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PREFACE

The work described in this thesis was carried out during the pertiod
1973-1976 while the author was a research student under the supervision of
Dr 5. M. Scarrott in the Astronomy Group of the Physics Department, University
of Durham.

The analysis of the structure of the local galactic magnetic field was
carried out in collaboration with Dr R. S. Ellis. The methods used were
developed a»d applied jointly and the interpretation of the results is a hybrid
of our ideas. The reduction and collation of the data for the polarization
ecatalogue was begun by the author,

The idea of investigating the spatial variations of the polarization in
extragalaciic systems was stimulated by this work. The project becamz a reality
following a series of informal discussions with my supervisor and Dr R. G. Bingham
of the Royal Greemwich Observatory, which led to the collaborative design of the
Durham Nebula Polarimeter. The observations of M82 made with this instrument
were obtained on the 36" Yapp telescope at the RGO by the author. An electrono-
graphic camera designed by Dr D. McMullan of the RGO was used as the polarimeter's
detection systenmi.

The digital procedures used to analyze the polarization results are based
on the ideas of the author and his supervisor, but the approach described here
follows the author's bias on the subject. All the computer programmes used in
the analysis were written by the author with the exception of a "clear plate
and sky subtraction" routine, written by Dr Stuart Pallister, the use of which
s gratefully acknowledged.

All the other work presented in the thesis is the original work of the

author except where explicitly cited in the text.






observational selection effect. The major part of this work is directed
towvards studying the importance of irregularities in the field structure.
Autocorrelation techniques have bzen used and unltike previous authors we
can find no coherence in this component on scales greater than 50 pe.

In the second part of the thesis we describe an tmaging polarimeter
constructed for use with a McMullan electronographic camera and designed
to operate at an f/15 focus. This is the first polarimeter to use electrono-
graphic detection and the principles, construction and method of operation
are described. The instrument is intended for observations of galaries and
other nebulae to diameters of up to 8 minutes of arc and has been
successfully used to observe the irregular galaxy M82 in the B-band. The
results of these observations are reported in this thesis. The polarimeter
enables the simultaneous measurement of the linear polarization at nmore
than 1500 locations in a 40 nm field of view to be made. This information
1s obtained in a series of eight exposures, which enables the effect of
cathode sensitivity vartations to be removed. The method is independent of
variations in background sky brightness and polarization, and in atmospheric
transparency. A review of the existing designs of polarimeter, their
advantages and disadvantages and the possible sources of systematic errors
are discussed. The optical system is also sutitable for use with two-
dimenstional digital detectors but so far none have been used with the
instrument.

In order to take full advantage of the vast amount of information
contained on each electronograph an entirely new digital analysis technique
has been developed. Attempts have been made to locate features such as stars,
grid overlaps, scratches and dirt blobs automatically using a random search
technique. This proved unsatisfactory, and possible explanations and
refinement in the approach are outlined. A simple contour method is show to
be a satisfactory means of carrying out the feature extraction with manual

assistance. A highly accurate image registration method capable of producirg






CONTENTS

Introduction

Chapter 1 THE QUANTITATIVE DESCRIPTION OF POLARISED LIGHT
1.1 The States of Polarization
1.2 The Stokes Parameters

PART 1. THE LOCAL SPIRAL ARM

Chapter 2 STELLAR POLARIZATION AND THE LOCAL STRUCTURE OF

THE GALACTIC MAGNETIC FIELD

2.1 A critique of the methods of Measuring the Galactic Magnetic¢
Field

2.2 The conflict over the Direction of the Galactic Magnetic Field,
and the possible existence of irregularities

2.3 The Optical polarization Data

2.4 E-vector Plots of the Starlight

2.5 Variations of the Stokes Parameters with Galactic Longitude

2.6 Incremental Polarization; The Magnetic TField and the Spiral Arms

2.7 Irregularities in the Magnetic Field: A correlation analysis

2.8 Discussion and Conclusions

PART 2. M82

Chapter 3 THE NEBULA POLARIMETER
3.1 The Designs and Techniques Used in Polarimetry
3.1.1 Photographic polarimeters
3.1.2 Photoelectric polarimeters
3.2 The Nebula Polarimeter
3.2.1 The Optical System

3.2.2 The Mechanical Construction of the Polarimeter

14

19

25

36

40

44

49

57

69

69

70

73

74

79



3.3

3.4

3.5
3.6
Chapter 4
4,1
4,2
4,3
4,4
4,5
4.6
4,17
Chapter 5

5.1

5.2

3.2.3 The Electronographic Camera

The Theory of the Polarimeter

Discussion of Systematic Errors
3.4.1 The Problem of ¥oreground Illumination
3.4.2 Errors Introduced by the Telescope
3.4,3 Errors Intrinsic to the Polarimeter

The Observing Procedure

The Observations

THE DIGITAL ANALYSIS OF POLARIZATION

The problems Associated with Analogue Reduction Techniques
The production of a Digital Picture

Feature Extraction |

The Method of Image Registratioﬂ

Seeing-disc cells: The Subtraction of the clear plate background
The f-factors, e-factors and Stokes parameters

The Subtraction of the Sky background

POLARIZATION RESULTS AND CORRECTIONS

Laboratory Measurements

5.1.1 The Polarimeter Transmission Characteristics

5.1.2 The angular divergence and polarizing efficiency of the

Wollaston prism

5.1,3 The Behaviour of the Chromatic A/2-plate
5.1.4 Corrections for Instrumental Vignetting

Calibration Measurements at the telescope

5.2.1 Observations of Standard Stars

85

89

90

93

97

105

111

115

119

128

130

133

138

139

139

139

152

154



5.2.2 Cloth Measurements 159
5.3 The M82 Polarization Results 162
5.3.1 Polarization error analysis: A comparison with
previous obhservations 165
Chapter 6 OBSERVATIONAL PROPERTIES OF THE GALAXY M82
6.1 Optical Polarization of M82; the Historical Development 179
6.2 Failure of the Synchrotron Hypothesis 181
6.2,1 The Radio Spectrum

6.2.2 Optical polarization measurements in the outer Filaments

and the Polarization of the Ho emission line 183
6.3 The Electron Scattering Model 186
6.4 Dust Scattering 189

Chapter 7 THE POLARIZATION STRUCTURE OF M82

7.1 Introduction 198
7.2 The Centre of Symmetry of the Polarization Pattern 198
7.3 Scattering Models 203
7.4 The Central Region of M82 209

7.4.1 The Velocity Field 214

7.4.2 The evolutionary status of irr 1I galaxies 217
CONCLUDING REMARKS 221

APPENDIX I Theory of the Measurement of the Wave-Plate
Retardance,

APPENDIX II The Solinger and Markert (1976) Model,
APPENDIX III The Geometry for Scattering Models with Line of

Sight Integration,

ACKNOWLEDGEMENTS



INTRODUCTION

The methods of deler.nining the physical conditions in a celeslial object
are somewhat restricted and rather diffirult. Most of our information comes
from studying the electromagnetic radiation (and in particular that in the visible
part of the spectrum) emitted by these objects. Photometry and spectroscopy
provide useful estimates of distance, kinematics, temperature and chemical
composition. Valuable information can also be ohtained from studies of the
state of polarization of the light, as generally one expects light not to show any
preference in its vibrational pattern. If the light is found to be polarized an
anisotropy producing mechanism must therefore be in operation in the object.

There are several mechanisms for produvcing polarized light; usually,
though not necessarily, they are associated with the presence of a rnagnetic
field. If an object is known to have a magnetic field, e.g. evidence from
Zeeman splitting of spectral lines, then a more detailed picture of the behaviour
of this field can be obtained from polarization studies. In the absence of a
magnetic field the observed polarization must be reconciled with that expected
from other viable mechanisms and this will also provide vaiuable information
on the structure and conditions in the object.

The first objects investigated for polarization effects were those in,
or associated with, our own solar system. It is well over a hundred years
since Arago and Mavius (1835) made the first unsuccessful search for

polarization in the Solar Corona. It was not until 1908 however, that strong
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polarization etfects were observed in sunspots by Hale, and their origin
established as the Inverse Zezman Effect.

Polarization effects were observed in the reflected light from the
Moon and planets by Lyot (1929), and detailed studies of the variation of this
polarization with phase of the moon, and wavelength, bave subsequently been
carried out by Ohman (1939), and Clarke (1969). Attempts to extend polari-
zation measurements to more distant, and fainter objects proved to be
difficult, as most polarization effects appearing in celestial light sources are
small, and high sensitivity is therefore required. The measurements were
further hampered by the faintness of the objects themselves, restricting the
most accurate methods to the brightest sources.

Before 1946 it was generally believed that starlight was not polarized, as
no anisotropy producing mechanisms were predicted. It was not until Babcock
(1947) discovered the circular polarized Zeeman components of the absorption
lines in spectra of peculiar A-type stars that views began to change. About
the same time work on theoretical models of early-type star atmospheres
(Chandresakhar 1946, Chandresakhar and Breen 1947), in which photon-free
electron scattering was important, indicated that light emanating from a given
point on the stellar limb might be linearly polarized by as much as 11.7%,
with the "electric vector'" parallel to the limb. Chandresakhar (1946)
suggested that it would be possible to detect this effect in eclipsing binary
pairs containing an early-type, and a late-type star, if the limb of the early-
type star was observed as it was being occulted by the late-type star.

While trying to verify these predictions, Hall (1949) and Hiltner (19492, b)

independently discovered that not only early-type stars, but also other stars



exhibited linear polarization,

The stars which showed the largest polarization were those that
also showed the largest ""reddenings', thus Hall (1949) concluded that the
polarization was not associated with individual stars, but was an effect
caused while the light was passing through interstellar space on its way to
the Earth., Hiltner {1949a, b) then suggested that the polarization was due
to the selective extinction of starlight by interstellar dust particles, or
"grains'', the dust particles being unsymmetrical in cross-section, and
systematically aligned by some force. Many mechanisms for orientating
these interstellar '"grains' have been suggested. Usually the aligning force
is assumed to be a magnetic field embedded in the spiral arms, as suggested
by Fermi and Chandresakhar (1953). The most widely invoked of these
theories is due to Davis and Greenstein {1951), in which the particies, in
trying to obtain the lowest rotational kinetic energy state they can, for their
given angular momentum, tend to rotate about their short axes. The com-
position of the particles is such that paramagnetic relaxation results in these
axes becoming aligned parallel to the galactic magnetic field.

This rather fortuitous discovery of interstellar polarization cpened
the way for considerable theoretical speculation as to the exact form of the
galactic magnetic field, as indicated by the many subsequent large-scale
polarization surveys. Nearly 8000 stars have now been measured for linear
polarization, and in all but the strong magnetic stars, where self-polarization
is important, the polarization is less than 5%.

The interpretation of these results in terms of galactic field models

have proved to be unsatisfactory as ambiguous results as to its exact form



have been obtained by applying different statistical techniques to the same data.
Several other observational techniques are available for studyirg the galactic
magnetic field structure and provide estimates of the field parameters which
disagree markedly with those deduced from the optical polarization data.

In an attempt to resolve these many contradictions we have
reinvestigated the problem, based on an analysis of the optical polarization
data; and the results are presented in part I of the thesis. It is also quite
possible that the galactic field, though basically regular, might well contain
numerous irregularities, and we have also considered this problem in some
detail. In the presence of irregularities our unfavourable observing position
would then make accurate interpretations very difficult.

Probably the only way to overcome this difficulty is to observe
galaxies other than our own, where we are presented with a view of light from
the whole galaxy. We would then expect to be able to see the general field
composition manifested in the observed polarization. The main problems
with attempting such observations are the low surface brightness of such
objects, and the high sensitivity required to be able to detect any polarization
at all.

Early attempts to measure polarization in M64 by Reynolds (1911)
and Green (1917),and in NGC 2261 by Meyer (1919) proved inconclusive, while
later attempts to measure polarization in M32 by Sinclair-Smith (1935) gave
null results. The first convincing evidence for extragalactic polarization
came from observations of M31 by Ohman (1939).

Since then many attempts have been made to measure polarization

in other galaxies. (Elvius 1956a, b and references therein), Most recent



observers have abandoned the tedious and inaccurate large-scale photographic
techniques, requiring exposure times of several hours, ard corcentrated on
the use of modificd stellar polarimeters of the standard photoelectric type.
(Elvius 1962). Because these devices were designed for observing point
sources the fields of most galaxies have only been "sampled' at various points,
this results in the measurements being far from extensive, though very reliable.
The basic lack of an extensive mapping of polarization in extra-
galactic systems has instigated the work presented in part II of the thesis.
A new instrument designed specifically for extended object studies has been
built, with the intention of making detailed optical polarization maps of extra-
galactic objects. The observations reported in this thesis are the first in

the project and concentrate on the interesting irr II galaxy M82.
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CHAPTER 1

THE QUANTITATIVI DESCRIPTION

O POLARIZED LIGHT

1.1 The States of Polarization

When discussing poiarization it has become standard practice to
consider the sectional pattern of the electric field vector (E-vector) as defining
the state of polarization (though the use of the magnetic field vector would be
equally valid) and throughout the subsequent discussions the state of polariza-
tion will be specified in this manner. Similarly, '"the direction'" of polariza-
tion for linearly polarized light will be understood to mean the direction of the
E-vector, and the plane of polarization as ''that plane defined by the E-vector
and the direction of propagation of the light', Thus, interms of a formal
definition, ""polarized light" is light whose E-vector sectional pattern exhibits
a preference for a particular transverse direction or for a particular handed-
ness.

There are three basic polarization types: Linear Polarization, Circular
Polarization and Elliptical Polarization {the first two being special cases of the
latter with ellipticities 0 and 1 respectively). The state of linear polariza-
tion can exist in an infinite number of forms, as defined by the azimuthal angle
of the E-vector. Circularly polarized light comes in only two different forms,
differing in their handedness. Elliptically polarized light also exists in an

infinite number of forms, differing as to azimuthal angle, ellipticity, and









1.2 The Stokes Parameters

Stokes (1852) discovered that the state of polarization of a beam of
light could be completely specified by just four quantities, now called the
"Stokes Parameters'. These parameters describe both the intensity and the
polarization of a beam of light, and are applicable to all forms of polarized
light, whether it be monochromatic, or polychromatic. Each parameter has
dimensions of intensity (a time average intensity rather than an instantaneous
value) and define a column vector {the Stokes' Vector), in the four-spaces they
form, which rather elegantly represents the state of polarization and intensity
of a light beam in one quantity.

Following Walker (1954) these parameters will be designated I, Q, U,
V, and written in column matrix form as

-

< c & 7

The first parameter, I, represents the '""intensity" of a given beam of light.
The second parameter, Q, is a measure of the "horizontal preference"
displayed by the E-vector, and is positive for polarization forms closer to a
horizontal line than a vertical line, negative if the other preference is shown,
and zero if no preference is shown, e.g. right-handed circular polarization.
The parameter U is similarly a preference indicator, but this time a 145°
preference guide', that is polarization forms closer to + 45° than - 45° are
positive etc. The fourth parameter V distinguishes the handedness of a

beam, being positive for right handed polarization forms, negative for left-
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handed forms, and zero for linear forms.

The formal definitions of the parameters in terms of the clectro-
magnetic theory are given by Perrin (1942), and require the assumption that
the light is sufficiently monochromatic for a definite phasc angle, 7, to
instantaneously exist between the components Ax and Ay of the E-vector,
and yet at the same time be of sufficiently large bandwidth so that the unpolar
ized state is not precluded. The resultingdefinitions of the parameters are

as follows:

% y 1.2)
U= <2A A cosy>
Xy

V=<2A A siny>
Xy

‘Where the brackets designate time averaging of the enclosed quantities .

For unpolarized light there is no time-averaged preference for A or A
X y

and the Stokes' parameters reduce to

I=<2A.2>
X
Q=0
U=20
V=20

I=A2

X
_ 2
Q=4
Uu=290

<
"
o
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In general the four parameters satisfy the inequality

1

I 2 (Q2+UZ+V2)§ (1.3)

The equality only being true for a completely polarized beam. If a beam of
light is completely unpolarized then Q = U =V =0, thus a partially polarized

beam can be considered to be a superposition of a natural beam of intensity

1
Iy =1 - (Q2+U2+V2)2 (1.4)

and a completely polarized beam

= (Q2+U2+V2) 1.595)

[

Ip

The degree of polarization, P, is then given by

[N

2 2 2
P=IP/I=(Q + U +V7)?/1 (1. 6)
This identity illustrates one of the fundamental properties of the Stokes'
parameters, namely their additivity. When combining two independent heams
it is not necessary to take into account any difference of phase or amplitude.

If we have the Stokes' parameters for two beams 1 and 2, and wish to find

the properties of a beam fcrmed by combining the two, this is simply:

IC = I1 + 12
QC =Q Q2 1.7
UC = U1+U2
VC = Vl +V2

Using other representations of the beam the additivity process becomes far
more complicated. If the measurements are made relative to a fixed reference

direction then the position angle of the partially linearly polarized beam, 0, is

given by



12.

L. -1 U
= 5 t - 10 8
6 z tan Q ( )

Furthermore, Solleillet (1929) pointed out that the Stokes'vectors
transform linearly when acted on by optical devices, where the coefficients
defining the transformation matrices are representative of the optical device
and its azimuthal angle. Mueller (1948) was able to determine these matrices
phenomenologically. The resulting combination of these matrices with the
Stokes' parameters in the "Mueller Algebra' provides a powerful, and simple,
tool in complicated optical problems, where for example a beam of polarized
light is passed through a succession of optical components, i.e. in a polari-
meter or the interstellar medium. The resultant outgoing polarization form
is, by conventional means, difficult to calculate; however, with the Mueller
Algebra the Stokes' vector of the original beam has only to be acted cn from
the left by the matrices representing the series of optical devices, applying
the normal rules of matrix algebra, to enable the outgoing polarization form to

be calculated.
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CHAPTER 2

STELLAR POLARIZATION AND THE I.OCAL STRUCTUREX OF

THE GALACTIC MAGNETIC FIELD

2.1 A Critique of the Methods of Measuring the

Galactic Magnetic I'ield

Information about the local structure of the galactic magnetic field is

obtained from observations of :

a) The Zeeman splitting of the 21 c¢m line of neutral hydrogen.

b) Faraday rotation of extragalactic radio sources.

c) The brightness and Faraday rotation of the galactic radio
emission.

d) The rotation measures of pulsars,

e) The polarization of starlight.

Of these, only method (a) provides a direct measurement of the magni-
tude and direction of the magnetic field (see Galt ct al 1960, or Davis and Berge
1967, for details). However, the field strengths obtained by this method are
an order of magnitude larger (~50 - 1004 G) than those obtained from the
other techniques (Verschuur 1968, 1969, a,b,c, Davies et al 1968) and
expected from theoretical considerations (Chandresakhar and Fermi 1958,
Spitzer 1956). In order to explain this discrepancy Verschuur (1969d, 1970)
has suggested that the magnetic field in neutral Hydrogen clouds could be greatly

enhanced duriang their collapse, and this seems to agree well with the results
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of theoretical work on cloud coliapse (Mestel 1976). If this is indeed the case,
the resultant amplified ficld will not be typical of the general inrterstellar field,
either in strength or direction, and in view of this possibility the results
obtained by this method will be excluded from the present discussion.

All the other techniques require different constituents of the inter-
stellar medium to "illuminate'' the magnetic field; (b) and (d) require thermal
electrons, (c) relativistic electrons and {e) interstellar dust.

The sense and magnitude of the magnetic field component along the line
of sight, B , can be found from the Faraday rotation observed in polarized
radio sources. Since the angle of rotation, 8, is dependent on wavelength,

A\, it is possible to determine the intrinsic angle of the source, and the
degree of rotation caused by the intervening interstellar medium. The angle

of rotation is given by
2 .
6 = (R.M.) A radians (2.1)
where R.M. is the Rotation Measure defined as
-
R.M. = 0.8l J n_B.de 2.2)

where n, is the line of sight electron density in cm_3, B isin M Gauss
and ¢ is the depth of the region over which rotation occurs (in parsecs).
The sign of the rotation measure gives the sense of the field, a positive measure
indicates a field directed towards the observer.

In order to determing the magnetic field from extragalactic R.M.'s
assumptions must be made about the electron density distribution. Possible
variations with galactic longitude are generally ignored, the electron density

is either assumed to be a constant ¢.f. n = 0.062 cm_3 (Mills 1970), or to
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and is therefore the integral along the line of sight of the clectron density.
Hence it is possible to measurc the average electron density directly, and
this removes the difficulty discussed in connection with the extragalactic
R.M.'s. The mean line of sight component of the magnetic field is then

obtained by combining the Dispersion and Rotation Measures.
[n 5.d
<By > = —/—— (2. 5)
J n, d?

However, it must be realized that in order to determine the topography
of the magnetic field the distance of the pulsar must be known, and its
calculation from the dispersion mcasure does require assumptions about the
electron density., Even taking this into account the pulsar R.M.'s probably
provide the best means of studying the magnetic field. Unfortunately only A
about forty pulsars have known R.M.'s and Dispersion Measures (Manchester
1974), and this lack of data leads to a very incomplete coverage of the sky,
making a reliable statistical analysis very difficult.

The background radio emission is assumed to be due to synchroton
radiation from relativistic electrons (for a review of the mechanism see
Ginzburg and Syrovatski 1964, 1965). This results in the emission being
polarized with the direction of the E-vector orthogonal to that of the magnetic
field as seen in projection. Theoretically the polarization should be ~ 73%
but observations show that in practice it is only a few per cent, and this is
generally regarded as being due to the superposition of contributions with
different position angles along the line of sight (Burn 1966). Further informa-

tion comes from the distribution and brightness of the radio emission since
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the apparent emissivity of a region is proportional to IB sin 6 Iﬁ_l where

0 is the angle between the magnetic field, B, and the line of sight, and B

is the "temperature spectral index of emission' defined by (Brightness
Temperature) o€ (Frequency)-ﬁ (Bingham and Shakeshaft 1967). There are
three disadvantages with this method. Tirstly, the magnitude of the magnetic
field in the direction orthogonal to the E-vector can be determined, but its
sense cannot. Secondly, the complicated line of sight effects are difficult to
remove. Thirdly, it is not possible to determine the distance at which the
radiation originates. Normally, distance estimates are made on the basis of
visible optical features that might be connected with the radio structure, but
this is far from being reliable or satisfactory.

The polarization of starlight by anisotropic grains aligned in a weak
interstellar magnetic field by the Davis-Greenstein (1951) mechanism has
already been mentioned. Other hypotheses have been invoked that do not involve
magnetic alignment (Gold 1952, Saltpeter and Wickramasinghe 1961, Harwit 1970)
but these are generally regarded as inadequate (Davis 1955, Serkowski 1962,
Purcell and Spit zer 1971). With the Davis-Greenstein (DG) mechanism the
polarizing particles are aligned with their short axes in the direction of the
magnetic field. This results in the direction of maximum extinction for the
grains being perpendicular to the magnetic field direction. Thus the E-vector
of the resultant polarized light will be parallel to the magnetic field direction.

Quite apart from the tenacity of the link between the DG mechanism and
the observations, optical polarization now appears to be regarded by astronomers
as a poor way of studying the magnetic field for two reasons. TFirstly, as with
the background radio emission studies, it gives only a two-dimensional
representation, the E-vector of the light being parallel to the projection of the

magnetic field vector perpendicular to the line of sight. Secondly, the



magnitude of the field cannot be calculated directly from the observations-
without making assumptions akout the naturc of the grains. But as we have
already seen each of the alternative methods has its accompanying drawbacks,
some of which are more severe than these.

There are however, several advantages peculiar to the optical polariza-
tion data. Firstly the sheer volume of data now available makes it possible
to carry out a meaningful analysis of the variations of the polarization with
position, and hence the variations in the magnetic field. Secondly, there are
no problems with intrinsic polarization in the sources. Thirdly, the distance
of each star can be readily calculated, thus allowing the field topography to be
determined. It is for these reasons that we have based our analysis (Ellis
and Axon 1976) on a catalogue which we have compiled from the available

optical polarization data (Axon and Ellis 1976).

2.2 The Conflict over the Direction of the Galactic

Magnetic Field, and the Possible Existence of

Irregularities

Numerous models of the galactic magnetic field have been constructed,
but basically there are only two principal schools of thought. The oldest is
the so-called "Longitudinal Model" (Chandresakhar and Fermi 1953) in which
the magnetic field runs parallel to the axis of the spiral arm. Originally it
was suggested that this magnetic field was directed towards g = 45° or
2 =225° but this appeared to conflict with the neutral Hydrogen observations
(Oort 1958) which indicated that the spiral arms were directed towards

g = 850. Furthermore the model was unable to account for certain local

inhomogeneities, such as the peaking of the background radio emission in the



"galactic spurs'" (Bingham and Shakeshaft 1967). In order to overcome these
problems, Hoyle and Ireland (1961) proposed an alternative conficuration in
which the magnetic field wound round the spiral arms in a helical pattern.

Considerable impetus was given to this model when Morris and Berge
(1964) and Gardener and Davis (1966) interpreted the distribution of extra-
galactic R.M. signs as indicating that the magnetic field was pointing in opposite
directions above and below the galactic plane, which was exactly what the helical
model predicted, This led Hornby (1966) to propose a more detailed helical
model, consisting of tightly wound, skewed helices with an axial direction of
2 =170° and this model showed fairly good agreement with the background radio
emission and the optical polarization data as well. However, Bingham and Shake-
shaft (1967 ), and Thielheim and Langhoff (1968) concluded that the same data
indicated a ""quasi-longitudinal” magnetic field, that is a longitudinal field which
changes sign as it crosses the plane of the spiral arm, but they assigned different
directions to the field, Bingham and Shakeshaft proposed ¢ = 70°, whereas
Thielheim and Langhoff prgferred 2 =90°,

Shortly afterwards, Mathewson (1968) used the optical polarization data
to investigate the magnetic field. His analysis was based on plots of the
directions of the E-vectors of the starlight, and these revealed areas in which
the E-vectors appeared to form "elliptical flow patterns' or looping structures.
Mathewson interpreted these patterns as being a consequence of a helical magnetic
field seen in projection. He concluded that the model which best fit the data was
one in which the field was wound in right-handed helices of pitch angle 7°, the
helices lying on the surface of tubes having an elliptical cross-section of axial

ratio 3, and with the semi-major axis parallel to the galactic plane. The
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helices were also sheared through an angle of 40° on the plane, in an anticlock-
wise directicn, and their axes were directed towards £ = 90° or £ =270°.
In addition to fitting the optical polarization data Mathewson (1968) proposed
that the radio spurs arose as a consequence of the helical magnetic field in
regions of magnetic field compression, and were therefore elongated in the
direction of the magnetic field which appearec to agree well with their observed
orientations. Later attempts to show that the model was also consistent with
the extragalactic R.M.'s (Mathewson and Nicholl 1968, Mathewson 1969) were
only partially successful. Good agreement could be ohtained only if the helical
configuration was confined to within 500 parsecs of .Lhe sun, and then beyond this
distance a longitudinal field directed towards ¢ = 90° assumed.

Gardener et al (1969) also analysed the optical polarization data, and
disagreed strongly with Mathewson's (1968) interpretation. They concluded
that the data indicated that the magnetic field was longitudinal and directed
towards ¢ = 50°, but at the same tiine they reported that the extragalactic
R.M.'s indicated that the magnetic field was longitudinal and directed towards
g =80°.

Even in the face of this contradictory evidence the helical model was
widely accepted as providing the most complete explanation of the observations
(Vershuur 1970). However, recent observations (Reinhardt 1972, Berkhuijsen
1971, Wright 1973, Manchester 1974) have all suggested that the magnetic field
is longitudinal in form, but once again each observer proposes a different
direction for this magnetic field (table 2.1),

It is indeed quite remarkable how many different directions have in

fact been proposed for the magnetic field, and it is very disconcerting that
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the optical and radio data seem to suggest entirely different directions.
Whiteoak (1974) has argued that one need not necessarily expect the same
answers from the optical and radio data as they sample different components
of the interstellar medium. But even assuming that this accounts for the
disagreement between the optical and radio data it cannot satisfactorily explain
the discrepancies that exist between independent analyses of the same data,
e.g. the optical data alone suggests magnetic field directions that differ by
as much as 40°, Nowhere is this disagreement more dramatically illustrated
than in the analysis of Klare et al (1970) who find that the minimum values of
the optical polarization indicate that the magnetic field is directed towards
L = 500, but that the dispersion in the position angles indicate that the magnetic
field is directed towards £ = 80°.

In the face of all this contradictory evidence, what then is the direction
of the magnetic field ? In order to find the answer to this question, and to
try and resolve the aforementioned discrepancies we have reinvestigated the
information contained in the optical polarization data. We have included the
recent data of Schroeder (1976) and Klare et al (1971) in the analysis, and
particularly in the former case,since all the stars are nearby,it is hoped that
the new data will clarify the situation. Of equal importance to our understanding
of the magnetic field is its relation to the spiral structure of the galaxy. We
have also studied the correlation between the magnetic field, the spiral arms
and other prominent structural features.

Previously we remarked that the most important argument in favour of
the helical model was that it was capable of explaining the North galactic spurs.

Elsewhere there is little difference between the models and therefore this
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case it would be necessary to revise our model of the magnetic field to include
both a regular and irregular component. Manchester

(1974) argues strongly in favour of such an idea and suggests that the helical
model could be the result of trying to fit a regular field to the irregularities,
and Valleé and Kronberg (1973) go as far as to suggest that the whole of the
optical polarization data samples a large local irregularity with a radius of
one kpc Clearly the whole question of magnetic field irregularities is of
great importance and we have searched the data for the possible existence of
irregularities and have investigated the evidence for them having a
characteristic size,

To summarize then, the aims of the present analysis are as follows:

1. To establish the local direction and form of the galactic
magnetic field.

2. To correlate the observed polarization and the magnetic
field with the spiral structure of the galaxy.

3. An investigation of the possible existence of irregularities

in the magnetic field and to try and establish their scale,

2.3 The Optical Polarization Data

Extensive polarization measurements have been made by Van P. Smith
(1956), Hall (1958), Hiltner (1949, 1954a, 1954b, 1956), Behr (1959), Lodén
(1960a, 1960b, 1961), Appenzeller (1966, 1968), Mathewson and Ford (1970),
Klare et al (1974) and Schroeder (1976). The total number of stars in each

of these sources, and the associated experimental errors,are given in table 2, 2.
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