 0052 (¢ - ¢R) ]. uG
This gives a field which does not reverse its direction across the galactic

plane, but has approximately the same magnitude and extent as field model A.
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Figure 3.9 shows the Z dependence of Ha along the Z axis through the Sun. The
o]
maximum field strength on this axis is the same as for model A (see Figure

3.2).

3.1.4 PField Model B

Mathewson and Nicholls (1968) proposed that rotation measures of extra-
galactic sources, and the optical polarization measurements of distant stars
indicate that the general spiral arm}magnetic field is longitudinal, with only
& local helical component. The helical field exists within a tube which has
an elliptical cross section with major axis 0+5 kpe énd which.extend§ i 0°5 kpc
along the spirel arm from the Sun. Within this region tﬁe field is as described
for model C,'whilé outside the field is as Aescribed'for model D. Since these
models are oply intended to be repfesentations of the actual field, a smooth
transition between the two regions was not defined.

However, it is possible that the helical region is not as extensive as.

suggested above but is mereiy a local perturbation_qflé ioﬁgitudinal_field,

such as' represented by field model D,

3.2 Comparison of nmodel predictions with measurements of the Faraday

rotation of radiation from pulsars

Calculations were made of the mean line of sight magnetic field between
the Earth and -various pulsars, using the ﬁodels of the galactic magnetic field
described above, and the results compared with values found experimentally from
measurements of the rotation measure and dispersion measure of these pulsars.

The calculations were repeated for three different electron density

distributions
1. N1 = 0-062 ca > (Mills, 1970)
2. N2 = 0°092 exp - (22/(1-hh3 x 1072)) em™> (R.D. Davies, 1969)
3. N3 = 0°05exp - (|z] /0-152) em™3 (Prentice and ter Haar, 1969)

where Z is in kpc.
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In each case the line integrals

L L
uy N H, A% and ‘y N a
el e
0 0

L

were calculated until‘g Nedk reached the experimental value of the dispersion
0

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

in each case)

L /JL
Then H, = J N H,de N daL
A | 0 el o e

was calculated énd compared with the experimental values tabulated in Table
2.4, The vélue of ﬁz calculated using electron density distributions Nel,
Ne2, and Ne3 are shown in Tables 3.1, 3.2, and 3.3 respecti&ely.
(Positive.fields are di;ected towards the observer, negative fields away
_ from_the observer.)
The large expeéimental dispersion meésures of .some pulsars lying'éwé? '
from the galacticvplane may be due to-the présence of HIi regions.
g : In these calculations, thé expressions for-Nee ;nd.ﬁe3-giVe a péﬁi&
decrease in{electron density above:and below the plane, and this ﬁAy result
in the ﬁerginal value oflSL N d% never being reached. This is particulerly

. 0
true in the case of field model A, (with the Sun at Z = -85 pc) for pulsars

at.neggtive latitudes (e.g. 05é5, 0531, 1933, 2045 and 2218). For model A
it woﬁld probably be m;re reasonable if the maximum of the electron density
distribution occurred nearer the plane of the Sun.

The effective distaﬁce to the pulsar is also very depgndent on the
electron density distribution relative to the position of tﬂe Sun. N;l, Ne2,
and Ne3 each predict different effective distances to the pulsars at high

latitudes. As a result predicted values of ﬁz can be considerably different.

In the case of model A, a reversal of field direction mey occur along the




MEAN LINE OF SIGHT MAGNETIC FIELDS BETWEEN ¥HE SUN

TABLE 3.1
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AND VARIOUS PULSARS, CALCULATED USING N_1 = 0-062 gmf3

EFFECTIVE MEASURED H, u.G.

DISTANCE kpc. H, 1.6 MODEL A MODEL B MODEL C MODEL D
0.435 -2.93 -3.47 +0.401 | +1.16 -3.22
0.800 -0.96 +0.2b +1.86 +2.30 +0.84
0.810 -0.92 +0.28 +1.65 +2.07 +0.89
0.560 © 4.6 +h.27 FUNS" S I oY +.88
0.100 2.5 -2.61 -1.k0 -1.4%0 -3.43
0.665 -0.08 +0.70 -1.92 -h.35 +5.17
0.810 +0.8 +6.h2 +3.71 +2.h7 +6.90
0.215 2.3 +1.6k ~4.50 k.50 +b.27
0.055 +0.7 +2.73 ~2.64 22,6k #h.16
0.085 +0..99 +1.11 ~2.61 -2.61 +2.99
0.155 -0.07 +0.02 -1.05: -1.37 +0.32
0.320 +0.05 +1.4h “1.31 | 40,96 . | ~F.22 -

"~ 0.180 - -0.35 -0,k | +0.85 | -1.57 |
0.580 +0.58 +0. Lk ~0.97 +1.53 -1.59
0.410 - ~0.24 -0.8L +0.65 | -1.32
1.370 +1.0 -0.90 - -2.35 +0.40 -2.78
1.kks - -2.19 -2.50 -0.97 -2.85
0.065 =3.3 -h.53 -1.07 -1.07 -5.68
2.570 -0.015 =3.57 .| =3.92 -0.48 -b.k9
0.235 <3.0 25.96 "~ | . -1.16 ~1.16 " -6.83
0.370 -0.36 -4.81 +1.27 +1.27 - -6.98
0.190 -1.15 -2:73 -2.27 =2.13 =330
1.620 -2.0 -6:71 -5.2k -1.86 -6.8l
0.705 -1.0 -6.36 ~3.33 -1.70 6.2k
0.810 - - -2.06 -1.30 -3.25




TABLE 3.2
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MEAN LINE OF SIGHT MAGNETIC FIELDS BETWEEN TgE SUN AND VARIOUS _3
PULSARS, CALCULATED USING N2 = 0°092 Exp - (z5/(1-443 x 10~2))em

MODEL A MODELS B, C, and D

spp | SASURED —prrErrVE T FFFECTIVE AT

H y.G.| DISTANCE | H y.G. |DISTANCE A

. kpe % kpe MODEL B | MODEL C | ‘MGDEL D

29 -2.93 0.520 -3.h1 0.300 +1.46 +1.46 ~3.34
25 -0.96 L * » 0.655 " +2.37 +2.73 +0.94
31 -0.92 * ® 0.620 42,11 +2.52 +0.99
28 +l.6 * * * * * * * * * * * *
8 2.5 0.085 -2.69 0.070 ~1.29 ~1.29 -3.45
8 -0.08 0.505 +1.53 0.595 -3.26 | -kl +5.51
33 +0.8 1.455 +6.30 0.575 +2.41° 42.02 +6.98
ph +2.3 0,170 +1.96 0.155 4,06 k.06 +4.10
0 | 0.7 0.050 +2.76 0.0ko -2.18 -2.18 +h.17
3 +0.99 0.070 +1.2h 0.060 -2.54 2,54 +2.33
T -0.07 0.115 +0.08 0.150 -1.39° "=1.55 | +0.3h
8 +0.05 0.300 +0.68 * x LT R S
A - 0.1%0 -0.45 0.135 +0.28 | +0.43 [ -l.61°
2 +0.58. | 0.555 +0.21 * % L * o
E - 0.325 -0.29 0.300 -0.67 " |  +0.Lk ~1.36
_  +1.0 1.060 -1.1 1.050 —2.59 +0.39 3.2k
’]_ - * * * * * * * ¥* * * . * *
P - =3.3 0.070. -h.s5h 0.045 -1.06 -1.06 |- -5.67
g ~0.015 .| * * * % 2,0k5 -h.27 | -0.55 -5.09
5 -3.0 0.295 -6.00 0.160 -1.08 -1.08 -6.82

-0.36 0.325 -4.8] 0.255 +0.67 +0.67 -T.02

-1.15 * w * o 0.165 -2.01 -1.91 -3.39

-2.0 2.710 -6.68 1.135 _b.6h ~1.97 -6.97

-1.0 * ® LI 0.585 -2.59 -1.59 -6.45

Indicates pulsars lying away from the galactic plane, such that

‘reaches its terminal value.

N df never
S e
o




TABLE 3.3

MEAN- LINE OF SIGHT MAGNETIC FIELDS BETWEEN THE SUN AND VARIOUS

PULSARS, CALCULATED USING Ne3 = 0.05 exp - (IZ'/O.iSQ) cm

-3

37

MEASURED MODEL A MODELS B, C, and D
PULSAR Hyu.G. [ EFFECTIVE | _ EFFECTIVE Aﬁn u.G.
DISTANCE Hy u.G, DISTANCE
kpc kpc MODEL B MODEL C MODBEL D
0329 -2.93 1.015 -2.95 0.605 -0.39 +0.96 -3.07
0525 -0.96 LA LA 2.290 +1.26 +1.55 +0.57
0531 -0.92 LA * % 1.765 +1.1k +1.49 +0. 6k
0628 +1.6 * % * * K. ® * * * * * *
0808 -2.5 0.155 -1.81 0.145 -1.32 -1.32 ~3.38
0818 -0.08 1.420 -0.79 * % * L LA
0833 | +0.8 2,580 +5.5)4 1.315 +4.50 +3.01 +6.7k
0834 +2.3 0.330 +0.38 0.k4ko -2.h} -4.37 +3.87
0950 +0.7 0.090 +2.20 0.070 -2.99 -2.99 +4.1h
1133 +0.99 0.125 +0.52 0.1k45 -2.08 S -2k | 42020
—1237-- —|- =007~ 0+335 =0.10 L S I TR LW e
1508 © | +0.05 ¥ % k% * % LIV T I LRI
1604 - 0.280 ~0.00 0.415 08 | T w1aé 21,39
1642, +0.58 o A * % B T ® % % &
: 1706 - 0.645 -0.05 0.885 -0.78 +0.72 -1.14
| 1818 +1.0 2.3k -0.12 4,230 -1.94 +0.07 =2,28
Il 1911 - * * * # * * * * # * * *
11929 -3.3 0.135 -4.60 0.085 -1.07 -1.07 -5.68
1933 -0.015 * * *» * * * * * * * * *
2016 -3.0 0.570 -6.18 0.330 -1.24 -1.2h -6.82
2021 -0.36 0.595 -3.23 0.550 +0.38 +1.7Th -6.90
2045 -1.15 *» ®w 0.64%0 - =1.97 -2.22 -2.63
2111 -2.0 4,96 -5.79 2,580 -5.28 -1.L45 -6.45
2218 -1.0 % L 2.115 -3.11 -1.43 -h.97

reaches its terminal value.

¥% Indicates pulsars, lying away from the galactic plane, such that

jp Nedl never
0
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line of sight, resulting in a reduction of 'ﬁgl° (e.g. 0818:- Nee gives the
effective distance as 0°505 kpc and ﬁz as + 1:53U6; N1 gives 0-665 kpc
and + O-7 UG; and Ne3 gives 1°42 kpc and - 0-79 HG.)

ﬁowever, the exact form of the electron density distribution is not known
and since most of the pulsars lie near the galactic plane, Nel probably gives
a satisfactory distribution. Field values calculated using Nel have béen
used in the following analysis.-

Figure 3.10 shows values of A calculated using field model A and Nel,

L
plotted against experimental values. There appears to be some correlation
between measured and predicted values, especially in the case of those pulsars
for which the entire line of sight distance is velow the plane. Of the

pulsars considered few have large enough positive values of latitude and

effective disténce, for the line of éight distance to include & sufficient

qistgggg_ébove thq_galactig plane, for the field reversal to. be apparent. _ .=
Only if the electron density is much less than 0062 cm—3 would the reversal
of fieldvabovg the plane have any real effect on the rétation'measures of
gﬂe“pulséfg at positive latitudes. |
‘Thus the fact that the experimental Faraday rotation measures show no

reversgl at positive latitu@es does not necessarily rule out tﬂis field
model;l'In fact, theré is a correlation of 0-72_between.%he ppedicted aﬁd
'measured field strengths. The best fit to the experimerital va}ues is given
if thehfiexd étrengfhs predicted by model A (HA), are reduced to 059 H,.

As expected fhe.field strengths predicted by models B and C are the
same for pulsars'near the Sun.

As the distance to the pulsar inéreésesthenbde¥ B values epproach those
~obtained using model I(HD)-Figures 311, 3.12 and 3.13 show the values gf ﬁl

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

predicted by models C and B do not appear to be compatible with measurements,
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and if a helical component exists it is probably smaller in extent than that

of model B.
TABLE 3.l
Field Model Correlation with predictions Least squares best fit
A 0°72 (significant correlation) Hy = 169 Hexp
B 0-0ks5 -
C 0-01T7 -
D 0°67 (significant correlation) Hy = 1:95 Hexp

As can be seen from Table 3.4 pulsar rotation measurements are best
explained by a model A, or model D, type field, but they seem to éuggest a

smaller field strength than used in these models.
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CHAPTER &

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

h.1 Introduction

Cosmic ray particles reach the Earth after travelling through the galactic

magnetic field. The force acting on them due to this field causes them to

~21
spiral about the field lines with a Larmor radius of RL’V'—EEQQ-ﬁ pc,

where E is the energy of the particle in év, Z is thé atomic iﬁmber and H' is
the magnetic field strength in gauss.

If this radius is small comparéd'with thé sizé of any irregularities in
the magnetic field then quasidiffusional motion occurs. Clouds of'stronger
magnetic field than the surrounding régions act as séattering centres for the
particles. |

Particles with higher energies, such that the radius of curvature is

larger than this but smaller than the charac@gristiq;sqg;e of the regular

magnetic field, move, in effect, along the lines of force. This type of

2 eV and 1017 eV.

eV, in a field n _1_0‘6 G, the

motion probably occurs for protons of energy bétweeﬁ’ﬂ 161
However, for protons of energy E 2 lO17
Larmor radius is large compared with the scale of the regular figld qnd-@uasi-A‘
rectilinear motion occurs. At lower energies within this region £he particles

18

are trapped within the Galaxy. However, at v 107° eV (for protons),'RL_is of

the order of the thickness of the galactic disc and at higher energies the ' -

9-eV the trejectories

particles can escape from the Galaxy. For energies 2 lOl
approximate to straight lines. The transition from complete trapping'of
particles in the Galaxy, to complete escape is of interest when considering
whether these high energy particles originate in the Galaxy or are of extra-
galactic origin. The exact effect of the magnetic field on the. paths of the
particles depends on the configuration of the magnetic field. To investigate

this the trajectories of particles reaching the Earth were calculated utilizing

each of the magnetic field models described above. In practice this is done .



L1

by following the trajectories of antiparticlés from the Earth until they inteéract
with the interstellar gas (A distance n 500 kpe if the gas density is 1 cm_3),
or until they leave the Galaxy.
This method was used by Thielheim and Lenghoff (1968, 1969), for their
field model (model A), to calculate 18 individual proton trajectories at several

9 eV travel along

energies. They found tﬁat protons of énérgy lO20 éV and 10l

straight paths from the edgé of thé galacfic régione Thus at these energies

the pathilengti in the Galaxy was found to bé quite short in most directions.
Protons of energy 101T eV wéré found to bé completely trappe&fﬁ%y the-

magnetic field, in the spiral arms of the Galaxy. Thﬁs protons'hrriving at

the Earth from all the directions considered were found to have long pathlengths

in the Galaxy atvthis energy.

Thielheim and La.nghoff also found that particles with energies corresponding

to protons of energy lO18 eV appear to come from the hemisphere around the anti-

centre, énd.no éuch particles reach the Eﬁrth from the galactic centre. At
this energy there is also a wide afétributian in.the lengths of paths within
the Galaxy.

If it is assumed that the cosmic ray sources are uﬁiformly distributed in
the Galaxy, then the intensity of cosmic rays from a certain direction will be
proportional to the pathlength in the Galaxy of particles from that direction,
if their motion is quasirectilinear.

Thus, these results indicate that protons of galactic origin reach the Earth

20 19

comparatively isotropically at 10~ eV, 107" eV and 1017 eV, and anisotropically

at 1018 ev,
However, only 18 trajectories were calculated at each energy and only one
field model was used by Thielheim and Langhoff. To extend these results a

larger number of trajectories have been calculated for each of the field models

(A, B, C and D).
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Lh.2 Calculation of trajectories

An electronic computer was used to calculate the trajectories of protons,
or particles of the same rigidity, arriving at the Earth after travelling
through the galactic magnetic field. Each path was caiculated by following an
antiproton of a particular energy leaving thé Earth in a certain direction.
The trajectories were calculated in short stéps of distance, over which the
acceleration was assumed to.be constant.

The force, p due to a magnetic fiéld_ﬂfﬁG, acting on a particle of charge

q coulombs and velocity V m/sec is given by

p = 10710 q (V x H) ::tewtons.

This produces an acceleration of E c2 m/sec2 where E is the particle energy
in joules, and ¢ is the velocity OF light in m/sec. Hence it can be shown

that

= 9.25 x 1071 (U x H) £ (kpe)™

om| [

where a is the acceleration of the particlé in kpc/se¢2; C“ié"the ﬁeiqcity :
of light in kpc/sec, U is a unit vector in the directiqh of the-velécity:of
the particle, H is the magnetic field in ﬁG, Z is the atomic number.of-thé
particle (taken to be negative for antiparticlés), and E is the energy of
the particle in eV.

During the calculation of the trajectory of a particle, its acceleration
was calculated at the beginning of each step, using the expression above. Since
in fact, the acceleration is not constant over the steplength, an effective
acceleration was found. This was equal to the acceleration at the midpoint
of the step and was calculated by interpolation using the accelerations at
the beginning of the step and the two previous steps. This effective accelera-
tion was then used in the calculation of the position and the direction of

motion of the particle at the end of the step.
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By calculating the trajectories of particles in s uniform magnetic field,
it was found that step sizes of 0°0Ol kpc were small enough for energies of
2 x lO18 ev and above. At lower energies smaller step sizes were needed.
Initially the particle trajectories were followed until the particles were
more than 20 kpc from the galactic centre. Some of these'trajectories are shqﬁn
in figures 4.1, 4.2, L.3, b.k, and L.5. In these figures the trajectories are

identified by numbers 1 to 11, which correspond to the directions listed in

}; Table L.1.
| o = galactic longitude - 173-5° for field models A and D
0 = galactic longitude - 180° for fiéld ?odels B and C.
TABLE 4.1
Trajectory number Direction in which thé pg?tiélé leaves Eﬁe ﬁﬁrth.-
. o S Gélaétic latitﬁde (bw)
P RN . o 'UaEgLL{éff” Tl
! 1 - L e®
| 5 - Oo ' hso
3 0 0°
4 45° 0°
5 90° 0°
- 6 90° L5°
T 135° 0°
8 180° 0°
9 225° 0°
10 270° - " o°
11 3157 | 0° -

Field model A has only a small effect on the trajectories of particles with
E/Z = - 3 x 1018 eV. The particles leaving the Earth at b"=.i hSo orb" ~ 0o°

and 9005 a < 276° (i.e. trajectories 7, 8 and 9) tend to escape from the
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galactic disc, while those leaving the Earth am'b"& 0° and —9635 o s 96)
(i.e. trajectories 3,4,5, 10 and 11) tend to make small oscillations about
the galactic plane. This oscillation is probably caused by the particle
being initially deflected across the galactic plane, where the reversal of
field direction produces oscillations, which continue until the particle
reaches a region where the field is weak enough to allow it to escape. The
effect of field model A on the trajectories of particles with E/Z = -lO18 eV
is much bigger. The particles are much more éasily trapped within the region
of the galactic disc and some (i.e. trajéctories 5 and 10) spiral about the
galactic arm. Trajectories T, 8 and 9 aré bent steeply downwards so that
particles following them cannot reach the galaqtic.centre. .These results
agree with those of Thielheim and Langhoff (1968, 1969).

Field model C is more effective in tﬁe trapping of particles within

the disc and spiral arms. EVen‘at'E/Z =-3x 1ol§ eV some frappihg'in the

disc occurs of particles leaving the Earth at b's + hso. 'At'this'energy
trajectories 3 and 4. are similar to those in fiéldfﬁodéi*kzin:ﬁﬁat the
particles oscillate about the gaiacfic pla.né° (A reQersal of fieid aireCtion
about the galactic plane also occurs in this model). Particleg‘fAllowihg.
trajectériesis, 7 and 8 escape from the disc. However, some péfticles, suéh
as those following trajectorieé 9, 10 and 11 are trapped spiralljng'gboﬁﬁ;thev

8eV this trapping in the spiral arms is more

gélactic arm. At E/Z = - 10t
widespread and it is noticeable that the trajectories tend to foliow-the
spirai arm towards the galactic centre. This éfﬂect may be produced by the
reversal in direction of the Z component of the field about the surface

perpendicular to the galactic plane, through the spiral arm axis.

1
In later calculations the trajectories were followed until R = (X2+Y2)2

> 15 kpe or lZ >lkpe. Beyond this the magnetic field is weak and the particles
have effectively left the Galaxy.

To relate these trajectories to cosmic ray anisotropies at the Earth,
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some knowledge of the distribution of cosmic ray sources within the Galaxy

is required.

4.3 Distribution of cosmic ray sources in the Galaxy

If cosmic rays of energy 2 lO17 éV réaching the Earth are of galactic
origin then their most probable sourcés aré pulsars or possibly the galactic
nucleus.

Pulsar distances obtained from dispérsion méasures or absorption by
neutral hydrogen at 21 cm show that most obsérvéd pulsars lie within 1 or .

2 kpc of the sun (e.g. R.D. Davies, 1969), and their measured positions
indicate that they lie maiqu in the galactic disc (Hewish, 1970).

However it has been suggested (e.g. Mills, 1970; Cavallo, 1971) that
most pulsars are situated within the galactic spiral arms. Since the form
of thé'source distribution affects the predicted cosmic ray anisotropy at
the Earth these,calculations were done -for both-a»uniform distrifution—of :
sources in the disc and for a uniform distribution of sources in the splral
arms. That is, in each direction the length of the, tragectory 1y1ng w1th1n -
the disc (or the pathlength in the disc) and the length of the traJectory |
lylng w1th1n the spiral arms were calculated. -
17

It is also interesting to know if particles of these energies (2 107 eV)

produced in the galactic nucleus can reach the Earth in the preseﬁce of a
magnétic field such as those described above, and what the cosmic ray
anisotropy at the Earth would be if these cosmic rays do come from the galactic
nucleus. Thus for each trajectory the following pathlengths were calculated.
(1) The pathlength within 1, 2 and 3 kpc of the galactic centre

(2) The pathlength in the disc defined by |Z|< 0.3 kpe

(3) The pathlength in the spiral arms d;fined,'for simplicity, as having a

rectangular cross section of 0.6 kpc by 1.2 kpc.
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b h Trajectories calculated

Trajectories were followed from the Earth in the 146 directions listed

below.
TABLE 4.2

Directions of trajectories followed

Galactic latitude o
+ 750 From 0° at 90° intervals to 270°
+ 60° From 0°.at 45° intervals to 315°
+ 45° From 0° at 30° intervals to 330?
+ 30° From 0° at 22.5o interyals to 337.5o
+15° From 0° at 18° inmtervals to 3u2°
o° ‘ From 0° at 15° intervals to .345°

This set of trajectories was calculated using each of the field models for

several different values of -@/Z between 4.5 lOlTQV_@nd 10?9_§yi _Aﬁllqwer

energies the trajectories require so many steps that this method of calcula-'
tion is impracticable, while at higher energies the trajeqtorieé'are éffeéti#ély'
.straight lines.
The following combinations of enérgies and field models were usédf
TABLE" 4.3

{ Energies and field models:for which trajectories vere -

calculated
- B/Z in eV Field Model
b5 1007 A
6 107 A
7.5 1007 A,B,D
1018 A,B,C,D
> 1048 B,D
3 108 A,B,C,D
6 108 B,C
g 108 c
10+ A,B,C,D
3 107 A
20

10 A
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Pathlength calculations-were also done using modified forms of these basic
mode}s.

For example the trajectory calculations performed using model A with the
Sun at R = 10 kpc were repeated for the Sun at R = 9 kpc in an attempt to
discover how sensitive the pathlengths are to changes in this parameter.

17°

Pathlengths were also found at E/Z = - 7.5 10" eV and E/Z = - 1018 eV using

field model A with H_ = O. Since H  is typically v E%E x H_ this change
would not be expectedoto produce muchoaltération in the results. . In fact
both these adjustments were found to havc a ncgligible effect on the pathlengths
and their distribution over the galactic latitude-longitude sphere.

A modification was clso mede to field model A to determine the effect of
a halo field. Obviously if a halc magnetic field exists it wiil affect
anisotropies considerably. Although, at present, there is not generally
con51dered to be much cjiggqcs_ig support of a halo field it is difficult to .
prove that it definitely does not exist. Even if a halo field.does exist so ..
little is known about its p0551b1e structure that it is dlfflcult to construct
a model for this field. 1In this case a halo field model was produced by
modifying model A such that the field strength is constant for |Z|>ﬂ0.28 Kpe
at a value " 2uG and the flux lines in this halo follow the spiral.arm direction.

Trajectories were found using this moéél for - E/Z.= lO18 éV, 3.1016 eV
and 1019 ev. |

Field model C was adapted by using a field strength with a gcﬁssian depend-
ence on b, and it was found that the pathlength distribution is. efféctively.

the same as for.the unmodified field, indicating that the helical form of the

field is more influential than the exact distribution of field étrength.

4.5 Cosmic rays from the galactic nucleus

The possibility of cosmic rays from the galactic centre reaching the Earth.

can be determined for each field model from these trajectory calculations.
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In general there is an energy band within vhich no particles can reach
the Earth from the galactic centre. At highér énergies the particles travel
along almost straight paths and may hit thé Earth, while at lower energies
particles can travel along the spiral arms from thé centre to the Earth.

Fér field model A this 'forbiddén' band is given by T. 10lT eV S E/Z S

19

3. 10 eV. For the other models the lower limit to this band occurs at

higher energies. Particles with E/Z % lO18 eV for models D and B; and

s 10t

eV for model C can reach the Earth by travélling‘aléng fhe spiral arms.
The addition of a halo fiéld would maké particle transfer from tﬁe
galactic centre to the Earth easier. o
.However,‘in each case, cosmic rays ékclusivély from the galactic centre
would pro@pce large anisotropiés at tﬁé Earéh - largér in fact; than the
anisotrépies produced by cosmic rays coming from sources uniformly distribﬁfed

in the galactlc disc or splral arms.

4.6 Pathlength distributions -

The distribution over the galactlc lat1tude—long1tude sphere was found fdfnr

pathlengths in the galactic disc and for pathlengths in the splral arms.

For all the field models and energies con51dered pathlengths in the disc were:

- found to have a similar distribution to those in the spiral arms.but to be

approximately twice as long.

From the 146 trajectdries calculated in each case, it was possib}e to
interpolate to produce contour maps of the maximum pathléngth in the dise
or spiral arms of particles arriving at the Earth in a given direction. These
meps were plotted on an equal area projection in celestial coordinétés to
facilitate later comparison with measured cosmic ray anisofropies.

Figures 4.6 to 4.19 show some of these maps although not all'the contours
are markéd.

For field model A the longest pathlengths are in the spiral arm directions
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with the & = 90° spiral arm maximum tending to be larger and more extended than

the 4 = 270o spiral arm maximum. At E/Z = 6. 1017 eV the pathlengths in
P .

the direction of the galactic centre are very short and at higher energies

this minimum becomes more extensive. Above lO18 eV the longest pathlengths

tend to occur in a band about the galactic equator between & " 900 and

£ v~ 270°. The width of this band decreases at higher energies and by .3 lOlg eV

all the pathlengths are < 1 kpc except for fﬁosé in -a narrow band (B;¢.i 300)
along the galactic equator in thé diréction of thé anticentre. This band
represents those directions in ﬁhich particlés.aré trapped in the spiral arm
or oscillate about the plane so that théy travél through successive spiral
arms . | |
8

Above 3 10'° eV the addition of the 'halo' to field model A has little’

effect but at lower energies a third peak in the pathlength distribution occurs

— towards the galactic centre. Probably those particles which in field A are

bent out of the disc are trapped in the spiral arms by this'ﬁalé‘field.

'For field B the peaks in the pathlength distribution are not so‘ciosely-

associated with the spiral arm dfréc%ions as théy ére for modei:A, aﬁd their
position varies with energy. Above 3 1618 ev %ﬁé.idﬁgé;t pdthlehgfhs7are in
a band about the galactic équafor;

Field C traps particles much more easily than the other models. Aé
mentioned in 4.2 there is tendency fér particles to be trépped'in the spiral arm-
and to.foilow it towards the galactic centre. As a result at E/Z g 16¥8Aev-
the pathlength distribution shows a wide range of incidéht ;ngles for which
the pathlength in the disc is greater than 40 kpc. This region représénts
directions in which the particles are trapped in the sﬁiral arms, At these
energies the pathlength minimum occurs in‘the direction of the & = 2"{0o spiral
arm. As the energy increases the maximum contracts until, at 1019 ev,

pathlengths > 40 kpe are only found in the direction of the 4 = 90° spiral arm,

" and the long pathlengths lie in a band along the galactic equator.
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At this energy models B and C produce very similar pathlength distributions.
The model D pathlength distributions are similar to those of model B and
this similarity becomes more marked at higher energies where the-helical

component of fiéld B has less effect.

9

Above a few times lOl eV, where the magnetic field has little influence
on the particle trajectories, the pathlength distribution is independent of
the field model and merely reflects the geometry of the Galaxy. |

As mentioned above if cosmic ray sources are uniformly distribﬁxed within
the regions considered, then for the energy bﬁnd whérg the mgtion-is'Quasiréctif
linear, the intensity of cosmic rays from a givenvdirection is proportioﬁal_toj.
the meximum pathlength in these regions of particles froﬁ.thaf diieqtion}

That is the contour maps of pathlength are also contoﬁrimaps'Qf-cosﬁig?ra&:;"'
intensity and can be used to predict anisotropiesigt théjﬁarth;. The predicﬁea
anisotropies at each energy for éach field model can then bé compared'with

observations.
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CHAPTER 5

COMPARISON OF PREDICTED COSMIC RAY INTENSITIES WILH EXUENSIVE AIR
SHOWER ARRIVAL DIRECTION MEASUREMBNTS

The predicted variation of cosmic ray intensity with arrival direction
obtained from each contour map of pathlength have been compared with extensive

air shower measurements of the corresponding energy region.

5.1 Extensive air shower detectors

The measurements made by three air shower arrays, of the arrival directions

17

of E,A.S. produced by cosmic ray primaries of energy 2 10" ' eV, have been
used. These arrays are the Massachusetts Institute of Techmology array at
Volcano Ranch, the Haverah Park array and the University of Sydney array at -

Pilliga Forest.

5.1.1 M.I.T. array at Volcano Ranch

Volcano Ranch is situated at latitude 30°N and at an atmospheric deﬁth
of 820 g/cm?. The air shower array, which was in operation during 1960-61,
had an area of 8 km2 and consisted of a hexagonal arrangement of 19 solid
scintillators, each with an area of 3.3 m2. |

The arrival direction data (Linsley, 1963 and private communication)
covers declinations + 90° to - 30°.

For the comparison with predicted intensities, the energies of the Volcano
Ranch data have been adjusted to be consistent with the Haverah Park values.
Hillas (1969) first suggested that the use of different methods of analysis for
the data from these two experiments was resulting in inconsistencies between
them in the number spectrum and primary energy deduced. The reason for this
is as follows. The energy of the primary particle is related to the size of
the shower produced. To obtain the shower size from measurements of particle
densities at the individual deteétors it is necessary to assume some lateral
distribution for the shower. The exact form of this lateral distribution is

not well known and the use of different types of lateral distribution may result
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in considerably different estimates for shower size. The lateral distribution
used by Linsley with the Volcano Ranch data teo obtain the size spectrum was of
a different form from that employed at the Haverah Park and Sydnéy arrays.
Hillas (1969) fitted a lateral distribution of the type used at Haverah Park

to the Volcano Ranch data and obtained shower sizes approximately twice as large
as those given by Linsley. Thus, in effect, the same detector response w;s
interpreted as a shower of a different size produced by a primary particle of

a different energy. Thus, to ensure consistency, the energies of the Volcano
Ranch data have been adjusted to correspond to the Haverah Park values, for‘the
purpese of this work of comparison with predicted intensities.

The adjustment was made by taking the "equivalent Haverah Park energy" as
the energy given by the Haverah Park spectrum (Hillas et al., 197l) corresponding
to the integral flux measured at Volcano Ranch for the unadjusted energy
(Linsley, 1963).

The following groups of data were used for comparisons with predicted
cosmic ray intensities.

TABLE 5.1

Volcano Ranch data groups

Number of Showers Energy quoted by V.R. "Equivalent H.P, energy"
538 3.2 1007 - 6.4 107 ev 6.2 1017 - 1.18 1018 ev
409 6.4 1007 - 2,5 1088 v 1.18 1018 _ 3.65 1018 ev
90 > 2.5 1088 ev > 3.65 1078 ev

5.1.2 The Haverah Park Array

Haverah Park is situated at latitude 5h°N at approximately sea level
(1030 g/cma). The air shower array covers an area of 11 km2 and is composed
of an inner 500 m array and an outer 2 km array. The 500 m array consists of
four detectors, each composed of water Cerenkov tanks of depth 120 cm viewed

by photomultipliers (Tennent, 1968). The arrival direction results obtained
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in 1963-6 using this array are given by Hollows (1968). During 1967 the Haverah
Park array was extended to include a 2 km array composed of six local arrays

each of which containsg:. four 13.5 m? detectors (Earnshaw et al., 1968). This
extended array has been in operation since late 1967. Arrival direction data

for the years 1963-T0 has been obtained from Lapikens et al (197l) and by private
communication. Only: showers of zenith angle less than 60° have been included

so the data covers declinations + 90° to - 6°.

The following groups of data were used for comparisons with predicted cosmic

ray intensities.

TABLE 5.2

Haverah Park data groups

Number of showers Energy range
2291 ' 51007 - 1018 oy
994 0 10t D 30
172 31008 - 109 ey
29 > 1019 eV

5.1.3 The University of Sydney array at Pilliga Forest

Pilliga Forest is at latitude 30.5%. The array covers an area of L0 km2

and consists of a number of stations (34 by January 1969) arranged on a square
grid. Each station comprises two 6 m? liguid écintillator tanks buried 50 m
apart, at about 2 m below the surface of the ground.
Arrival direction results (Brownlee et al., 1970.and private communication)
cover decliﬁations_+ 30° to - 90°.
TABLE 5.3

Pilliga Forest datsa groups

Number of showers Energy range.

682 lO18 - 1019 eV

19

86 > 1077 eV
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5.2 Comparison of predicted cosmic ray intensities with experimental
heasurements

For the purpose of this comparison all these high energy cosmic rays were
assumed to be protons (i.e. 2 = +1).

Each pathlength contour map was divided into hins of 10° declination
by 10° R.A. (15° R.A. for comparison with Haverah Park results) and the average
pathlength in each bin was found. This pathlength was taken to be proportional
to the intensity of cosmic ray protons and, by allowing for the solid angle
contained in each bin, a value proportional to the number of protons of a
particular energy expeqted to reach the Earth within each directional bin %as
obtained.

The predicted numbers apply to protons of galactic origin. Protons of
metagalactic origin would arrive at the Earth isotropically. Of all the protons
arriving G% were taken to be of galactic origin with an anisotropy as derived
above, while (100 - G)% were taken to be of metagalactic origin arriving
isotropically. For each field model and energy a range of values of G from
0 to 100% were used, and in each case a prediction of the number of protons
expected in each bin was made to compare with experimental measurements.

In meking this comparison it is necessary to take into account-the
variation with zenith and azimuth angle of the aperture of “the.alr shower
array. The sperture depends on the way in which the shower 1is propagated
through the atmosphere and on the geometry of the array, and the exact form

of this variation is difficult to obtain. However, if the predicted numbers
of showers in all the declination bands are added for each right ascension
band, the aperture variaticn only influences the weighting of the summation.
Thus it is not important to know the exact form of the aperture variation if
a comparison is made between the distribution in R.A. of the predicted and
measured shower numbers. In fact it is possible to use an empirical aperture

variation obtained from the observed zenith angle distribution.. If an
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expression which gives a good fit to the observed zenith angle distribution can
be obtained then, assuming a uniform azimuth angle distribution it is pessible
to deduce a declinatien distribution. This can be used to give detection
probabilities for the conversion of predictions of numbers of protons reaching
the Earth in each bin to predictions of the numbers of showers detected by a
particular array in each bin. Brownlee (1970) fitted a differential zenith
angle distribution of the form dN = (n+l1)N cos™® sind d0 to the Pilliga Forest
data, where N is the number of showers and 6 is the zenith angle. For an
isotropic zenith distribution and no atmospheric attenuation of ailr shower muons

n is predicted to be'l'giving

dN = 2 Ncos8 sinb df.
A zenith angle distribution of this form was used in the present calculations -
to obtain detection probabilities. Despite the fact that Brownlee (1970) finds
that the.Piiliga Forest results indicate an exponent valué of n = 2 over all

energy ranges ( 2 1017 eV), for the higher energy band ( 2 5 1018

eV) he
obtains n = 1.0 + 1.0, so that the use of n = 1 is not unreasonable; especially
considering that the exact form of aperture variation is unimportant in this
context. Hollows (1968) found that the zenith angie'distribution of all |
30556 showers observed at Haverah Park during'1963-6.could be represented by
P{>06) = 0.5 (cos36 + coshe) a0, where P(>0) is the probability of a shgwer
arriving at a zenith angle greater than 6. Hollows deduced an expected declina~
tion distribution and found that the numbers of showers observed exceeded the
p;édictions for declinations less than + hOO,'with a corresponding deficit

at larger declinations. This he interbreted as being due to a vafiation of
the aperture of the array with azimuth angle, caused by its tilted position,
rather than being the reflection of any large scale cosmic ray anisotropy.

For comparisons with Volcano Ranch results the observed declination distribu-

tion was used to give detection probabilities.
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When the predicted shower number for each 10° x 10° (or 15°) bin had been
obtained from a given contour map, for a particular value of G and for
comparison with results from a particular array, the numbers corresponding
to each declination band were added for each right ascension band to obtain the
predicted distribution in R.A. of shower numbers.

Comparisons between predicted and measured R.A. shower-number distributions
were then made for the combinations shown in table S.h, after normalizing the
total number of predicted showers in each case to the corresponding number of
observed showers. Each comparison was made using a range of values of G and
a x2 test was utilized to obtain the G value .that gives the best agreement
between prediction and measuremeﬁte Figures S.i, 5.2, 5.3, and 5.4 show plots of
x2 against G for each of the comparisons made. The numbers refer to those
listed in table 5.4, The Haverah Park results for lO18 eV to 3 lO18 eV, were

18 8

compared with predictions at lO18 eV and at 3 107" eV, and those for 3 101 ev

9 18

to lOl eV were compared with predictions at 3 10~° eV and at 1019 eV, In ell

cagses the plots of X2 against G were very similar for the two prediction

energies and those shown represent average values.

The minimum value of X2 occurs at the value of G for which there is the
closest agreément between prediction and meaéhrément, An upper limit to G
is given by thet corresponding to a X2 probability of 5% (x2 = 49,5 for 35
degrees of freedom (i.e. comparisons with Volcano Ranch and Pilliga Forest
results) or x2 = 35.2 for 23 degrees qf freedom (i.e. comparisons with
Haverah Park results)). Table 5.4 shows bes£ fit and upper limit (in pérenth-
esis) values of G for each of the groﬁps of data and field models. Negative _
values of G indicate an anti correlatilon between prediction and measurement
but have no physical meaning. Since at energies greater than about 3 lO18 eV
the effects of field model D are basically the same as those of model B, the

best fit and upper limit values of G will be similar for the two models above

this energy.
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At energies less than about lO18 eV field model C predicts very small
anisotropies. The pathlength distribution is quite isotropic and by making the
assumption that, while the cosmic ray intensity is proportional to pathlength
for pathlengths less than 50 kpe, for longer pathlengths there is a uniform
intensity, the anisotropy is underestimated. In fact at 8. lO17 eV the
predicted galactip component observable at Volcano Ranch and Haverah Park is
isotropic. Consequently at these energies field model C would allow a large
galactic comﬁonent. Values of G for field model C were thus only calculated for

18

prediction energies > 107 eV.

The Volcano Ranch results for 6.2 lO17 eV to 1.18 lO18 eV show littile
agreement with the predictioﬁs of any field model. For field model B the
mi nimum x2 occurs outside the 5% X2 probability limit (x2 = 50) aﬁd the minimum
x2 for the other models are also large (™~ 48 for model A and L9 for model D).
These results are also inconsistent with the G=0 predici':ion° This is probably
due to the marked anisotropy of the 6.2 1017 eV'+ 1.18 lO18 eV. Volcano Ranch -
results. |

The recorded shower numbers are below tHe mean for R.A. 336o to 1509 and
above the mean for R.A. 150o to 330° (Figure 5.5). However, this anisotqopy
does not correspond to that predicted by any of the models, thus making ia large.
A1l the other arrival direction measurements are compatible with G=0; that
is with no galactic cosmic ray component. ‘

At the higher energies larger upper limits of G are the result of tle
relatively isotropic predicted intensities. (However the shower numbers are
small at the highest energies so that the use of a x2 test with 35 (or 23)
degrees of freedom may be inappropriate).

In general model B seems to allow the largest galactic component above
~ lO18 eV. Below this energy models A, B, and D predict small upper limits
to G, due to the sharp peaks in the pathlength distributions. It is possible

that the addition of an irregular field component, which could have considerable
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TABLE 5.4

BEST FIT AND UPPER LIMIT VALUES OF G

Energy Range : . Values of G.%
Experiment bf mewﬂu.mamudm _{Number of showers | Energy MM Hﬁ.m.&.o.au.bb Field A | Field B |Field ¢ | Field D
1 Haverah Park } pow4 > HOHm 2291 6 Howqwazcamp A) 1{T7.5) -5(20.5) - 3(12)
7.5.10"C(Models B,D)
17, =g 0% |, 1T | _
Volcano Ranch p.2 10 '»1,18=Hp==" | 538 6 10 | fModel A) 6(9) 18(-) - 14(27)
7.5 10~ '(Models B,D)
Haverah Park fOHm + 3 Hopm 99k HOH@ + 3 Hopm 0(22) 0(20) 0(8.5) -2(12)
Volcano Ranch [L.18 Hopm+w.mm Hogw 409 3 Hopm o(17) 1(31) 1(10) -2(13)
wwwvwmm Forest Powm -+ Howo 682 3 Hopm 2(20) 10(95) -25(21) | 6(36)
Haversh Park B Hopm - HOH@ 172 3 Howm + Howo o(2k.5) | 0(35) 2(16) -
18 19 _ i
Volecano Ranch |> 3.65 10 90 10 =14(2¢) | =20(24) | -4(10) -
Haverah Park 5 10%? 29 1017 -10(75) | -30(96) | -u4(51) -
s 19 19 \
Pilliga Forest > 10 86 10 12(8k4) 10(100) |{ 38(100) -
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effect on the trajectories of protons of energy < lO18 eV, would reduce the
magnitude and increase the area of these peaks thus allowing a larger galactic
component. The effect of irregularities is considered further in Chapter 6.
The addition of a halo magnetic field of the type mentioned in Chapter 4
has a considerable effect on the pathlength distribution maps below Vv 3. 1018 ev.
Despite this the pathlength distributions are rather non-uniform so that although
a halo field would probably remove much of the anisotropy associated with the
disc field models this halo model will not produce an isotropic distribution at
the Earth, of cosmic rays of galactic origin-at the energies considered
(2 6 1017 eV). However, it is probable that a larger galactic cosmig ray compon-
ent would be feasible if there were an extensivé halo field.' |
It is possible that not all high energy cosmic ray partic;es are protons
but that they are of a mixed composition, as at lower eneréies. To obtain a
pathlength (i.e. intensity) distribution for such cosmic rays it is necessary
to take a weighted sum of the distributions for a range of va.luesAbf'E/Z°
However, as can be seen from the pathlength contour maps, this will nét result
in an isotropic distribution as the peaks in the distribution occur in approxi-
mately the same place for all values of E/Z. If, however, these cosmic rays.

are all heavy (Z 3 20) particles then trapping by the galactic magnetic field

-ould persist up to energies of thé order of a few times 1O18 eV, resulting in
an isotropic intensity distribution below this energy. “
If the primary particles are all heavy (Z %» 20), then the presence of an

" extensive halo field could give sufficient isotropy in the intensity distribu-

tions to allow most of the cosmic rays with energy greater than v lOl8 eV

to be of galactic origin. Without these conditions the majority of cosmic

rays (E 2 1018 eV) would appear to be of metagalactic origin. Despite this it

is possible that some of these cosmic rays are of galactic origin and the size

of the galactic contribution compatible with the observed isotropic conditions

is larger, if the galactic magnetic field has an irregular component. This

will be considered in the next chapter.
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CHAPTER 6

IRREGULARITIES IN THE GALACTIC MAGNETIC FIELD

6.1 Evidence for the existence of irregularities; their extent
and field strength

6.1.1 TImroduction

The magnetic field models considered so far assume that the magnetic
field in the Galaxy is coherent and regular. However, there is evidence
: to suggest that this is not the case. For examplé thé observed irregularity
in the distribution of stars and clouds of dust and gas in the Galaxy suggests
that the magnetic field is also irregular in form. Moréover, whereas Faraday
rotation measurements, which give the average line of sight magnetic field,‘-
indicate a field ~ 3 pgauss, measurements of synehrotron radiation could
indicate larger values, - up to 10 ugauss (Anand et al. 1968b), for the magnetic
field at the source of radiation. This would seem to show that thgré is a
random component of the magnetic field.
In the present work a simplified model is taken where the random component
% is considered as consisting of cells of field, within each of which the field
direction is constant but randomly orientated with respect to that of the

other cells. In each cell the random field strength is assumed constant.

As far as the trajectories of cosmic ray particles of energy above aboit’

lOlT

eV are concerned, only those irregularities of size greafer than v 10 pc
will have any effect if the field strength is a few microgauss. Irregulari#ies
larger than 100 pc constitute a large scale change in field direction and
strength. Thus, in this context, irregularities of 10 - 100 pc in exteﬁt are
of interest.

Some information about the strength of field within the cells, and their
sizes can be deduced from various observational results.

Observations of gas clouds suggest that, although there is a spectrum of

cloud sizes, typical clouds are of radius T pc and are 125 pc apart. (i.e. 8
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per kpc in the line of sight) (Spitzer 1968). These measurements indicate
the type of values that might be expected for the séparations and cloud sizes
of polarizing material or material producing Faraday rotation.

Since there is probably some correlation between magnetic field and gas
distribution it is not unreasonasble to assume that éach of these cloﬁds contains

a cell of irregular field.

6.1.2 Steilar polarization measurements

Stellar polarization measurements can give information about the size and
strength of any irregular component of the magnetic field in regions occupied
by dust grains.

Jokiﬁii et al. (1969) considered the variation with distance of the mean
stellar polarization and the variance of values about this mean. They predicted
that the mean should increase linearly with disfanCe, Defining a correlation
length of the interstellar medium, which for the Davis-Greenstein mechanism is
the correlation length of field or the distance between the dust clouds,
whichever is the greater, they predict that this variance increases as the‘
square of the distance for distaﬁces less than the correlation length, and.
increases linearly with distance for distances very much greater than tﬁé
correlation leﬁgth, Using polarization measurements given by Behr (1959) they
considered directions approximately parallel or perpendiculaf to the spiral arm;

o’ 350°. Each cone

thet is - 25°¢ V"< 25° and cones about £ = 80°, 170°, 260
was divided into radial distance bins containing 10-20 stars to obtain the
required variations with distance. From their results Jokipii et al., obtained
a correlation length of 150 pc,'wﬁich seems to correspond to distances between
dust clouds (Sﬁitzer, 1968). Consequently it appears that the correlation length
of the field is less than this.

An independent analysis of the characteristics of the irregular field -has

been carried out in the present work, adopting the results of Mathewson and
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Ford (1970). Mathewson and Ford plotted the electric véctors of the polariza-
tion of light from nearly 7000 stars. Separate plots were made for stars
within each of the distance intervals 0-50, 50-100, 100-200, 200-400, 400-600,
600-1000, 1000-2000 and 2000 to 4000 pc. Mathewson and Ford interpreted these
plots on the basis of their helical plus longitudinal model, to show that

the extent of the helical ccmponent is about 600 pc. However, the helical
field can be considered as a large scale irregularity and the polariiation
measurements can also give information about the smaller irregularities, if
the distribution of the polarizing dust grains is known. In fact this is not
well known but an approximation can be used and will be sufficiently accurate
in this context. The electric vectors represent the component-of the magnjtic
field perpendicular to the line of sight and they were plotted, byAMathewsén
and Ford, so that the lengths were proportional tc the percentagé polarization.
If the total magnetic field is assumed to consist of a coherent field directed
along the spiral arm, tcgether with a randomly directed field, then in the
direction of the local spiral arm, the amount of polarization indicates the
mean strength between the star and the Eafth, of the irregular magnetic field.
However, perpendicular to the arm direction (in,fhe galactic plane) the emount
of polarization gives the strength of the coherent magnetic field. | |

It is assumed that the dust clouds are randomly separatéd with a mean
separation Ls’ and that the magnetic field Vithin each cléud is uniform but
randomly orientated with respect to that in all other clouds.

If f is the polarization produced per unit distance per unit field squared
per unit dust density, then, if the field is sufficiently weak for the dust
grains not to be completely aligned, the polarization produced by a single cell
will be

P, = fp L, HP2_ (Davis and Greenstein, 1951)
where p is the mean grain density in a field cell (dust cloud) of length Lc and

HP is the field perpendicular to the line of -sight.
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In the direction of the arm only the irregular field contributes to the

- polarization. Adding the values of Pi vectorially, the resultant polarization
PR = Pi /N where N 1s the number of polarizing cells.

Thus P, = Pi where d is the distance to the star. Hence

, ‘
PR- = fPo Lc /%; (0'7855 H‘R) “where H.R_is the mean

strength of -the random field component and po is the grain density in clouds

o)
ﬁ'@

along the arm-(assumed to be constant). Perpendicular to the spiral arms the

coherent field produceé‘a reéultant polarization

e

'Pc = ff:-' op (x-xe,x=YO,z=zB); HCE(X—X@,Y=Y@,Z=ZB)d(_X'-iXQ)_

where WD’ %3 and 43 are the.vealues of X, Y and’Z at the Sun, and Hc is the co-
herent field strength. If the-ﬁqst grain density falls .off in the same way as

the ‘coherent field

p(X — %55 ¥ = y@.',-,'z $2,) ®H (X-%, Y=Y, 2 =7

Thus
S W (KX, ¥ =1, 2m2) akK)
P = e— - - , & F s _'= - 0
c H_(0) B od, € 0 © ©

4

where H (0) is the value of H on the arm axis at Y =Y., 2 = Zg.
c c B*

Using these expressions- for PR and Pc, and by considering stars at various

distances and measuring the polarization of the light from those in the direction
of the spiral arm and of those in the directions perpendicular to it(in the

galactic plane) information about the random field component can be obtained.

Taking directions - 20° ¢ b"¢ 20° with 60° ¢ & ¢ 90° and 270° € % € 3009

as being along the spirel arm, and directions - 20° ¢ b"¢20° with «= 20° ¢ £ € 10°

and 160? < 2 g _'190o as being perpendicular to it, median values of P

_R and Pc were
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found from the data of Mathewson and Ford (1970), for stars in each of their
distance ranges (0-50, 50-100, 100-200, 200~-L00, L400-600, 600-1000 pc).-
Plots of these median values of the polarization versus distance for the
two sets of directions are shown in figures 6.1 and 6.2. The errors show the
! range within which half the values lie.
Using‘the least squares method of fitting the measured values of Pc to
those predicted by phe expression above, it was found that

L
. .. =5 =L .-2
° Ls_- 6:2h . 10 © pc WG © 3%.

8o Py = 3:85. 1077 j—L‘s HS\/&'_%

Again using the least squares method to fit measured values of P

0 thos
R those

predicted above it was fcund that

_ 2 SR T -3
ﬁ; Hy = 364 pe” p@

If it is assumed that in any region HR- = ch vhere & is constant, then using

Hc=? 6uG for the region near the spiral arm

2 2
a LS o 10 pc

Taking Lé a 100 pc as is indicated by the dust cloud separations, this gives

a'="l'Q. Thué.it.would seem that the mean random and mean coherent fields

are approxiﬁately equal in magnitude.

6.1.3 Faraday rotation measurements: Pulsars

Further information about the extent and strength of magnetic field
irregularities can be obtained from the measurement of the Faraday rotation
of the polarized radiation from Pulsars. These measurements sample the field
in the regions occupied by electrons.

As mentioned in 2.5.5. such measurements seem to indicate a longitudinal

field directed along the local spiral arm towards galactic longitude B = 90°.
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A comparison between the measured line of sight magnetic fields to 21 pulsars
and the values expected from various coherent field models was carried out
as described in 3.2. This comparison appears to show that the measurements
are compatible with a longitudinal coherent field with a structure similar
to that of either model A or model D. However, these models predict field
strengths rather larger than the measured line of sight,values_and-it was

found that the measurements were best fitted if

Hy 1-69 x measured Hc

HD 195 x mgasured Hz

where H, and Hj are the values predicted by models A and D respectively for the
mean line of sight field to the pulsarlﬁb That is the field strengths predicted
by these models are approximately twice as large as those indicated by Faraday
rotation of the radiation from pulsars. It masy be that the fields that models

A and D predict are too strong but this would not be very important so far as

nthe trajectory calculations are concerned as it only involves a shift in eneréy.
Rredictions made from model A or D, for a particle of energy E, apply t§ an

energy E/2 if the coherent longitudinal field'strength is half that of the ﬁodel

- value.

In this attempt to derive approximate information about field irregulari-

ties attention was confined to model D. However similar results would be

obtained from the model A values. Figure 6.3 shows the amount of correlation
between the line of sight component of the coherent field (HCL #1Hb/2) and

the measured field strengths (Hexp = measured H ).

R

If only the coherent field is present and this model is a good representa-
tion of the coherent field, then all the values should lie on the line
HCL = Hexp° However, if an irregular field is also present it will cause

scattering in the values of the predicted field. By applying a.&FLtest to the




Figure 6.3. Relation between predicted ﬁ! to pulsars (H = HD/2) and observed

values (Hexp)
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distribution of HCL values about the line H L= H

o exp’ it is possible to find

; an upper limit to the strength of the irregular field consistent with
Faraday rotation measurements.

Consider an electron distribution such that the irregular field is
sampled by clouds of electrons of mean separation Ls' Assume each cloud
contains a magnetic field which is uniform in the cloud but that different
clouds have fields which are randomly orientated. The irregular fieid

strength is related to the coherent field strength at any point by
HR = ch’ where a is a constant.

The average line of sight component of the magnetic field to a pulsar at a

T
2
_d)

For more distant pulsars this value approximates to H

distance d is then given by

HCL 1+ 0-836 a

For a single

CL’
pulsar, i,
2
2 - H'CL B Hexp
Xi
. o
where o = 0:886 a H
P 2 M2
If values of H, ., H and ¢ are obtained for M pulsars the total X = z X
CL exp i=1 1

and the most probable value of this occurs at x2 =M - 1 (the number of degrees

2 - | '
2 _ 1 \ QICL B 1{exp)
X = . d&
0+886 a iLs - HCL

of freedom)

2

i

1
@[y % 3
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(The convention used is that the field is negative if it is directed
away from the observer) .

fulsar HCL.PG exp V€ d pc w? pc
0329 -1.61 -2.93 435 371
0525 +0.42 ~0.96 800 10981 X
0531 +0.45 -0.92 810 9679 X
{0628 +2., 1} +1.6 - .560 -85
0808 =1.71 -2:5 100 27
0818 +2.59 -0.08 665 900
0833 +3.45 40,8 810 609
0834 +2,1h4 +2.3 215 23
;6950 +2,08 +0o 7 55 - 31
1133 +1.15 +0.99 85 2
1237 40,16 +0,07 155 64
1508 -1.56 +0,05 320 h3ﬁ X
1642 -0.80 +0.58 580 2205 X
1818 -1.39 +1.00 '1310“ .5150 X
1929 ~-2.84 -3.3 65 2
1933 -2.24 -0,015 2570 3230 X
2016 -3.41 -3.0 235 L
2021 -3.49 -0.36 369 - 3718
2045 . -1.65 -1.15 190. 22
2111 -3.42 -2.00 1620 381
2218 -3.12 -1.0 - 705 415

The sources of Hexp

calculated as described in 3.2,

are given in Table 2.4, and the values of H

CL

and d were
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Thus taking the measured values of Hexp’ and the calculated values of HGL'and a, -’
it is possible to find E u? » and setting ]? ='M - 1, a value for av&;l
However, this is assuming that the coherent maghefic field between the Earth
and the pulsars is fairly constant. In a diréction perpendicular to the local
spiral arm, in the galactic plane, the model D field falls off rapidly, so for
pulsars in this direction at largé distances from fhé arm, th is much smaller
then it would be in a uniform field. Thus & is small and thesé‘pulsaTS;contriA
bute far more to the value of x? than théy would for a more constant:Hc. For
this reason pulsars 0525, 0531, 16L42, 1818 and 1933-wéré not included in ‘the
XF calculation., Pulsar 1508, which lies out of the galactic plane; was'élsd

rejected. (see figure 6.4),

' . i
From these values and taking M - 1 = 14, it was found that a./l:.s = 15 pec?,

However, not all the spread of the values sbout H L= Hexp may be the result

c
of field irregularities. There may be large intrinsic Faraday rotations
associated with' the pulsars or the coherent field model used may give incorrect

coherent field directions. Thus the value of a /Lh is an upper limit.

' _ 1
) a,/LS £ 15-pc?.

6.1.4 Faraday rotation measurements: Ektragalactic sources

Jokipii and Lerche (1969) .have studied the rotation measures of radiation
from extragalactic sources in an attempt- to derive information about field

. ‘s . L . . 2 .
irregularities.,: .They derive an expreéssion for the var1ance,«:h » of rotation

measures along a certain path, the form of which depends on whether the

correlation length of the rotating material, Ls, is less than Or.greater than
the distence to ‘the ddge of the Galaxy in the directioh'df phefsource,
Hence they deduce that if ‘
T > L_, Bsin b"'cﬁ should be indepéndent of galactic

latitude, but if
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T N Ls s |sin b",oﬁ' should decrease with increasinﬁ latitude, vhere T is

the thickness of the galactic disc. In each latitude band
2 1 1 \ 2
GR'-:]-_- t(RE_<RE>)

where n is the number of sources and <RE>- is the mean value in.that band of -
the rotatién -measures RE' " Using 79 rotation méasurés givén by Berge and
Seielstad (1967), they then reach the conclusion that L.~ T

This work has been updated by Osborne (private communication) who used
the more recent data of Mitton (1972} (176 rotation measures). In these
calculations he replaced <Rg‘ by RP, thé rofation measure predicted by a
coherent field model. To obtain these predicted values Osborne used field models .
A and D and the three electron density distributions M@l, NeZ. and, Nes deftined
in 3.2. Before calculation of a-: the predicted values were a_.iaproxima,tely .
normelized to the measured values. An attempt was also made to eliminate
sources with .la.rge intrinsic rotation measures by deleting all those with
rotation measures more than 2.5 standard deviations above the mean in each
Iatitude bin.

However, even with these adjustments a value of Ls o, T was n;:)t foun:d to
be unreasonable. That is LS a, 250 pc. This value is larger than the values
obtained abové,--but since these calculations do not allow for discreb® clouds

of electrons and there are difficulties in eliminating the intrinsic rotations

this is not surprising.

6.1.5 -Conclusions,
1t appears that the galactic magnetic field measurements are not inconsis-
tent with the presence of an irrégular field. From measurements .of the

1
polarizakion of starlight a.a,/bs = ZLO-pcz. The Faraday rotation measures of

extragalactic radio sources give Ls a4, 250- pc, while those of pulsars suggest

a.JfS.sls pcg.
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Thus, in conclusion, it seems likely that a % 1 and LS v 150 pc. This
value of -a is not inconsistent with the . synchrotron results, :

Consequently a reasonable representation of the irregular field would.
appear to be one with 10 pc cells each containing a uniform field with
strength similar to the coherent fiéld but wiéh random direction.,

These cells, which are probably correlated with the dust and ionized gas
distribution, would seem to be & 100 pc apart. However, it -1s unlikely that
the field is regular in the region Bétwéén thé dust and gas clouds. -Thus, in
an attempt to find an upper limit.to the éfféct of the random component on
cosmic fay trajectories, it has been assumed that the irregular field has the
same form everywhere and consists of adjacent 10 pc cells of randomly directed
fielae In these cells the irregular field strength is equal to that of the

coherent field at the same place.

6.2 Effect of irregularities in the- magnetlc fleld on_g_rtlcle
trajectories and anisotropies

6.2.1 Calculation of trajectories -

Trajectories were calculated for particles arriving at the Earth after
travelling through an irregular magnetic fiéld, In fact the trajectories of
antiparticles, of given energy, starting from the Earth in particular directions
Qere followed, until the particles left the galactic disc {(Zg > 0°3 kpe).

For these calculations the hasic ccoherent fields used were those of model A
and model D, Added to this was an irregular field, which was reset at distance
intervals of length Lc along each trajectory; the direction being chbéen .
randomly, and the -strength taken as aHC, where Hc was the coherent field
strength at the beginning of the irregular segment.

For each trajectory the pathlength to the edge of the galactic disc was'

found. Assuming a uniform distribution of cosmic ray sources in the disc,
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the intensity of cosmic rays from a given diréctioh is proportional to their
pathlength in the disc. However, if a randomvfield-is present, then all the
particles arriving in a particular diigction, that is within a small solid
angle &ﬁ@ will not have followed the same trajectory so that the cosmic ray .
intensity in that direction is represented, not by the pathlength of a single
trajectory, but by the .mean pathlength of séveral trajectories. In this case
four trajectories were followéd'in éabh diréééién.

To find the effect of the random field on thé anisotropy of cosmic rays
arriving at the Earth, it is desiréblé to find thé prédicted intensities in
as meny directions as possible.” In pracficé i£ was only feasible to follow
trajectories in 25 directions. 'Thé»dirécfions wéré.chosén.to give a fairly
uniform cover of the galactic latitudé-longiéudé sphéré, including directions
near the pathlength maxima.

TAELE..6.2

Directions of trajectories.calculated using an
irregular magnetic field.

% Galactic latitude # (galactic 1ongitudé -173-5°) W(see 6.2,2)
+ 75° _ 0® 1
+ 145° 0°, 90°, 180°, 270° 1
+15° 0°, 72°, 14°, 216°, 288° 0475
0° 36°, 108°, 180°%, 252°, 324° 0°50

6.2.2 Anisotropies

An attempt was made to find the effect of the addition of an irregular
field component with Lc = 10pc and a = 1, to the coherent field models A and
D, on the predicted anisotropies of cosmic rays reaching the Earth. Calculations

were made of pathlengths at several values of E/Z from 1017 ev to 6.lOlTeV.
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Initially an anisotropy coefficient An was définéd such that meximum
anisotropy or:c¢omplete. isotropyrwould be indicéte& hy_Aﬁ_= 1l or O respectively.

The pathlengths, {, were calculated in thé twerty five directions listed in
Table 6.2 and weighted by factors W (shown in Table 6.2) ‘.to givé_equal
representation to approximately equal aréas of ihé galactic latitude~-longitude

sphere. Then

25
i=l
1.9‘1':1mt e
vhere®* =L W, 2, ‘dnd 0 =
Lo o and noe 20

n
ot

Eachgiu was the mean of the four pathlengths calculated in a particular
direction. However it was found that the spread of these four values about
Lsev)

their mean was sufficiently wide to produce a large noise (W An“ét E/Zg 2.10
in the calculated values of A . .‘
» This noise would mean thgt the calculated An could never fall below O-1,
that is indieate isotropy (which would be c0m§atib1e with measurements of
8.4.8.), however strong the.random'componént. To reduce the noise it would be
necessary to increase considerably the numbér of tréjectories calculated in
each direction. This was not practiceble. Thus it would not seem possible
to determine the anisotropies directly by this méthoda |

However, it is possible to derive values for G, the percentage galactic
component of .cosmic rays compatible with the isotropic E.A.S. results, by
relating pathlengths in the coherent field only to the corresponding pathlengths
in the coherment field plus random field. Suppose it is possible to relate

pathlengths calculated using the rendom plus coherent field, QR‘, to those
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calculated using a coherent field only, P'.c, by ER = sﬂc + t where s and
1 i

t are constants for a'given coherent field modél and E/Z. Then the resulting
cosmic ray intensity from & gifren direction, for the coherent plus random field
model, can be considered aé consisting of an isotropic component proportional
to t and an anisotropic component proporti'onatl to slc_ « Thus for a given

i

field model and E/Z,(s ‘tc)/(‘-lﬁ) gives a dilutign factor D by which the °

enisotropy is reduced by the addition of a random field component’,

L 5Wi &
B =D e— 3 4 = :
¢ 20 b 20

Then G” = % where G’ corresponds to the coherent + . random field model.

Values of s and t were calculated using the least squares fitting method

T 19

for field models A end D at énergies from 6 107 eV to 10~ eV: The values

of 1/D found are listed in Table 6.3.

E/Z eV’ Field model D Field model A
107 1-05 + 0-02 1-0k + O0-1k
3 1018 11k 4+ 0°13 | 1.2k + 0420
2 1918 2+1k 4 1034 -
1018 - 2:73 + 0+86 172+ 0-36
8 10t7 5026 + 20hl 1-h9._1 0+13

6 1017 - S 2:09 + -0-L8

In an attempt to derive an absolute upper limit of G the upper lim;lts of 1/D
were combined with the 5% x-;_ probability values of G. The resulting values of
G?, for protons, are shown in figures 6.5 and 6.6. These figures indicate
the maximum percentage of cosmic rays that could bé of .galactic origin if

the coherent plus random field configurations adopted are reasonable
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representations of the galactic magnetic field, and if these cosmic rays are all
protons.

Thus for model D the bulk of cosmic rays of éﬁéréy less than v 6. lO17 eV
could be of galactic origin, if they aré protons, without .causing a detectable
anisotropy. Above this energy some must bé.of métagalactic*oriéinn For model
A the position is not quite so clear, as thé caleulations do not extend to

sufficiently low energies to enable this limiting enefgy,.E » to be determined.

L
However, it is very-probéble that it occurs. at about lOlTTéV;--Siﬁce the
irregular field component configuration used probably produces a greater
effect on the trajectories than the actual irregular field does on the cosmic

rays, these values of E_ are upper limits to the possible extent of total

L
galactic origin if the primaries are protons. For heavy primeries, the

limiting energy increases to 9Z. EL’ so that for model D it is possible for

Z to be sufficiently large to allow all the particles to be of galactic origin
without producing observable anisotropies. Thus the addition of irregularities
to the coherent field modéls considerably reduces -predicted cosmic ray aniso-
tropies, arid if the galactic field is accurately'represented:by field model D
and ‘the primaries-are heavy; -this rgduction may be sufficiently large to allow
compatibility between predictions for cdmplete galactic origin and the

measured extensive ‘air shower isotropies.
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CHAPTER T
CONCLUSIONS

From the results of the various astronomical methods of measurement it is
possible to deduce the strength and possible configurations of the galactic
magnetic field. However, the measurements are somewhat ambiguous and have been
interpreted, by different authors, to give four different basic field confiéura-
tions. The longitudinal model suggested by Thielheim and Langhoff (1968) was
initially based on a few extragalactic Faraday rotation measures. Although this
model, ﬁhich proposes a reversal of fiéld direction about the galactic plane wouid
seem to be incompatible with pulsar Faradasy rotation measurements this is not the
case if the Sun is situated sufficiently far below the galactic plene. A completely
helical galactic field, such as suggested by Mathewson (1968), is in agreement
with stellar polarization measurements'and not incompatible with.measufemgnts of
the Faraday rotation of radiation from extragalactic sources. Howéver; the
helical configuration is more likely tO‘bé just a local perturbation of a
longitudinal field model (Mathewson and Ford, 1970).

Manchester (1972) interpretéd'hié measurements of pulsar Faraday rotations
as being consistent with a simple longitudinal fi_éld with no reversal of direction
about the galactic plane. It would appear from a combination of all the evidénce
that the galactic magnetic fiéld'is most likely to be of a longitudinél'type
with the field directed along thé local spiral arm towards £ = 90°. However, it
is not possible to rule out a reversal of field direction above-thé galactic plane

and there may be a local perturbation in the field, possibly of & helical nature.

f
i
)

To cover all these possibilities field models A, B, C and D were developed,

' although models A and D are regarded as the more likely representations of the
vgalactic field.
It is almost certain that the galactic field is not as regular as these

models suggest but also contains small scale irregularities. If there is correlation
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between the distributions of dust and gas and the magnetic field,vthen it is
possible to assume that the largest magnetic field anomalies are associated
with clouds of gas. Consequently it seems that these anomalies can be
represented by 10 pc cells of randomly directed field approximately 100 pe

apart superimposed upon the coherent fiéld. Within each cell the field strength
would appear to be about the same as that of the coherent field at the same
point. However, the mégnetic field is almost certainly not completely regular
in the regions between the dust and gas clouds but no information can be obtéined
about the field here. An upper limit to the possible irregularity is given bj
a model in which the cells of irregular field described above exist in all
regions occcupied by the coherent field. The adopted (extreme) model for the
irregular field component is thus one in which the irregular field changes
direction every 10 pc and has a strength equal to that of the coherent field

at any point.

It is not possible to completely rule out the possibility that, as well as
the disc mégnetic field, there is also a fiéld in the galactic halo. However,
the exis%ence of an ordered galactic halo field appears unlikeiy. |

Assuming that the adopted field models are reasonable representations of
the galactic magnetic field it is possible to deduce the efféct of this field
on cosmic ray trajectories, and hence find the variation of intensity with
arrival direction at the Earth for cosmic rays of galactic origin.

If it is assumed that there is a uniform distribution of cosmic ray sources
within the possible source region (i.e. galactic centre, galactic disc or spiral
arms), then, for cosmic rays of a particular energy and composition originating
in this region, the intensity at the Earth at a given arrival direction will be
pioportional to the pathlength within the source region of particles from that
direction, if the motion is reasonably quasirectilinear.

Initially the galactic magnetic field was assumed to be given completely

by a coherent field model with no irregular component.
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Under these assumptions the following effects have been observed.

For cosmic rays originating in the galactic centre there is an energy
region within which none can reach the Earth. At higher energies the particles
follow straight trajectories and mey hit the Earth, while at lower energies
the particles can travel from the centre along thé spiral arms to the Earth.
The energy range of_this forbidden band depends on the field model used, but
except in the extreme case of field model C, for which particles can follow

the spiral arm up to E/Z ~ 102 18

eV, particles with 107 eV ¢ E/Z < 3 107 ev
cannot reach the Earth from the galactic centre. Very large anisotropies ;re
predicted for cosmic rays originating in the galactic centre.

Particles produced inlthe galactic disc or spiral arms reach the Barth
isotropically at low energies (E/Z < about 1016 eV) as they are completely
trapped in the galactic magnetic field. For a completely regular field, such
as represented by the adopted coherent models, the particles may never escape.
However, for a more realistic field some escape will occur. In fact, for the
actual field it is knowﬁ that the cosmic ray lifetime in the Géléxy is 3 lO7 .
years. Thus some anisotropy probsbly e*ists even at these energiés; If

19

E/Z > 1077 eV, for which the trajectories approximate to straight lines, the

intensity distribution reflects the geometry of the source region, so that such.-

8 .

cosmic rays arrive less anisotropically than at E/Z 10t eV, However, at
intermediate values of E/Z considerable énisotropy is pféduced by'the action
of the galactic magnetic fiéld;"(The effectS'described here apply to a_field:
represented completely by a coﬁérent modél wifh no irregularities)}

As extensive air shower arrival direction measurements indicate that there .
is no observable anisotrdpy-at these energies it #opld seem imbossible fof all .
such cosmi¢ rays to be of galactic origin, although a cﬁgsiderﬁble proportion
of them could be. The remainder must be metagalactic. s

Assuming all these cosmic ray primaries to be protons an.upper limit to

the galactic component can be found by comparison of model predictions with
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E.A.S5. measurements. Above n-lO18 eV field model B allows the largest galactic
component (a few percent) but below this energy the somewhat unrealistic model
C allows up to about 100% galactic origin. For the energy range of these

calculations (6 lOlTeV to 1019

eV) most of the protons must be of -metagalactic
origin if the galactic magnetic field is of the form of the more probable
models A or D.

If the cosmic ray primaries are all heavy (Z 2 @) then entirely galactic
origin is feasible up to energies Nr2c1018 eV if it is assumed that the
particles are sufficiently trapped to arrive fairly isotropically. However
T

. . . - . .1
no qualitative calculations have been made of. the anisotropy for E/Z < 6 10 eV,

Larger galactic cosmic ray components would be feasible if there were an
extensive halo field.

The above arguments apply to a purely coherent disc magnetic field. The
effect of an irregular field of the extreme form described above is to ensble
almost all cosmic rays (if they are protons) with energies below 6. 107 ev

for model D, or about 1017

eV for model A, to have been produced in the Galaxy
without producing a definitely detectable anisotropy. For a more reasonaﬂle
irregular field configuration, in which the largest field anomolies occur at
separations A+ 100 pc, the limiting energies are lower. However, between these
i}miting energies and v 1019 eV at least 80% of cosmic rays must be metagalactic
if they are protons-

If the primaries are heavy particles then the limiting eﬁergies are a
factor of & Z higher.

Thus if all the primaries are iron nuclei, and the galactic magnetic field
is accurately represented by coherent field model D with the extreme case of
adjacent 10 pc cells of irregular field, there i1s some possibility that cosmic
rays of galactic origin could reach the Earth isotropically. If these conditions

are not fulfilled then the cosmic rays reaching the Earth isotropically cannot

be entirely of galactic origin but must contain a metagalactic component.
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APPENDIX I

THE CALCULATION OF THE MAGNETIC FIELD DIRECTION AND STRENGTH AT A<
POINT WITHIN A REGION OF HELICAL FIELD CONFIGURATION

Consider a point, Q, of coofdinates X,Y,Z (or ecylindrical coordinates
Ré?¢,Z), lying within e spiral arm of the Galaxy (see Figure A.1.1). This
point is assumed to lie on a helix such as déscribéd in sectioﬁ;3.1.2.
Figure A.1l.2 shows a cross section of the tubé on which the helix lies. To
determine the field direction at Q, the helix on which it lies must'be_known;
that is the length of the minor axis of the alliptical crosé sectiéﬁ ﬁust'be.
found. It is possible to evaluate b, if A is known. However,.due to the 40°
shearing, A cannot Be calculated directly. A first approximation to A is'giveq'

by .PI

¢R“ = CR + -¢o ~ where. ¢o-= Oorw

.

(defining the two spiral arms).

If Q lies on the arm ¢R CR then

R C
on - 1 <‘i-’-'ﬁi -1 < on

. (n is zero or a positive integer), and R;= 2mm t 9
i ' C
, .
| If Q lies on the arm ¢R = CR + T then
RC o
on < &= _ 1 < 2p+
T
and R; o (2nl)m + ¢

C

T?en P = ﬁq— Ro

Using p as a first approximation to A an iateration . process can be used to find

.A.

This was done for a number of points and it was found that A = dp + e,
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where d and e are constants. Using a least squares fitting method
A = 1-3319. p.

Then the equation of the ellipse is given by -

' 2 3
SO b = -%-1- Z2>

As the separation between arms is given by %% , the dise field is

conside;ed to exist only within the tube of élliptical semji-major axis of
length E% . That is, if the ellipse correspon&ing to point Q has b > bmax =
31 » @ lies outside the disc magnetic field.

If b < 0+001 kpc, the field is also set at zero, since On the axis these
helices give ambiguous field directions.

Initially setting € = 83:95° (the value -at the Sun),

sin § = lél sin (e -‘50)

R
R codd - A cos(e - 50)

=
]

|

Then € = tan ~ CR, gives a better value for €.

If the spiral arms are defined by ¢R =CR  + ¢6,' then the helical

turns are described by

A = 3b sin —=2emt R2'
Ltan 7°

Z = Db cos —-?-'IE—O R?
Ltan T '

where L is the circumference of the elliptical cross section and R .corresponds

to the centre of the ellipse.
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X'= R cos ¢p + Acos (¢R + € - 50)
Y =R sin ¢R + A sin (¢R + € = 50)
Hence setting B = 2n o
) Ltan 7
_3_.& = 6ZBC R
oR
32  _ 2ABC R
oR 3
EE = C cose€
aR
28 = ~CY + cos ¢R + 22 cos (¢R + € - 50)
oR : oR :
. ' o€
-A sin (¢R + € -50) —
: 9R
xR . CX + sin ¢R + A cos (¢R + € - 50) 3
oR, = oR
+ A sin (¢R + € - 50)
dR '
Calculating k1S , )4 5 3z
: oR aR oR
and normalising by dividing by
2 _ 2 ' 2 |3
M = E)i + ﬂ + lz_
oR oR, oR

the magnetic field in the X, Y, and Z directions respectively is given by
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H X
g = 4 X
X Y
H o9y

= 4 &
Y Mo
H 3z

H = L 32
7 M

where H is the magnetic field strength.

Setting R = Ro’ and substituting the values of X, Y, Z, A, b, etc.

corresponding to point Q3 HX’ HY’ HZ at- Q can be determined in terms of the

field strength at Qy

b 52 \ 3
H = ¥y ma); = b X -]3"' 1+8 % :
max - b
2\ 3 :
The %—'— (l + 8 -Z—2> term gives Div H = O. On an ellipse of a particular
. b — . : i N -
b, the field corresponding to A, Z, must be
' : 1
L1+ SEE 2H : where . . o ‘
3 2 LI . Hb . .'1s the field strength at
' b max max :
Z =b, A=0.
Prax - b ‘ ‘ - . . . .
* The -~—%p—— term produces a reduction in the magnetic field strength as .
. T omax :

distance from the arm axis increases.

The field strengths are normalized by putting the meximum value of H (which

is y) equal to the maximum value on the Z axis through the Sun of Ha Gmddel A).
Thus Yy = 6°92 pG.

Hence
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APPENDIX II

COSMIC RAY PROTONS FROM THE CRAB

The Crab Nebula is the remnant of a supernova explosion, the light from
which was observed at the Earth in 1054 A.D. Any high energy protons produced
in this explosion could also travel to the Barth. However, these protons
will be affected by the galactic magnetic field and their path from the Crab
to the Earth will be longer than the linear distance. Consequently these
protons will arrive at the Earth later than the 1light from the explosion.

In particular, those protons for which the path is 0°28 kpc longer than the
linear distance to the Crab will be arriving at the Earth now. To investigate
this effect, trajectories of protons from the Crab to the Earth were calculated
for different field models at various energies.

The Crab is situated at & = 1845° and ¥ = -5.8°. However, its exact
distance from the Earth is uncertain by about 25%. (A recent distance estimate
has been made by Trimble (1968), from measurements of the motion of filaments
at the centre and at the edge of the nebula. The distance to the Crab nebula,

assuming it to be either an oblate or prolate spheroid, was then deduced as

0-24
0-27

the latter case to be the more likely. Woltjer (1970), assuming smaller

1:38 + 0-23 kpc or 2:02 + kpe respectively. Trimble (1968) considered
filament radial velocities obtained a distance of 1-68 kpc, but later measure-
ments are interpreted by Trimble and Woltjer (1971} to give a distance 4 2 kpc).
For the present calculations the Crab was taken to be at a distance of 1-T0 kpec.
Trajectory calculations were performed using field models A and B, over a

9

range of energies from lO1 eV down. In each case trajectories of antiprotons
leaving the Earth over a range of directions were followed (as described in
k.2), and the minimum distance between each trajectory and the Crab was

determined. Hence, by trial and error, the directions in which an antiproton

must leave the Earth to hit the Crab was found.



TABLE A.2.1

8l

DIRECTIONS OF ARRIVAL AT THE EARTH OF PROTONS FROM THE CRAB

FIELD MODEL A

i Energy Trajectory Arrival direction at Earth 'Length of trajectory
' ev & b" from Crab. kpc
109 185- 3° - 22.4° 1+ 750
3 1018 1 185+ 6° 33 5° 1+ 870

2 188- 2° - b5-5° 1° 760
3 185° 26+ 5° 1° 810
| 2 1018 1 185+ 5° 33:5° . 1860
i 2 192+ 7° - 57-7° 1760
| 3 - 189+ 3° 53+ 4© 1+970
1048 1 210 5° 76 14° 2+ 200
2 191° - 57-0° 2040
3 204° - 73:4° 24160
4 260° 83+5° 2190
5 ~n 265° n = 8le50 N1°80
7.5 1007 1 187° 18° 2181
) 336° 68°6° 2385
3 330°2° - 67°2° 1-842
4 331-5° 73+ 4° 24526
5 n 320° n - 79° N 2035




TABLE A.2.2
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DIRECTIONS OF ARRIVAL AT THE EARTH OF PROTONS FROM THE CRAB

FIELD MODEL B

Energy Arrival direction at the Earth Length of trajectory
eV L. b" from Crab. kpe.

10%? 186-5° ; 17-8° 1710

6 1018 188-3° - 2he7° 1720

3 1018 1941° - 38-0° 14755

2 1018 202-1° - 1489° 1;785
18 250+ 3° - 63:0° 1°875

10 328+0° 38:2° 2885

7 1017 292+5° = 51.2° 1+960

6 1917 ' 305°6° - 36:3° 2.030
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Field Model A

9 18

This field model was used for calculations at .'LOl eV, 3 107 eV, 2 lOlBeV,

18.v ana 75 1017 ev.

10
The arrival directions are listed in Table A.2.l.
Due to the position of the Crab and the oscillation of trajectories about
the galactic plane described in 4.2., there are several directions  in which

8

protons of a given energy (below about 3 10l eV) can arrive at the Earth from
the Crab.

These trajectories are shown in figures A.2.1 to A.2.4., which illustrate
that protons from the Crab reach the Earth after making one or more oscillations
about the galactic plane.

"Thus for field médel. A, at least within this energy range, there is no

unique direction or energy at which protons produced in the Crab supernovsa

reach the Earth now.

Field Model B

The arrival directions at the Earth of protons from the Crab, for this
field model are listed in Table A.Z.Z.

At energies 3 lO17

eV and below the antiprotons follqwed are found to be
completely trapped in the spiral arms. Some of the trajectories from the Crab
are shown in figure A.2.5. In this case there are no oscillationé about the
galactic: plane and at each energy considered, except lO18 eV, there is a
unique path along which protons travel from the Crab to the Earth. The protons
of 10'%vV which reach the Farth at g = 328.0°, H'= 38.2°, follow a long path
from the Crab, and if they were produced in the Crab supernova will arrive at
the Earth in ~ 4900 A.D. For all the other trajectories followed there is a
simple relationship between energy and ﬁrajectory length, as shown in figure

A.2.6.

At very high energies the trajectory length approaches the straight line
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dispance'of 1-T0 kpe, while protons of energy < 5 lOlT eV are unable to reach
the Earth from the Crab, if field B is an accurate representation of the galac-
tic field.

Protons arriving at the Earth now would have a trajectory length of 1:98 kpc

1T ev. (Due to the form of the trajectories it is

and' thus an energy of «6’6 10
very probable that if the Crab is at a greater distance than 1"76 kpe, then

the protons arriving now from the supernova would not have an energy much greater
than this). These protons would appear to come from a point source at

g = -297° and ¥'= -49°, (R.A. = 26° and declination = -68°).

The proton flux is given by

WE(R,)) | aE(R,)

2 .
b R, dr

o2 A

where-E(Rt)'is-the energy of protons having a trajectory of length R, T is
the time teken to arrive at the Earth, and N(E) is the differential spectrum

per ev of protons produced in the supernova.

dEéRt) were obtained from figure A.2.6, and the predicted flux
aT

at 6°6 107! eV was found to be 3°7 10‘3h N(E'= 6.6 1017 ev)m‘zs';,

Values. of

E(Bt//////;E(Rt) is typically q;lOlO seconds for E(Rﬁ) between 6 1017 ev
: aT , S
and“lOlPeV. Thus the supernova, which lasted for a much shorter time than this,

can be: considered to produce instantaneous emission.

Even if the'actual'fiéld.étfﬁcﬁﬁ£;'is not exactly as predicted by model B
the flux of protons at 6.6 1017 eV will probsbly not be very‘diﬂférent from
the value above. However, the arrival direction may be changed considerably.
For this reason it was taken that a point source would be observable in air shower
measurements at these energies, if the intensity in a 10° R.A. by 10° declination

bin exceeds the isotropic background by a factor of two.
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The flux of the isotropic background in a 10° x 10° bin in an energy-

range 5 1017 ev to 1088 ev is n 3.4 107137%71, Thus the fact that no
point source is observed gives an upper limit of N(E = 6.6 1017 ev) <
6 1020 evl,

Assuming that the Crab Supernova produced protons such that for energies

9 v R

2.6

greater than 10

N(E)e E

and that the total energy of these protons is 1Oh9

-1

ergs, then N(E = 6.6 1017¢V)
oL 1019 eV ~. Thus the fact that no point source is observed does not rule

out the Crab supernova as a source of high energy protons.
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