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ABDSTRACT

Thie thosis contains an account of some of the work undetitaken by
the author while a member of the Astionomy Group at the University of
Durham. The work of the group which involves the measurement of the
amount of linear polarisation in ncbular astronomical objects, 1s 1in
collaboration with the Royal Grecnwich Observatory.

The initial chapters of the thesis describe the desigu and con-
struction of the Durham Polarimeter which detects and measures the
polarisation, and outlines the advantages of using a 4 cm Mclullan
electronographic camera as a recording device. Imitial alignment of
the polarimclLer components prior to observation and the piocedures
folloved to obtain a series of electronographic plates are described
along with the Jdcvelopment of a series of reduction equations which
link the polarisation parameters to the dersitics of the images on the
clectronogrephic plates. Electronographs of the irregular II galaxy,
M82, which 1s Lhe subject of study in this thesis are 1llustrated.

In the later chaplers of the thesig, the i1eduction of the visual
clectronographs fo a digital form and the subsequent sophisticated
compuler prog.amming required to accurately align the digital electrono-
graphs, 1ead out the densities for several thousand locations distrib-
uted over the image of the galary, and finally cofivert these densitics
to polarisition paromcters 1s described. Comparison of the nevu
nolarisation map of M82, with the previous photo-clectric determinations
confirms Lhe succers of this acw automatic techniyue for the production

of high rerolution, accuw ate polarimetiic mecssurements.,
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In the final chapters of the thesis, M82 1s i1cviewed chrono-
logically, ana the observational information on the galaxy is summarised.
Tinally, the present polarisation drta 1s amalysed using a recent model
of the galaxy, and the resulic which are consistant with thosc previously
determined are cousidered in conjunction with the mass of observational
evidence concerning the evolution and moirphology of the galaxy. The
possibility that M82 may represent a connecting link sr galaciic

evolution 1s tentatively proposed.
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INTRODUCTION

Our ansight inte the phys.cal universe about us has cvolved slowly
for centuries, the main source of 1. formalion being optical observations.
The adventL of large telescopes in the 20th “Zentury, has led to vast
increascs in our knowledge, and these increases have been further
extended by obscivaticns in other spectral regious, in particular, radio,
micro-vave, X~-ray and y-ray. As each new vindow has become available,
new vistas ot the universe have been opened up to us, with a correspond-
ing advance 1in our hnovledge.

Along with the new areas of view, therc has come an improiement 1in
the techniques evailable Lo aslronomers, so that even now further
advances 1n optical astronomy are possible Not only can we look at the
quantity of light rcaching our telescope, bui we can look at the quality
of the light also. The spectra of stars and galaxies gives us details
of the physical conditions within the universe, and observation of tLhe
universal red—-shifL has allowed us to make models of the universe of
which we are a part. The radiation also carries further information, 1n
the form of the states nf polarisation of the light. With advances in
astropliysics this data gives us further information on which to base our
modcls and theories.

Tnterstellar linear polarisztion was observed almost by accident
1u the Fortires, and has led to advances in the structure of our galaxy,
particularly in the realisation and foim of the galactic magnetic field.
In the Fiftics, observation of polarisatior in the Creh Nebula suvpersnova

remnoul ted (o the firrst observation of Lhe effect ol synchrotion

G T~
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radialion 1n an astronomical object. This effect 1s paramount in the
understanding of conditions within the supernova remmant, and has led
to intcrprectations of radio observations in a wider variety of objects.

The srrregular galaxy M82, has been the subject of many investi-
gations, and conscquent interpretations over the last two decades. A
dominant contribution to the understanding of M82 has been the obser-
vationr of linear polarisation in the light emanating from this galaxy.
Vital iuformation on the conditions within the galaxy has been imprinted
on the polarisation of the light, and this information 1s now becoming
avallable to us.

The work in this thesis, describes cfforts made to measure the
polarisation to greater accuracy, and at many more points within nebular
objectls, than previously possible, The possibility of making these
measurements, has only become feasible with the advances in recording
technique, the electronographic camera, and with the advent of large
computers enabling us Lo manipulate vast quantities of data, to yicld
the polarisation informat ion. The observations arc described and the
interpyctation of the polarisation datae 1s discussed i1n terms of cuirent
models, of this paiticular irregular galaxy.

From this work, 1t 1s obvicus that nebular polarimetry, can make
extensive contributions, to the understanding of many forms of astro-

nomical objects
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CHAPTIIR 1

POLAKISATION AND TTS MEASURLMENT

1.1 Polarised Light

1.11 General Deccription of Polariced Light

Iight 1s 2 transversc electro-magnetic vibration. For simplicity in
describing polarisation, the light can be considered to be characterise
by 1ts electric (E) vector, the amplitude of which varies sinusoidally with
both time and positior along its direction of propagation. The intensity
of the radidation 1s proportional to the square of the amplitude.

In natural, or unpolarised light, the E vector exhibits no preferred
direction 1n space, and vibrates randomly in the plane perpendicalar to
the direction of propagation of the beam. An unpolarised wave 1s
diragramatically shown in figure 1.la. If cthe direction of vibiation 1s
restricted in some manner from 1ts natural randomness, the light 1is

described as being polarised.

1.1.2. Planc and Llliptically Polarised Light

If the planc of vibrauvion of the E vecior 1s restriclLed to a fixed
direction 1in the X-Y plane of figure 1l.la, the light 1s described 2s being
plane polarised. A plane polarised wave 1s 1llustrated in figure 1.1b, and
1s characterised by 1ts amplitude, and the angle the allowed planc of
vibiation makes with a fixed direction in space (in this case, the Y axis).

The amplitude vibration of the E vector can be decomposed into Lwo
orthogonal components along the X and Y axes respectively, and thcse
component amplitudes are 1llustiated 1n figure 1l.lc. The decomposition of
plane polarised laight 1s useful when the amount of radiaticn which can
pass through polarising filters needs ro be calculated. The component

waves shown iu figuie l.lc are finusosdal, and are esaccly 1in phase, so that
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vector addition always produces the resultant wave at a fixed angle (©
in figure 1.1¢) For a mixtuire of plane polarised and nmatural light,
the magnitude, or degrec of polarisation 1s defined as the ratio of the
plan. polarised and total intensities, and 1s oiten expressed as a
percentage.

When the tvo component waves of plane polarised light shown in figure
l.1lc, are dafferentially interfered vith so that a phase difference is
introduced between them, the resultant E vector no longer gives rise to
simple plane polarised radiation, but instead, traces out an ellipse with
both time and position along the wave, this 1s called elliptically polar-
1sed light An example os an elliptically polarised wave 1s shown 1in
figure 1.1d The eccentricity of the ellipse depends upeon the amplitudes
of the two components, and the phase dif{ference introduced, anld for the
speclal casc vhen the component amplitudes are equal and the difference
1n phase angle 1s 900, the major and minor axes are of equal length, and

the radiaticn 1s described as being ciicularly polarised.

1.2 The Occuricnce of Plane Polarised Light in Natuie

There are several nechanisms for the production of partially or
completely plane polarised radiation in nature  The scattering of incident
natural light on particles of all shapes and sizcs, from electrons to
macroscopic surfaces, or the transmission of Jight through aligned non
spherical dust grains restlts 1n the production of partially plane
polarised 1adiavion. The aeceleration of charged particles in magnetic
frclds gives rise to compietely plane polarised }sght, called synchrotron
radiation,

The production of elliptical polarisatinn Liovever, 1s usually a two



stage process, 1u which plane polarised light rwst first be produced by
one of the dabove methods. A phase di{ference betwcen one oi the
original components 1s then introduced by transmissien through a hiref - in-
gent m>.dium. Paitially planc polarised light might be expected to occur
abundantly ir nature therefore, while 1ts elliptical counterpart 1s more
of a rarity and 1s present in much diluted guantities only.

Each of the plane polarisation production mechanisms imprints 1its
stamp on the form of the polarisation obtsined. Investigation of the
polarised nature of light emitted from distant, extra—~terrestrial objects,

can therefore give an insight into some of the physical conditions present

at the source, and aloug the path of the radiation.

1.3 The Simple Measurement of Partial Plavne Polarisation

For the analysis of plane polarisation, the light 1s ucudlly passcd
through a polarising filter, (for example a piece of polaroia), which
only transmits the E vector component of the radiation paiallel to a
certain allowed direction. The filter 1s calibrated so tha. the orientat-
1on of the allowved axis 1s krown, and the intensity of Lhe transmitted
radiation for a particular filter orientation i1s recorded phcto-electrically,
or on a photographic plate.

A series of four measurements are taken at filter angles of 0, 90, 45
and -45 degrees respectively, and the transmitied intcusities 1,-1, are
tecorded 1n each case. 1n figure 1.2 a beam of total intensiiy, I vhich
1s the sum of a plane polarised component of intensity 'Ip', at an angle
to the vertical, and an unpolariscd component of intemsity 'I — Ip', is
shown bcloie and after iransmission through the filter, for cach of the

orientations. Tn each case, the relationchip betwcen the recorded inten-
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sities (11 - 14), and the derived i1ntensities in terms of the requirecd
quantities (I, Ip, 6) are shown. It 1s therefore a simple matter to
solve the four simultaneous equations to obtain (I, Tp, 6) .«n Lerns of
the measured quantities (11 - 14).

Defining 2 quantities Q, and U by thc following equations:

L)
]
H
I
|
]

Ip Cos 2 © 1.1

=
1l

-
|

’-I
n

Ip Sin 2 © 1.2

Then equations 1.1 and 1.2 can easily be solved fo: Ip, to give,

ip = /62 + U2 = /Qll - 12)2 + (13 - 14)2 13
@ = 0.5 arctan (U/Q) 1.4

The final required parameter, the total intensilLy I 1s simnply given by,

I =21, +1, =1, +1 1.5

because of the orthogonally polarised nature of thec measurements. The
ratio of the polarised and total intensities can be calculated to give

the percentage polarisation of the incident beam.

P = Ip/1 x 100 1.6

It follows that a simple series of four measurements, uniquely
determines the polarisation for an incident beam of partially plane

polarised light.,

1 4 Ellipticel Polarisation

Although the amount of elliptically polarised light from the astro-

nomical objects Ls expicled to be small, 1t 1s of wnterest to inquire



into the cffect of having a small amount of elliptically polarised light,
contaminating the plane polarised beam analysed in the previous section.

Using the simple method outlined, 1t 1s not possible to det~rmine if
the incident light has an elliptically polarised componcent, as_three more
parameters, intensity, ellipticity, and angle of major axis with reference
direction, are required for a full specification. A total number of six
unknowns would therefore be introduced into the four simultaneous equat-
ions., It is possible however, to ascertain the error i1nduced into the
measurement of plane polarisation, using the simple method, for a mixture
which contains a small amount of elliptically polarised light.

In figure 1.3, an elliplically polariscd component of minor axis
amplitude 'b' and major axis amplitude ‘'a', at an angle '@' to the
vercical reference direction, 1s added to the incident radiation. The
derived intensities for this 'perturbed' beam, are again equated to the
measured intensitics (1]' - 14').

Following the basic theory of 1.3,

Q' (a2 - b2) Cos 2¢ + Jp Cos 2 O 1.7

I
 ad

1
-
1

u' =1,.'"-1 (a2 - b2) Sin 2§ + Ip Sin 2 © 1.8

and the two paramerers describing the plane polarised component arve

estimated as

7

Tp = Q'2

s u? = @? - D% 1p% + (a - b?) 1p Cos 2 (8 - 6)

(a? - bz) Sin 2¢ ¢ Tp Sin /6

2

o' =0 5 arctan (U'/Q') = 0.5 arctan 5
(a” - b7) Cos 2¢ 1+ Lp Cos 28

Inspeciion of 1.9 ana 1.10 chows that ibe calculated values of the

1.9

1

10
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plane polarisation paramcters, (Ip', 8') are not the true values,
Ip' = Ip e' =9, 1.11

but are perturbed by additional terms, caused by the presence of the
elliptical polarisation.

The perturbation from the true values is small, providing the
proportion of elliptically to plane polarised light is small
(a2 + b2 < Ip), and equations 1.9 and 1.10 reduce exactly to equations
1,11 1f the intensity of the elliptically polarised component 1s zero
(a2 + b2 = 0)

For an i1ncident beam containing 5% plane polarised and 0.57 ellsp-
tically polarised light of eccentricity 0.5, the maximum error introduced
into the measurement of the plane polarisation parameters, 1s 0.27Z 1in
degree and 1 5° 1n direction Equations 1.9 and 1.]0 show that the
correction terms are in fact proportional to (a2 - b2), which 1s a
measure of the eccentricity of the ellipse, and they therefore approach
zero as the elliptical polarisation tends to circular polarisalion

(a2 = b2), independently of the total intensity (a2 + b2).

1.5 The Stokes Vectors

The degree of polarisation and angle of preferred vibration which
are convenient parameters to desciibe a partially polarised beam, are
scalar quantitices, which together form a representation of the electric
vector ol the 1ncident laght As a consequence of this, 1t 1s not
possible to simrply add them when two incident beams of known (T, Ip, ©)

are combwned, to find the parameleirs of the resultant beam In the samc



way, if several estimates of (1lp, ©) for th~o same beaw are calculated,
straight avcrages do not result in the correct value of the mean.

A set of quantities, which arr simply rclated for the rormer oncs,
but are additive in nature, wecre defined by Stokes, to describe any

beam of polarised radiation. The 'Stokes vectors' defined by,

I = Total intensity of beam 1.12
Q = lp Cos 28 1.13
U= Ip Sin 20 1 14

may be mathematically manipulated as required, before returning to the
convenient descriptive units for the final result Inspection of
section 1.3 shows that the quantities arbitrarily defined as I, Q, U,
ate 1n fact the Stokes vectors of the partrally plane polarised
radiation These quantities could therefore be averaged, 1f a series
of measurements (1J - 14) were recorded several times for the same

source, hefore finally returning to the descriptive units via the

transformation
@ = 0.5 arctan (ﬁ/a) 1.15
p =% 4 T° ! 5 1.16

A fourth Stokes vector, 'V', exists which describe any elliptically

polarised component of the radiation.
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CHAPTER 2

THE DURPAM POLARTMETER AND 4 CM. ELECIRONOGRAPHIC CAMERA

2.1 Introdvcthg

- —————

The Durham polarimeter was designed to detect and measure the degree
to which irc ient light 1s partially plane polarised. The original
prototype polarimcter, basced on a design by 8hman (1939), 1s described by
D.J. Axon (1976), who did most of the laboratory testing. In this thesais,
the present polarimeter 1s described, which is essentially the same as
the prototype in principle, but the optical components were rebuilt into
a sturdy steel framed aluminium housing and the original monochromatic
half wave plate was replaced by one which i1s approximately achromatic
over the vavelenglh range 3900 - 4900 X, and a new 4 cm. Wollaston prism

was 1nccrporated into the structure,

2.2 The Light Path through the Polarimeter

The components of the polarimeter snown 1n plates 1-5 are drawn
diagrammatically in figure 2 I, and a particular 'light ray' entering
the polarineter from the telescope, 1s traced through the optical com-
ponents.

Uhen a particular object 1s 1maged on the grids, the polarimeter
'sees' the pait of the image rontained in the series of vertical gaps
formed by the grids The light from those paits of the 1mage which are
formed behind the solid grid bars, 1s absorbed. The light from the
image containcd 1n the vertical gaps passes through the polarising
components of the polarimetier, and 1s finally i1cimaged by the relay
lens This image can then be recorded by means of a photographic plate

or, as used in the presenl case an eleclronographic camera The 1ay
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diagi am shown traces the light path of a particular small element of
the astronomical image (formed in the plane of the grids), through the
analysing components.

The 1ncident light, forming any point of the i1mage on the graids,
1s contained 1n a cone of width 4° because the telescope 1s used at £/13.5
focus. The beam of light passing through the grid gaps is approx-
imately 4 cm. 1n dicmeter, and 1s condensed by means of the field lens
so that at car pass through the limiting aperture (v 1'") formed by the
half wave plate. The light from any point on the grid image then passes
thiough the lhalfwave plate, which 1otales the plane of polarisation of
any plene polaricsed component, but does not deviate the ray. Transmis-—
s1or through the prism, splits the ray into two orthogonally polarised
components, ana also introduced a4 dcviation of 1° (1n the horizontal
plane) belween them. If the incident light 15 unpolairised, these two
rays will be of eqizl intensiaty. Any deviation from this equipartition
indicates that a plane polarised component i1s present. The two rays are
then brought Lo their separate foci (displaced in the horazontal plane),
on Lthe camere photocathode by the ficld lens.

Each clement of the grid therefore forms two images, 1n orthogonally
polarised light on the photo-cathode. The net effect 1s, that each of
the spaced vertical bars forming the total grid ‘objectl', are spliL 1nto
two orthogonilly poiarised components, and are re—imaged (with a horszon-
tal displacement between cihem), on the camera photo-cathode. A schematic
1ilustration of a part:colar gred 'object', and the resultant photo-
cathode 1mage dare shown 1n figure 2.2 Rotition cf the half wav> plate,

chinges the relative arplicudes of the B vectors [erming the twe
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polarised images, but does not affect its spatial appearance. The linear
distances of the componenis along the principle axis of the polarimeter
arc arranged so that the pairs of horirontally displaced grid imeges just
touch but do not interferc with cach other.

To summarise, electronographs can be taken with the half wave plate
at different orientations, and the spatial appearance of the final image
1s the same 1n each case Comparison of the relative densities, for the
pairs of images formed on different plates, is a direct measure of the
amount of plane polarised radiation ian the light coming from the astro-

nomical object, and forming that particular part of the image.

2.3 Descraption of the Polarimeler

2.3.1. The Shell

The frame of the polarimeter 1s composed of 2' square steel section
(A), and 1s reinforced with diagonal struts (B). The strength of ‘le
chassis 1s extiemely impoltant, as it must be capable of taking the
120 1b weight of the elecctron camera without any significant distortion.

The end plates (C and D), with which Lhe polarimeter is bolted Lo
the telescope and camera respectively, are i" aluminium plate, and are
attached to the framework of the polarimcter with adjustable bolts, so
that the whole apparatus can be aligned with the plane of the end plates
perpendscular to the principal arxis of the polarimcter. The sideplates,
whose only puarpose 1s to make the instrument light tight, and provide

mountings for the adjuscing knobs arce §" aluminium plate.

2.3 2. The Wollaston Prism

The prism, which 18 1llustratcd 1n frgure 2.2, 1s made from two
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picces of quartz cemented together with their optic axes perpendicular.
The incident radiation 1is split into two orthogonally polarised com—
ponents, (0 and E rays), on entering the prism, because of the
direcctional dependence of the refractive index of a birefringent
material. At the boundary between the two segments, the two rays inter-
change identities because of the perpendicular optic axes of the two
component parts of the prism, and are therefore refracted due to the
apparent change in refractive index. The symmetry involved, implies that
the tivm rays are each deviated frem the normal by the same armount, as
shown 1n figure 2.3.

The magnitude of the deviation 1s dependent on the angle at which
the prism 1s cut, and, because 1t depends in the difference in refractive
indices, rather than their absolute value, 1L 1s not very sensitivc Lo
wavelength., The prism used, which bad a deviation of 10, was mounted 1in
the polariwmcter, so that the diverging, orthogonally polarised rays,

vere in the horizontal plane.

2.3.3. The Achromatic Half Vave Plate

The half wave plate consislts essentially of a plane section of
birefriugent waterial, cul parallel to Lhe optic axis which splits the
incident radiation into orthogonally polarised O and E ray components.
As described in the previous section, the tvo rays have different
velocities wn the material, but darc not deviated as they travel normal
to the optic anis and so they emerge with a net phase difference, giveu
by

2y

§ = i{ . d. (no - ne) 2.1
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where A 1s the wavelength of the incident radiation, d, the thickness
of the material, and ng and n,s the refractive indxces of the plate
for the © and E rays respectively. To satisf{y the half wave plate

condition, the value of d 1s adjusted so that
§ = (2m 1t 1) w 2.2

where m takes on positive integer values. The Lwo rays therefore recom-
bine 180° out of phase after transmission.

Equation 2 ] shows that the retardence 1s wavelength dependent, so
that the required thichness of material can only give exact A/2
properties at a specificd wavelength. This disadvantage can be overcome
by using a multi-layer plate made from different wmaterials, so that the
individual wavelength dependences approximately cancel out. The trans-
mission of plane polarised light through the half wave plate cauces the
plane of polarisation to be rotated through twice the angle the i1ncident
radiation makes with the opiic axis of the crystal. This 18 1lluscrated
in figure 2 4a.

A 1" diamcter, 2 layer platc made from magnesium fluoride and quartz
vas used in the polarimeter. The achromatism of the plate, which was
designed for use i1n the wavelength range 3,900 -~ 4,900 X, (corresponding
to B of the UBV sysrem), was laboratory tested at Durham, and the
variation of retardence with wavelength 1s shown in figure 2.4b. The
plate was bloomed, Lo seaducc lighe loss by reflection at Loth the
inc rdent and trensmission surfacee

The hall wave plate 1s mounted 1nto a totateable housing, and 1s

10tated by mrare of a scl of Level gears from ouls.ide Lhe polarimeter
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2.3.4., The Grad System

The grid system 1s mounted on an optical bench, running along the
base of the polarimeter, and the co.structional details are shown in
plate 3. The actual grids are accurately machined from perspex, and
have ecqual bars and gaps of width 2.1 mm. They are placed in the focal
plane of the iclescope, using {/13.5 Cassegrain focus, when 1 mm,
across the grids corresponds to approximately 16 seconds of arc (for
the 1 m telescope on which the observations were made). The grids can
be moved 1n a horizontal direction across the focal plare of the
telescope, and have adjustable stops to limit the extent of this motion
The outside of the grids 1s coveired with a thin annulus of polaroid,
which 1s used for calibration purposes.

An aparture of 4 cms. 1s used when observing, which gives a total
unvignetted fi1eld of 8 minutes of arc approximalely. Three lengths of
20 micron diameter gold wire, are o~ttached at raight angles to the giids,
and are used Lo casure that the grids are accurately focussed on
the photo-cathode of the 4 cm McMullan camera, used to record the
images

Positioned on the same mount, and after the grids (along the light
path), 1s the field lens, a 5 cm dianeter, 20 cm. {focal length
achromatic doublet. wvhich acts as a condensing lens, to ensure that all
light emerging f{rom Lhe grids 1s sufficiently converged Lo pass through

tlic Limiiing apertuses of the analysing compouencs.

235 The Relay Lens aud Shutter

The reley lens dand shutter are mounted into the end plate of Lhe
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polarimeter, as shown in plate 5. The shutter 1s electrically activated
by mcans of a solenoid, the controlling switch being mounted on the
control panel.

The relay lens 1s a Nikon £/1.4 camera lens of focal length 50 mm,
and is bloomed Lo reduce unwanted reflection. The whole lens housing
can be moved along the principal axis of the polarimeter by means of a
rack and pinion gearing opcrated from the control panel to accurately
focus the grids onto the photo—cathode. The focal length, and positioning
of the relay lems, introduces a 4x demagnification betwecn telescope and
photo-cathode images. This results in a similar gain i1n speed, wvhich 1s

important when faint nebulous objects are under observdtion.

2.3.6. The Off Axis Guider and Grid Viewving Mirror

The off{ axis guider consists of a large plane mirror of aluminised
perspex, mounted at 45° to the principle axis of the polarimeter. The
mirror has an elliptical hole of minor axis » 5 cm, i1n the centre to
allow the axial light to reach the polarimeter.

The "off axis' light 1¢ reflected, and brought to focus on 1llumin-~
ated crosswvires, which are viewed with the off axis guider eyepiecce,
mounted on the control panel. The crosswires are 1l1lumnated with 2
battery operated light cmitting diodes which emit most of their power in
the red region of the spectrum, and do not interfere with the telescope
light to be analysed, wnich 1s confined to the B waveband. The cyepirece,
which «s snown 1n plate 2, can be racked in both horizontal and

o
vertical dircections Lo scan the ficld provided by the 45 mirror for

stars, whaich can be uscd for guiding purposes.
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The grid-image viewing mirror (plate 4), can be rotated into the
light path at 45° belween the grids and half wvave plate to deliver the
light to a telescope mounted on thc control panel so that the asiro-
nomical i1mage formed on the grids can be viewed. Thi1s 1s necessary
before an exposure 1s taken, to ensure that the object 1s centrally
placed in the field of view, and 1s also used to focus the telescope

image onto the grid system.

2.3.7. Filters

A BG12 {1lter was used to 1solate the required optical wavelengtn
range {from 3,900 - 4,900 X. The transmission curve 1s shown in figure
2.5 A second BG38 filter absorbs the infra-red wavelengths, vhich are
transmitted by the BGl2 filter, and for which the camera photo-cathode
1s st1l1l stightly sensitive. The filters are mounted over the relay
lens, by means of a brass adaptor. The field lens doas not transmit at

o
wivelengths less than 3,900 A.

2.4 The Llcctronographic Camera

2.4.1. 1Introduction

The 1mages foimed by the polarimeter, vhich contain the required
information concerning the state of polarisation of the object, were
recorded on a 4 cm., McMullan camera, recently developed at the Royal

Grecewich Observatory (D. McMullan et al 1972).

2.4 72, The Principle of the Eklectronographic Camera

The b _c 1dea of the elcctronographic camera, is that the photon

image 1s couvel ted mto clecirens, and these are acielerated and recorded,
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to give an 'amplified' 1inage.

Light from the object to be photographed, 1s imaged onto a photo-
sensitive surface in vacunm surrounaings. kach incident photon has
theeefme=s a2 relatively high probability of releasing a plioto-electiron.
The electrons coming from the surface, with essentially zero eunergy
(Electron energy = cnergy of photon - woik function ~ eV), are electro-
statically accelerated by a large potential difference along the tube
{v 40 K.V.), and then maguctically refocussed through a thin transparong:
mica ‘andow vhich seals the other end of the tube, onte 2 film of nuclear
emvlsion, Although the vindow 1s only a few microns thick, 307 of the
cleclrons are absorbed in the mica. The emulsion, wh:ch forms a thin
layer, on a meldnex backing, 1s pressure sealed against the mica window
Each of the high energy clectrous lecave a track in the ewulstion, vhich
can later be 'developed', Lo reveal an apparent optical negalive of rhe
object.

The difficulty 1n practice 1s Lhal Lhe mica window, which must be
very thin to be transparent to the electrons, will nol withstand
atmospheric pressure on oue side, and high vacuum on the chamber side
This difficuity has been overcome in the McMullan camera, Ly having the
cmulsion <ide at low precsure, (8 1 torr), and a series of valves and
chambeis, to facilitate loading and unloading the camera, without expos-—

1y the windows to atmoeplicric pressure

2.4.3 Vescraption of the Camera

Plate 6 shows the cimera attiched to the pclarimeter, vhich 1s 1p

L1 1 mounted on the T m tclescope of the VLise Observiiory, Tsriel,






L

vhere tlLi2 present observations vere made. A cross section through the
camera 18 shown 1n figuce 2,6,

The camera can be divided 1atu 3 distincl parts:

Firstly, the long, tubular stiucture which incorporates the photo-
cathode, vacuum tube, focussing coils and the mica window Srcondly,
the rectangular base which contains relays and pumping equipment for
the tube, and has the control box mounted or iL. Finally, the applicator,
cn which the emulsion 1s mounted, inserted, and vacuum sealed into the
camera,

The base, into which the applicator is 1rserted, has two vacuum
chawbers as shown in figure 2.6. The loading procedure 1s therefore te
insert the applicator, which seals chamber A, and then evacuate this
chamber, Chamber R, wvhich 1s i1n ccuntact with the mica window .5 con-
tinuously meintained at 1 torr, and Ls connacted by the gate velve to
chamber A. When chamber A 1s evacuated, the gate valve opens, and the
end of thc applicator on which the emulsion i1s mounted is mcved up to
the mica window., Tle exposure 1s taken, and then the proceduie 1s
reversed Lo cxiract Lhe emulsiou, wilhout cubjecting the mica window

to atmospheric pressurc.

2.4.4, Advantog.s of thc Electronographic Camera

The detectg? duantum efficiency of the elcctionographic camera,
i0
15 wavelength dependentl, and has o reak value of approximitely D% ac
o
5,000 A, for the £ 20 extended pheto-cathode used duriang the precent

obeorvaticas. 1This compares favouraply wvith the wmost recent photrgiaplue

j lates, (even after elcction foss hes been considered) whach stiuggle to
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attain the above efficiency, even afler presensitisation, This 1s of
prime 'mportance when faint astronomical objects, and hence long
exposure times are 1nvolved.

As all the electrons incident on the emulsiou are of the same hagh
energy (v 40 .V), each electron causes the same amount ot development
along 1ts track. Also, the grain size 1s much smaller than with photo-
graphic plates, and therefore saturation cccurs at a much greater
density  The net effecti, 1s that with the electronographic camera, the
densaty on' the plate 1s proportional to the intensity cof the incident
radiation, and this linearity law 1s exhibited over a dynamic range of
at least 5 in density.

11foxrd L4, a fine grain emulsion, was used for the piresent series

of observacuions
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CHAPTER 3

POLARIMLTER ALIGNMENT, AND MAKING THE OBSERVATIONS

3.1 Introduction

The polarimeter was initially aligned in the laboratory, before
installation on the telescope. TFurther alignment checks were made at
Lhe observing site In the laboratory the optical components were mounted
in turn, into the polarimeter, checking at each stage, that their centres
were on the principal axis of the polarimeter, and their respective

angular orientations were correct.

3.2 Defining the Principal Axis

This was simply achieved by attaching crosswires to the tvo end
apertures of Lhe polarimeter, and aligning a laseir beam Lo cut the inter-
seclions al both ends. The spot of light caused by the pencil beam was

used to ceutre each of the components as they were mounted.

3.3 The Half Wave Plate

It 1s cxtremely awmportant that the half wave plate 1is inserted ainto
1ts housing, with the optic axis vertical with respect to the vertical
as defined by tbe grids, when the adjusting knob 1s set at the zero
degrees position Any deviation from this correct alignment will cause
a systematic error 1n the position angle measurement of the polarisation.

The alignment was achieved by mounting accurately calibrated
polareids at cach side of the plate, and viewing an intense blue light
source through thc threc components., 1f one polaroid 1s vertical, and
the second one hori.ontal, extinciion of the light will occur providing

the hali wave plate does not rotatz the plane of polarisction.

L
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Extinction of the light therefore ensures that the optir axis of tne

half wave plate 18 1n the required vertical direction.

3.4 The Wollaston Prism

Thé prism was i1nserted into its rotateable housing, which then
required locking at the i1cquired orientation so that the deviation
beLween the O and E rays was 1in the horicontal plane.

The remainder of the components werc inserted into their respective
positions, and, with the polarimeter now in operational mode, the
'photo~cathode' image of the grids was viewad by mounting a simple eye-
piece on the camcia-end of the polarimeter. The image seen, 1s 1llustrated
in figure 3.1la and 1s just the simple double image of the grid gaps
formed by the Wollaston prism. The horizontal lines across the picture
are the images of the 20 micron gold wires stretched horizontally across
the grids, and described in section 2.3.4.

I{ the deviation of the prism 1s vot in the horizontal plane, the two
orthogonally polarised images of each section of the wire, are vertically
displaced and appear as 1llustrated in figure 3.1a(s). The prism 1s
slowly rotated, until the images of the grid wires have the correct appear -
ance (figure 3 1a(11)), when the deviation is confined to the horizomtal

plane.

3 5 Adjustmenis made on the Telescope

3.5.1 Tntroduction
Althoagh alignment of the indivrdual cowponents 1s carried out 1n

laberatory conditsons {or accuricy. 1:umal focussing and selting up

pror edures have Lo be dowvc with the pelarimeter end camera mounted on
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the telescope.

3.5.2, Aligning the Graids

Although not absolulely necesszry, it 1s convenienl to rotate the
polarimeter on the telescope, until the grid bars run in a North-South
direction. This 1s achieved by imaging a star on the edge of a graid
spacing, using the grid viewing mirror and eyepiece, If the telescope
15 now driven 1in declination, the star will be seen to move up and down
the grids, while remaining exactly on the edge of the grad, 1f the
alignment 1s corvect, The two cascs of misalignment and North-South

alignment are shown in figures 3.1b.

3.5.3. Focussing the Polarimeter

The Polarimeter 1s focussed, by moving the relay lens. until the
grids are imagcd on the photocathode of the electronogrphic camera.
The 20 micron gold wires attached to the grids, are used for this purpose,
as accurale focussing 1s necessary hefore their images can be secen on the
electronograplis.

A scrics of Lest exposures with the grids uniformly i1lluminated are
taken, with Lhe relay lens at several different positions, and the

results are interpolated by eye, to find the position of best focus.

3.5.4., Focussing the Telescope

The telescope 1s focusscd, so that the giids lie in the focal plaune
of the secoudary mirror, by means of a knife cdge test, which is shown
diagrammatically in figure 3.lc. A star 1is driven onto the edge of a
grid, aud 1¢ vieved using Lhe 450 grid viewlng telescope with no eyceprece,

so thal the light 1s nou brought to fvcus. If the main telescope 1s
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focussed (figure 3.1c(11)), the star image dcts as a point source, and
a uniform diffuse circle of light is seen in the grid viewing telescope.
If the main telcscope 1s not focussed (figure 3 lc(i)), part of the
initial star image 1s obstructed by the grids, and tne resulting image
in the grad viewing mirror has a dark area corresponding Lo the
obstructed light.

Focussing 1s simply achieved by slouly moving the Lelescope secon—

dary.

3.6 The Series of Observations

3.6.1. Introductiion

With the polarimeter adjusted in the manner described, a scries of
exposures are taken of the ohject to Le observed, (in this casc M82),
so that after reduction, the polarisation of the light incident {rom

each part of the object, will be completely specified

3.6.2. Preluminarics before each Series ol Observations

The object 1s centered in the grid field using the grid viewing mirror,
and then the off axis guider eyepiece ts traversed across the field of
vicw provided by the 45 degiee mirror, until a suitably bright star is
positioned on the 1lluminated cross wires For the duration of thc obseir-
valtions on a particular object, the telescope 1s manually guided on this
star, to ensurc that the telescope image does not wander on the grad field.
The cameciro therefore records information from each point of the object at
exactly the same place on the phote-cathode, for as many cxposures as arc
required so that eiriro1c produced by variations in the photo—-cathode

sensit vviLy are Lherefore minim,scd.
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3.6.3. A Sequence of Lxposures

With the polarimeter adjusted as described, four exposures are taken
2L half wave plate orientations of 0, 224, 45 and 67 degrees respec-
tively. These four electronographs contain all the information necessary,
to uniquely determine the polarisation magnitude and direction for eac-
element of the 1image.

Half tLhe galaxy 1s obscured behind the grid bars during the first
four exposures, and the hidden half of the galaxy 1s brought into view
by moving the grid system exactly one grid width horizontally. If the
first 'half{' of the galaxy was taken at the 'grid in' position, the grids
are automatically moved the correct distance, set by the stop, to the
'grid out' position, for Lhe remaining exposures.,

A further series of four exposures, at half{ wave plate orientations
of 0, 22}, 45, 67} degrees, 1s then taken, to provide a polarisalion map
of the sccond 'half' of the galaxy Electronographs 1 and 5 of M82
taken at the 1 m telescope of the Wise Observatory, Isracl, are shown

in plate 7.
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CHAPI1ER 4

APPLICATION OF THE BASTC THEORY TO THE DURHAM POLARIMETER

4.1 Introduction

The measurcments made with the astronomical polarimeter arc simply
related to the basic method described in sc¢-tion 1.3. T£ a light ray is
t1aced thiough the anmalysing components of the polarimeter, for the
vai tous half wave plate orientations, a set of equations similar to those
of section 1.3 can be derived, which connect the polarisation parameter.
of [he incident ray, and the recorded intensities, Any small element of
the image formed in the focal planc of the telescope, can hbe regarded as
a point source or percil beam of light, and the transmitted inlensities
for various half wave plate orientations, can be reduced to give rhe
po'arisation paramelers of the integrated light forming that small
clement of the image  The transmitted intensity 1s of course recorded,
as the density of the image of the same small element on the electrono-
glaphiec plate.

The tiansmission of a partially plane polarised pencil beam of light,
(corresponding to an elemental area oi the image), 1s shoun in figure 4 1,
for the four different orientations of tLhe half wdave plate. Ixpressions

for the transmitted inLensities (1, - 38) in terms of the polarisation

1
parameters of the incident beam, arc shown for each of the four expocures

taken.

4.2 Elcctronographs 1 and 2

Elec yonograph 1 1s tdken with Lthe half wave plate oplaic anis vertical
o o 1
(1.¢ 07), which recults in the plane of peolarisation of Lhe plane poiar-

1sed compenent of the 1ncident radicot ron being reflected about the vertical
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after tran-mission. The Wollaston prism then scparates the light into
horizontally and vertically polarised componcats, which are deviated in
the horicsontal plane, and bLrought ter thcir separate foci on tite pholto-
cathode_of Lhe electron camera. The intensitles of the two beams _incident
at points A and B on the photo-cathode are recorded by the density of the
images they produce (11, 12).

1t 1s imporLant to remember, however, that point B on the photo-
cathode may have a slightly different photoelectric sensitivity than

paoint A. and therefore. the mecasured density 'i,', must be coirrected by

2
a rclative sensitivity factor 'f', between points A and B before a direct
comparison can be made. This sensitivity or 'f' factor, 1s included in
equations 1 and 2, which relate the measured densities (11, 12), to the
polarisation parameters Lo be determined. 'f' also eliminates the
sensitivity of the photo-cathode to plane polarised lighi.

Electronograph 2 1s taken with the half wave plate rotated to an
angle of 22} degrees with the vertical, which results in the plane of
polarisavion making an angle of (45 - ) degrecs, after transmission.

The Wollastcn prism, which remains fixed for the whole series of
erposures, splits the light into vertically and horizontally polarised
conponents as before, which are Lhen incident on exactly the same peints
of the photucathode (A and B), as for electronograph 1.

The effect of rotating the plaue of polarisation of the light by
45 degrees, and lkeeping the analyser {ixed, 1s exactly the same as
surply rotating the analyscr to 45 degrees 1u the simple method described
in section 1 3 The Lransmilted beams for elecironograph 2, are Lhere-

fore the intensitics of the incident light porarised at ! 45 degrees 1o
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3

', must be

the vercical, and are completcly analogous to the intensities 'i and

L ]
4 4

corrected by the same 'f' factor before comparison with '13', and bolLh

» before comparison

described in section 1.3, The intensity at B, '1

values must be modified by an exposure factor 1

e

with the 1intensities from plate 1. The exposure factor ey describes
the ratio of the exposure times between electronographs 1 and 2.

After correction, plate 2 yields a further pair of equations,
connecting the polarisation parameters with the measurced densities.
These four equations are similar to the basic equations of section 1.3,

] ]

except for the inclusion of the quantities 'f', and e

be determined, before the same reduction procedure can be used to find

, wWhich need to

the Stokes parameters of the incident 1light.

1

of light reccived on electronograph 1 to electronograph 2 and 1s given

The ezposure factor 'e 1s simply the ratio of the total amount

by,

_ 4 + 12/f

13 + 14/£

1t 1s only necessary therefore Lo determine the 'f' factor betwecn poinLs

A and B, before the required reduction can be carriecd out.

4.3 Electronographs 3 and 4

To facilitate the measurc of 'f', a further two clecctronographs are
taken with half{ wave plate oiientations of 45 and 674 degrces. The
plane polarised component of the radiation, therefore makes angles of
(90 - 8), and (135 - ), with the vertical, respectively, after trans-

mirssion Lhrough the plate



A further set of four equations are obtained, linking the measured
density to the incident polarisation, with (he 1nclusion of only 2 new

2' and 'e3', needed Lo normalise the

unknowns, Lhe exposure factors ‘e
intensilies to clectronograph 1 The equations 1 - 8 i1n the figure can now be
mathematically solved to give ‘f', 'el', 'ez', 'e3' and hence the required

t 1

polarisation parameters 'p' and '6'., It 1is i1nstructive however to look at
the information on the electronographs in turn, and find the 'f' factor on
a simple logical basis, and then 1educe the equations by comparing the
intensities with Lhose derived from the simple method described 1n section
1.3.

Comparison of electronographs 1 and 3, shows that the planc of polar-~
isation of the incident light has been rotated through 90 degrees 1in
electronograph 3 compared to electronograph 1, for transmission through the
half wave plate  The vertical component of the radiation selected by the
Wollaston prism for electronogiaph 3, 1s therefore exactly the same as the
horizontal component selected in electronograph 1. The only difference between
the tvo beams. 1s that in electromnograph 1 the 1ntensity 1s recorded
at point B while in electronograph 3 1t 1s recorded at point A.

Similorly the horizontal component of electronograph 3 1is the same as the vertai-
cal component of clectronograph 1 cacept for the difference in sensitivity
factor between poinis A and B. Including the relative exposure faclors

nreded Lo compare electronographs 1 and 3, tuo equalions connecting the

mmtensitics (Ll, 1 15, ]6) can be writlLen,

2,
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which can be solved to give the required estimate of 'f', 1.e.

T"l
Te * 12

£, = / — 4.4
g« 1,
Electronographs 2 and 4 also have a ro:ation difference of 90
degrees, which means that the locations on the photocathode where the
+ 45 degree intensities are recorded are also interchanged. The

intensities from electronographs 2 and 4 can also be used therefore to

cbtain a second independent estimate of the same 'f' factor, 1.e.

1
- 8
13 P . e3 4.5
1
4 _
—f_ = 17 . e3 4.6
1 1 !
_ 8 74
f2 = ) 4.1
b

The meaa value of the sensitivity factor 'f' 1s thercfore taken to be,
£=(F + 1, /2, 4.8

and Lhe agreement between the two estimales, 1s a measure of the uncer-
tainties associated with the technique.

With the 'f', and hence 'e' factors determined, the initially
measured densities con be normalised (for example 1, becomes 10 e2),
and the basic cquations derived in section 1.3 used to obtain an

est unale of tle Stokes parameters of the incident light, 1.c

== -— = (
Q] 1 ]?/1 Ip Cos 29 1.9
Ul = (13 - 14,1) cL = Tp San 28 4.10
T, = 4. ' 3 4.11

1 1 2/1



The 1nlensilies (16, lgs 1gs 17) from eclectronographs 3 and 4, which
were origilnally taken to find the scnsitivity factor, also comprise a set
of polarised intensity measurcmcnts at (0, 90, i 45) degreces respeciive.
They can also be substituted i1nto the basic cquations Lo give a second

estimate of the Stokes parameters for the incident beam.

= - 2
Q2 (L6/f 15) e, Ip Cos 28 4,12

=]
|

1

9 = (17/f - 3) . €q Ip Sin 26 4.13

2= Ggre*1g) - ey =1 4.14

The Lvwo estimates of the Stokes vectors are averaged to obfain the best
values, before returning to the practical untits of percentage polarisation

and prefeirred direction, via the transformations described in section

1.5,

P =~ U Q 4.15
I
U
6 = 0 5 arctan {:7] 4.16
Q

4.4 Discussion of the Technique

The four electronographs, i1in a series of observations, contain eight
images of one half ol Lhe object  The relative densities of a particular
area, on cach of thc cight i1mages, determine the polarisation parameters
(I, Ip, 8) of the incident light It 18 ol paramountL 1wportance therefore,
that exactly the samec clemcnt 1s located on each of the images, Lefore the
density 1s determined

11 we require to measurc the polarisation over an area of » b x 5

arc seconds, 1t 1s necessary to locate prccisely, an clement of area
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"~ 100 uz on each of the 1 cm2 images. This must then be repcated {or
several thousand different locations on the electronographs, so that
a matrix of points on the image of the galaxy 1s obtained, where the
magnitude and direction of the polarisation 1s known for each element.
To meet the above criteria of accurate alignment, and repetition for
many points, a sophisticated computer reduction procedure 1s probably

the only salisfactory method.
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CHAPTLR 5

THE COMPUTER REDUCTLON TFCUINIGUE: I

5.1 Iatioduction

The technique was developed on the tvo sets of 4 electronographs of
M82 (describec 1in section 3.6), necessary to produce a complete polarisat-
1on map of the galaxy. Although electronographs of several interesting
objccts were taken during tbe trial run with the mark II polarimeter 1in
March 1975, M82 was chosen for the initial reduction, because previous
photo—electric measurements (Visvanathan and Sandage 1969, 1972 and
Elvius 1963, 1969) had alieady revealed a large amouni of polarisation,
and a regular orientation of E vector The validity of the first map to
be produced by our nev technique could thercfore be readily cheched by
comparison with previous work .

The reduclion procedure 1s summa£1sed in the flow chart shown in

figure 5.1.

5.2 Digitisation

5.2 1. The P.D § Procedure

The information on the electronographic places has first to be con-
verted to a digital form, before 1t can be processed 1n a computer
This mears dividing the electronograph into a huge matrix of clemants,
and storing the densi.y for cach point of thc matrix, The 'vasual' plate
1s therelfore replaced by a large number of representative densitics
stored on mugnctic tape.

The clectronographs were digitised on the P.D.S. machine at the
Royal Creenwich Observatory, aud the digital cvtpal was stored on 7 trach

unlabelled tapes.
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The machine was adjusted to scan an area slightly larger than the
image of the grids on the electronograph, (see figure 5 2), so that the
d nsily corresponding Lo an area outside the region illuminated by the
polarimeter could be determincd Thie residual density, which 1s the
sumg¢ of the emulsion noise, shol noisc friuom the clection camera, and

"fuctudlions m e e level
the memew 1ntroduced by the P D.S. machine i1tself, must be subtracted

A
from cvery location on the electronograph to obtain the true density.

The digitisatior procedure 1s diagrammatically shown in figure 5.2,
An apcrture coiresponding to 24 microns squareﬁ'on the elcctronograph
was selected Th- machine therefore travelled along in the X direction,
cortintously monitoring the density of the 24 micron squa1e9/aroa
dircctly beneath the ape.ture AL time 1intervales coriesponding Lo a
26 micron translation of the aperture, the density was recorded on the
magnetic tape AL the end of each scan in X, the machine autoratically
steps 26 microns 1 Y, before rescanning back to the origin in the X
dircction A total of 512 scans were made on each electronograph, cacl
scan depositing 512 densities on to the magnetic tape, resulting in the
eleclronogiaph being digitised into approximatcly a guarier of a million
pixacls of rnformation.

Each electronegraph was placed on the P.D.S, nachine so that the Y
scan daxi1s accurately corieeponded to a North/South direction. This was
achiesed by enruring that when the aperture was hand traverscd in 'Y',
the spot of light followed the edgc of a set of grid images. The
electionographs of a particular sel were all accurately placed in the
same position oo the scanning Lable by ucing the cdges of the image of

the grids as roererence posuce 138 winurises the eriors at a later
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stage, when the digital clectronographs have Lo be aligned extremely

accuralely inside the computer, to cnsure that the densities (1, - i

1 8)
are taken from exactly the same area of the multiple polarised images.
The denstity, (which 1s proportional to the intensity of the incident
light because of the linearity property o° the electron camera), was
recorded as an integer number between 1 and 1024. The two limits corres-
pond roughly Lo densities of <zero and 5 on the electionograph
respectively For the M82 electronographs, the highest number recorded

for the brightest parts of the disk were approximately 500,

5 2.2. Translation of the Tapes and Disk Storage

Tt s only possible to write the densities onice 7 track magnetic
tape with the P.D.S. machine, and the system on which the tapes were to
be 1ead and analysed, only had a 9 track tape read facility. IL was first
necessary thercfore to send the tapes to the Cambridge Compuling Labora-
tory, where they could be translated from 7 to 9 track, before being
forwarded to the Northumbrian Universities Multiple Access Computer at
Newcastle

When the tapes were finally read from Durham, the data wac trans-
ferred {rom Lape to disk storage, which provides easier accessibility for
the user AL the same Lime, the data scts of 512 elements, corresponding
to even numhered scans, were turned round, to undo the effect of the

rasLus” scanniug
)

5 3 Primary Incpection of the Digital Data

5.3.1 Tatroduction
Whenevel on operation was to be carried out on a particular data
{11c, 1t was fi1r-. read fiom storage 1n scquential disk files, where the

quaites of a million numbers were stored one after the other. The
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densities were read into a 512 by 512 matrix so that any element could
be accessed immediately, and operated on.

Bofore starting any lengthy reduction on a series of electronographs,
1t 1s first important to check that the digitisation has been carried out
correctly, and the data forms a true representation of the density on the
electronographs. Any imperfections in the digitised data, for example
the P.D.S. machine not working absolutely correctly, can then be taken
into account, before 'blindly' proceeding with the mass reduction of

numerical data.

5.3.2. Visual Display of a Digital Electronograph

To be able to see what the digital information dctually looked like,
the 512 x 512 plX#lS were compressed so that a new array of 128 x 128 Ji//
points were formed. where each new density value corresponded to the
average of 16 original digitisation values. This size of array is much
more manageable to view as line printer output.

Tigurcs 5.3 and 5.4 show the digital information for clectronographs
4 and 2 displayed visually. A form of contour map 1s produced by dividing
the total density range (0 — 1000) into 20 bins, and replacing the actual
numerical density of a point, by a symbol for that particular density bain.
The symbols used were blank, , 1, 2, -~ -~ 9, A, B, - - - J, and have a
width of 50 density units each.

Comparisen with the actual electronographs i1u section 3.6 3. shows
that all the major fealures aire visible on the contour map, and thatL the
digital data appears to form a Lrue representation of the original

¢lectronograph. Tt 1s also apparent, looking al the contour levels, tnat
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the neas® on the plate has a value between O and 50, and the combined
noitse and night sky signal 1s between 50 and 100, The densest parts of
the galaxy are approximately 600, while the brightest foreground stars

arc actually out of the density range (0 - 1024) of the P.D.S. machine.

5.3.3 Investigation of the Noise Density

The residual density due to noise on the elecilronograph, 1s an
important guantily, as 1t must be subtracted from the total signal, for
each localion on the grid image, before the polarisation can be
calculated The only method of determining the noise density underneath
the image, 1s by 1nterpolating from Lhe peripheral icgions of the
electronograph, where the encire signal 1s attributable to noise.

Figure 5.5 shows a frequenry distribution of the pixel densitiec of
electronogi aph 4, for the 128 x 128 matrixz i1n the lower density range.
(The density values shovn on the axis of the plot are for the integrated
densitics of the 16 bins rather than their mean). The histogram shows
the expected form, with a2 narrow peak at a density value of 415 (26 per
pixel), correspoading to Lhe noise. Figures 5 6 and 5.7 show scatter
plots of the densitly versus the X and Y co-ordinates of the scan respec-
tively. The density of points is shown by a symbol 1n a simnlar way to
thao described for the contour map In both plots, the large number of
porvts with densities of approximately 415, confirms that the noise 1is

courtant over the plate, and has no varszation with either the X
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or Y ar1s of the scanning direction. The second smaller peak vhich shows
up 1n figure 5.7 1s due to the relatively large number of pixels which
have a density corresponding to the noise + night sky value. As expected,
this second pcak also shows up as a dense region in the scatter plots, but
exhibits no variation with the scanning axes.

For electronograph 4, the subtraction of a constant noise level
(equal to 26 per pixel), for the entire plate, should be a satisfactory
method of ertracting the real signal, representative of the 1incident
light polarisation, from the total density.

Figures 5 8, 5 9 and 5.10 show the same plots for electronograph 2
in a serics of observations. Tt 1s 1mmediately obvious that the noise
densily, 1s not restricted to a constant value for the whole clectrono-
graph. The scatter plots show that the density changes with the Y
direction of the scanning axes, but 1is constant for a particular Y
co—ordinate The density versus X co-ordinate has the required constant
value which 1s broadened because of the Y dependence of the density.
After close irspection, mnst of the electronographs (including different
objecis), were found to have noise levels which were dependent on Lhe Y
scan co-ordinate, but the varization was differeni and apparently fairly
random in each case. Redigitising the same elecilronograph several
times, and obtaining a different functional variation ecach time, showed
that the apparcent non-uniformity of the noise was not real, but was
imtrocduced at the digitisation stage

The variation 1s causced by instabilsty in the P D.S. machine,
poss:tbly caused by the gain cf the amplifier changing as the scan pro-

cceds slowly dnwn the ctectionograph. (The scan time for one electrono-
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graph 1s approximately 30 minuces). The variation is therefore not a
function of the X axis, whcre all the densities are recorded at
approxi.mately Lhe same time.

The P.D.S. machine operates by measuring the transmission through
the emulsion, and then logarithmically amplifying the signal, Lo
produce a number which 1s proportional to the deunsity of the element
on the clectronograph., Becausc of this logarithmic nature of the
amplifier, the change 1n gain only causes a constant to be added onto
the true density, to obtain the one which 1s actually recorded. The
necessairy correction to obtain the true density irom the recordcd one
(for any pixel on Lhe electionograph), 1s therefore additive and not
multiplicative. If the noise to be subtracted frem the total signal
1s allowed to vary as a function of the Y co-ordinate on the eleclrono-
graph, then the remaining night sky + galaxy signal should have the
true density value.

The subtraction of the noise component of densily on the electrono~
graph 1s 1mportant thereforec, not only to determine the density
representative of the polarised light signal, but also to correct for

malfunction of the P.D.S. machine

5.4 Reducing the Ssze of the Original Digital Electronographs

Although the 128 x 128 matrices are adequale to produce pictorial
reprusentations of the electronographs, and determine Ltheir gencral
characteristics, details cuch as faint stars in the field of view,
which ere needed for alignment purposcs aye smearcd out, when Lhe 16

individaal pircls are integrated. Thne oragiu~l 512 5 512 digital plates
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have a large amount of 'waste' around the edge of the image, which 1s
only useful initially, to examine the variation of noise signal over
the electronograph  This waste, 1f retarincd as part of the data during
the reduction stage, orly serves Lo slow up the procedure because of
the large amount of storage needed,

By inspecting the contour map for a particular electronograph
(e.g. figures 5.3 and 5.4), 1t 1s possible to find the central region of
the matrix, which 1f retained, while the rest 1s discarded, will contain
the image of the grids and a small amount of plate noise on the Y axis
of the scan direction. This 1s all the information that 1s required to
produce the final map.

Each 512 x 512 data matrix was shortened to a matrix of 384 x 384
which required approximately half of the storage space of the former
electronograph. The shortened versions were then used Lo produce contour
maps similar to figures 5.3 and 5.4, except that each pixel was
allocated a density symbol rather than integrating the 16 bins Logether.
The spatial resolution of these contour maps 1s therefore 4 Limes finer
than tne ecarlier versions and clcarly shows up small details such as
faint stars. The 'shortened' versions of the original digitised electrono-
graphs (1 - 8) w1ll be referred to as matrices (S1 - S8) in future

sections.

5.5 Aligoment of the Matrices

5.5 1. Introduction

The i1ndividual electronographs are placed on the P.D,S. machine at

approximatecly the same posstion ior each of the digitisations (sce

section 5 2 1.). This means. Lhac an clement of the image, lor which
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the density 1s recorded at pixel (1, J) on plate S1, for erample, wvill
be recorded at pixel (I', J') for the corresponding element of the
image on matrix S52.

Before comparing the densities on thc digitised electronographs, to
obtain the polarisation parameters, 1t 1is therefore necessary, to know
how to find the corresponding pixel on matrix S2, S3, S4, for a given
one on matrix S1. Similarly, given a pixel 1n a right hand image strip
of a particular matrix, i1t 1s necessary Lo know the location of the
corresponding pixel in the left hand image strip.

Once these translations are known, 1t 1s then possible to revrite
the matrices describing the second, third and fourth electronograph, so
that their elements bear a one to one correspondence wilh those of mwmatrix
S1. The required i1ntensities (1] - 18) can then be read in a straight
forward manner, for any XY location on the matrices.

In order to achieve this matrix alignment, 1L 1s necessairy to have

some common fiducial points on all four of the digitised electronograpns.

5.5.2. Determination of the Star Co-ordinates

There i1s no nced to have artificial fiducial points formed on the
electronographs by the polarimeter, because the foreground stars in the
field of view piovide natural fiducial marks. If the translation
nceded to line up the stars from one matrix to the next 1s found, then
1t must also align the entirce diffuse image. Similarly, the light from
each star 1s spliL into Lwo orLthogonally polarised components by the
Wolloston prism, and forms an image in both the right and left hand

strips The translation necossaly to go {rom the right to left hand
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image for the stars in the field of view again applies to the diffuse
galactic i1mage. I the star centres for all the foreground stars can
be acc.rately located then the n2cessary translations can be determined.

The star centres were found using a computer program, 1n which an
approximmite centre (measured from Lhe contour map), was given as data,
and the position of the accurate centre was calculated {rom the
density distribution of the region surrounding the estimated star
position,

The procedure 1s a two stage one, 1n which the computer first finds
the ceutre i1n the X dimension, and then uses the samc method to calculate
the certre in the Y dimension. Figure 5.1]1 shows the densities of the
25 micron pixels around the point (40, 120) where the initial estimate
was chosen. It i1s i1mmediately obvious on inspection of this part of the
matrix, that a star image 1is located in this region.

To calculate Lhe centre in the X dimension (horizontal axis), the
densitics in the box which 1s drawn on the figure, are projected onto the
X axis so that the 'histogram' shown in figure 5.12 1s obtained. The
density shown underncath each bin 1s the sum of the 10 individual densities
which form a column in the box. The plot 1s in fact a profile of the X
projected densiiy for this region of the plate, and clearly shows a slowly
varying background componenti wilh a gaussian like star profile super-
imposed

A linear approaimation 3s made Lo the background compounent, by taking
the histogram values five birs on cither side of the densilLy maximum of
the distyihation, and interpolating under the star image This background

value 1s then subtracted and the resultant plot of the star signal alone
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FIG 5 12 THE X PROJECTED DENSII'Y NEAR A STAR
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FIG 5 13 THE X PROJECTTLD DENSIIY AFTLR BACKGROUND SUBTRACTION
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1s shown in figure 5.13. The mean of this density distribution in X,

1s then taken for the five bins at each side of the mode, and 1s given

by,
A=Xnt 5
) d . X
_ X=Xp-5 %
X = 5.1
X=X +5
) dy

X=X, -5

where dX 1s the densilty of the Xth projected column

The wvhole process 1s then repeated by projecting the densities near
the star (shown by the dashed box in figure 5.11), onto the Y axis to
ascertain the accurate cenlre of the demsity distribution in the Y
dimension. The program which 1s i1terative, then takes the accurate co-
ordinates as the approximate ornes, and repeats the whole procedure to
ensure that the best centre has been found The accurate X and Y co-
ordinaltes of the star centie are finally given as output (see figure
5.13).

the program was run on all the star images in the field of view for
the two 1udependent sets of matrices S1 - S4, and S5 - S8, describing
the two halves of tLhe galaxy, and the results for matiices S1 - S4 are
shown 1in Table 1 As expected, the tables show tha. the matrices arc
approximately aligned, but a small translation in both X and Y co~ordinates
15 rcquired to gel isom a particular star image on ocuc matrix, to the

corresponding sLar image on another matrix.

55 2, Determing the Tiansformaticn Ceefficicnts

The co—-ordirales of the stars ou any two matrices, represenl a scries



PLATE —— 51 S2 S35 Sk

STAR X Y X Y X Y X Y

|

v

1 51.29 96.59 52424 97.69 52.22 96.25 51.09 96.18
2 84.83 95.18 85.76 96.65 85.71 95.10 84 .43 95.06
3 120.57 | 2h7.68 | 130.16 | 249.31 130.22 | 2L,7.90 | 129.15 | 247.91
A 162.89 | 246.45 | 162.46 | 248.51 162,72 | 246,86 | 160.93 | 246.97

]
5 114.92 | 169.55 | 115.% 17112 | 115.28 | 169.73 | 114.10 | 169.66
6 14,7.21 168, 31 147 .61 17017 | 147.75 | 168.70 | 146.52 | 168.60
7 302,92 | 213.52 | 302.69 | 216.87 | 302.89 | 215.00 | 301.65 | 215.11
8 333,68 | 212,36 | 333.45 | 215.89 | 333.67 | 214.00 | 333.22 | 214.16
TABLE 1  STAR LOCATIONS ON MATRLCES 51 - S4
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of fiducial points where the Jocation of the same piece of the eleclrono-
graph 1mage 1s known in each of the 384 x 384 matrices. '

If Lne general form of the transformalion in X and Y, to link
corresponding elements on two matrices 1s known, then these fiducial
points can be used to determine the exact form of the relationship Any
differences 1in the co-ordinates of the spatially identical electronographs
are due to misalignment of the electronographs on the P,D.S. machine at
digitisation, and will be eliminated in the next stage of matrix
alignment. The co-ordinate system. which describes the position of
any point on one matrix, 1s assumed to be linearly translated and
rotated with respecl to the XY co-ordinate system of the second matrix.

The co-ordinates of any point on matrix B should be given by a linear

transformaetion of the co-ordinates of the same point on matiix A, 1.e.

>
I

,=adibX +cV) 5.2

dreXJ+fY1 5.3

o]
It

wvhere Lhe subscripts 1 and 2 refer to the co-ordinates on the first and
second matrices recspectively, and the coefficients a-f have to be
delermined to give the exact form of the transformation. The positions

of the fiducial stars (Xl’ Y., (XZ’ Y2), provide the necessary infor-

1
w|mlion 1or the solution of the coefficients a - f.

Motc fiducial points per malrix were known than the number of
parameiers to be determined, so a leasl squares fit was made by a
computer program to determine Lhc best value for the coefficients

Comparison of the predicted and tirue values for the fiducial points on

the second matiix, g.veo an indication of the goodness of fit of the

- d
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linedr transformatiou used.

The fiducial stars on matrices 2, 3 and 4 of each series were com-
pared with those on matrix 1, and a set of coefficients, linking the
location of an element of the image on matrix 1 with the location of the
same element on each of the other matrices was obtained.

As an example, Table 2 shows the cocfficients arrived at for the
transformation between matrices S1 and S4, and the computed values of
the fiducial star locations on matrix 4 (X;, Yg) using the coefficients,
are compared with the true values (X2° Y2).

The clore agreement betwcen (XZ’ Y2) and (Xt, Y;) indicatles that
the linear transformation 1s accurate to approximately 2 microns on
the electronograph, which corresponds to 0,15 seconds of arc. The
spatial resolution of the final polarisation map aimed at is ~ 10 seconds
of arc, so that thc alignment achieved by the linear transformation

should be more than adequate.

5.5.3. Transformation of the Matrices

Although the coefficients make 1t possible to locate the same point
or. all four matrices, the task of reuriting the matrices corresponding
the second, third and fouith clectronographs, so that the same infor-
mation 1s contained in the same element of the matrix for all four
matrices, 1s not entirely straightforward. The transformation of an
initial pixel on matrix S1, which has intcger co-ordinates in X and Y
between 1 and 384 will give a {ractional location for the same pivel 1n
matrices $2, S3 and S4. This 1s 1llustrrted in figure 5.14, where 1t 1

attemplted to find the deasity on matrix S2 corresponding to the densily



COEFFICIENTS

0.6653%9 b = 0.99953 ¢ = =0.0089

=0.79468 e = 0.007969 £ = 0:9998
SIAR % % X Yy % 5
1 51.29 96.59 51.09 96,18 51,07 96.18
2 84..83 95.18 Bh o3 95.06 8l o61 95.0k
3 130,57 2,,7.68 129.15 2,7.91 128.97 2,7.068
L 162,89 246.55 160,93 246.97 161.28 24,7.00
5 114,92 169.55 11410 169.66 114,02 169,64
6 11721 168, 31 146,52 168.60 146. 3 168.65
7 502092 213.52 301 .65 21514 301 .54 215.10
8 343,68 212. 3 332622 214016 332,30 214.18

TABLE 2 TRANSFORMATION COLFTICITNIS FOR MATRIX S4
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in pixel (56, 127) of matrix S1. Applying the coefficrents for matrix

S2 to the co-ordinates of the pixel on matrix Sl gives a location of
(57.3, 126.3) on matrix S2. The depnsity on matrix S2 however, 1s only
recorded 1n integer units of X and Y, which means that the nearest pixels
to the required one are (57, 126), (58, 126), (57, 127), (58, 127).

The density rcquired for matrix S2, 1s for a 24 micron squared bin
centred at (57 3, 126.3) and 1s shown by the dashed square.

A first approximaticn. might be to take the density at (57, 126) on
matrix S2, as this 1s the area which most closely approximates the
required one. A better approximation bhowever, 1s to take fractional
paits of Lhe densitiecs in all four pixels which are overlapped by tLhe
required arca; the fraction of each pixel taken being proportional to
the amount of overlap the required area makes with that pixel. This
approximation amounts to a linedr interpolation betlween pixels. The
figure shows the density computed for the non-intecger location (57.3,
126 3).

Using the coefficrients for a particular matrix, and the interpolat-
jon technique described, the entire matiices S2, S3, S4 and S6, S7, S8
were rewritter pixel by pixel so thal a one tc one correspondence existed
between all Lhe elements for a particular series. (S2 when rewritten,
would have a density of 80 recorded in pixel (56, 127)).

The accuracy of the matrix alignment, can be checked by finding tle
rositions of the f:ducial stars on the transiormed matrices (denoted by
SIT ~ S8T), to see 1f they occur al exaclly the same location on each
mat11x The result of rerunning the star {finding program on the trans-

formed matrices 15 shown in Table 3, i1nspection of which confirms that

LI



i LATE —» S1T S2T S3T SLT
STAR X Y X Y X Y X Y
l -
1 51429 | 96,55 | 51e2h | 96,60 | 51.26 | 96464 | 51.27 | 96,66
2 84.83 95.18 8477 95.19 8472 95.17 84.73 95.18
3 130 57 | 247.68 | 13059 | 247.65 | 130.73 | 247.72 | 130.80 | 247.7>
A 162,89 | 246,45 | 162.85 | 246461 | 162.82 | 246044 | 162.62 | 246,52
5 11L.492 | 169.55 | 114.97 | 169.6L | 114,97 | 169.62 | 115.00 | 169.58
6 147.21 | 168.31 | 147.26 | 168.29 | 147.29 | 168.32 | 147.57 | 168.29
7 302692 | 213.52 | 302,87 | 213.52 | 302.89 | 213.62 | 302.96 | 213.62
8 333.68 | 212,36 | 333.6k | 212.29 | 333.66 | 212.3 | 353.70 | 212. %
TABLL 3  STAR LOCATIONS ON THE TRANSFORIED PLAIFS
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a matrix alignment to an accuracy of approximately 2 micions has been
achaieved.

If a particular area 1is chosen on matrix SIT, in a position
corresponding to a right hand grid image, and the density d1 read oul of

the matrin, then the densities d.,, d_ and d7 can be immediately read for

3* 75
the same location on matrices S2T, S3T and S4T. (The symbol 'd' 1s used
for the density read from the matrix, because the noise must be subtracted
before this density 1s proportional to the intensity of the transmitted
light "2 ")

Tt 1s only necessary now, to know the Lranslation necessary to go
from ar element (o1 pixel) in a right hand grid image, to the element

which contains the density for the same piece of thke i1mage 1n the leit

d, and d_.

hand grid to determine the remaining densities d2, d4, 6 8

5.6 The Strip to Strip Travsformation Coefficients

The method of determining the location and density of a pixel an
the left hand strip corresponding to a given pixel in a right hand strip,
18 dome 1n a similar manner to the image location from matrix to matrix.
It 15 again assumed that a linear transforiration 1is sufficent to

+R LR
describe the translation necessary to go from a point (X7, Y') 1n a
L JL

right hand strip to the corresponding point (X, Y ) in the left hand
strip. The equations have a similar form to those of section 5.5.2. and

the transformation 1s given by

AX = a' +b' XN+ ¢! ¥R 5.4

AY = d' + ¢! Xk + f! YR 5.5
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where AX and AY are the differences 1n X and Y co-ordinates for the
corresponding points (XR, YR, XL, YL).

The fiducial stars on the t-ansfo.med plates again provide a set
of data points where XR, YR, AX, AY are known, and a least squares
technique was used to'solve for the coefficients a'~f'. Table 4 shows
the value of the coefficients, together with thc experimental and best
fit values of AX and AY for each of the image pairs of fiducial stars.
An integer location for a right hand strip pixel will again transform
to a fractional value of the left hand strip pixel, and the interpolation

method described in section 5.5.3. must be applied to determine a right

hand strip density.

5.7 Reading out the Densitivs D} - Dg {rom the Matrices

Although the electronographs are initially digitised at a 24 micron
bin size, to provide Lhe high spatial resolution necessary for accurate
alignment, the density sets for the individual piaels (d1 - dS) are not
suitable for reduction to polarisation parameters. This 1s because the
fluctuations due to Lhe pholo-cathode sensitaivity variations, PDS noise,
scratches on the emulsion, and cpecks of dust in the polarimeter, are
too large. 1t was thercforc decided to integrate the individual 24 micron
bwns up to a size of 120 microns squared, (by adding the relevant 25
densities), before reduction. This 'irons out' the fluctuations, and
gives a convenicnt spaiial resolution of 7.5 are scconds squared.

The grid 1mages are approximately 30 pixcls w.de and 300 pixels long,
which means that after summation into the larger 5 » 5 units, 1t 1s

possible Lo obtain the integrated density sels (D1 - DS) for more than


http://Wo.de

COEFFICIZNTS

at = 3}.27 bt = 0.00849 ¢! = 0.00453

e' = -1.6037 f' = -0.00012 gt = 0.00184
STAR £ Y AX N ax® Ayt
1 57.29 96.59 3.50 ~1 4l 33.40 -tk 3
5 130.57 2L,7.68 32.12 -1.17 32,04 ~1.16
5 114.92 169.55 32,32 ~1+29 32.53 -1.25
7 302.92 21 3,52 30.76 -1.25 30.73 -1.25

TABLE 4. THE STRIP TO STR1P COEFF1CILCNTS
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300 locations 1in each right hand grid width.

The procedure adopted to read out the demsities for a particular
set of grid images (left and right Y.and), 1s 1llustrated in {1zure 5.15.
The network of small squares represents the matrix, each square being
the area of the electronograph covered by a 24 micron pixel, and for
which a density 1s recorded in the matrix. The image of a palr of grids
is shown superimposed to indicate the area of the matrix corresponding
to the photocathode grid image (c.f. the contour map shown in figure 5.3).
The large squares 1n the left hand strip are the integrated areas [or
which Lhe densities and hence polarisation parameters are to be calculated.
The densiiy for a largc area (Dl, 1f the area 1s 1n a right hand gr-p on
plate S1T for example), is found by adding up the 25 1individual densities
of the pixels contained in the large square

For each of the individual pixels in the right hand strip, the
densily of the corresponding area in the left hand strip caa be founa
using the coefficients and interpolation procedure described in the
previous two sections. These values can then be summed to give the
density of the corresponding 120 x 120 micron area in the left hand
strip (e.g. DZ)' As the four matrices bear a one to one correspondence,
this can be repeated for matrices S2T, S3T, S4T to obtain the remainder
of the integrated densities (D3 - D8), for the particular element of the
1muge covered by the large square. 7The only further information required
before the several thousand density sels (Dl - Da) can be i1ecad from the
matrices, 1s the X locations in the right hand giid images at which the
integrated arcas are Lo be ifaken. These are easily cvstimated {rom the

contour map, and a set of X locations 1s shown for the gr.d illusirated

"/
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in figure 5.15. As the grids are approximately parallel to the Y scan
axis, once an X lucation has becen decided, the bins are integrated
along the length of Lhe Y axis without changing the X value.

A program was developed which took the X co-ordinates in turn (see
figure 5.15), and for each of them, traversed the length of the matrix
in Y 1n steps of 5, calculating and storing for each step, 1n a separate
data set, the 25 densities to be integrated in the right hand strip, and
the corresponding deunsities 1n the left hand strip. The XY location of
the particular 120 micron squared bin was also stored for future use.

Although 1t would have been casy to sum the 25 demnsities at thas
stage, so reducing storage by a factor of 25, the individual densities
were relained so that a4 quality control test could be applied to each
of them, before they were included in the integrated sum. This was
repeated for each of the matrices S1T - S4T, so that the eight sets of
25 component densities for an 1ntegrated area could be immediately
accesscd for any location on the matrices.

(The reduction procedure applied to the matrices S5T - S8T, 1is
exactly the same as that for matrices S1T - S4T. TFor reasons_of brevity
the reduction procedure Ls only described as being applied to the latter

set of malrices).

5.8 Subtiaction of the Noise

The densitic~ extracted from the matiices in the manner described,
are inclusive of tLhe norse component, and this must be subtracted before
the tiue density, due to the polarised light signal can be obtaiaed As

described 1n scction 5 3 2 , the noise would normally have a conslant

Ve a~au
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value for a particular electronograph, but the effect of Lhe PD5
machine instability 1s to make it a slowly varying function of the Y
axis of the matrix. The variation must be monitored, so that Lhe
correct valuc to be subtracted for a particuvlar pixel at location (X, Y)
on the matrix can be ascertained.

The noise on each matrix was recorded, by using a modified version
of the program described in section 5.7. The densities were read out
for each matrix in turn, taking a column of small X value (v 5), where
the total signal on the eleccronograph is due Lo the nolse component
alone. The 25 1ndividual pixels for each 125 micron squarcd localson
were averaged, and the 75 mean values for the density, as Y varicd from
6 Lo 381 (in steps of 5) were stored for each of the matrices.

Each of the density data sets described in the previous section,
were taken in turn, and the relevant values for the noisc density sub-
tracted from each of the 25 component densities 1n edch of Lhe 8 scus

corresponding to the densities D, - D

] 8’ The component densities are

therefore given by

—
"
—

N
-

(V%]

~

m
where 'd' 1s the initiel density of a component pixel, 'n]' 1s the
relevant noise density as a fuaction of Y position on the first,

sccond, third or fourth watri>, and 1' 1s the residual densiry

ety - 1 Pt v T Wt— St 3~ |

——
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proportional to the transmitted intensity. the subscript 'j' describes
the eight polarised images, and the superscript 'k' the 25 component
densities 1n each of these eighl i1ntcgrated areas.

The densities (11 - 18) for a particular 120 micron squared area

of the i1mage, from which the polarisation parameters can be calculated

according to the equations given in Chapter 4, are given by
k=25

57

—
it
-
-
[\
.
.
Co

5.9 Reduction to Polarisation Parameters

5.9.1. Quality Control

Before summing the sets of 25 component pixels of an integrated
area, the indavidual pixels were first examined to try and filter out
any erroneous density values (1?) caused by scratches or specks of dust.
These could then be excluded {rom the summation to find the density of
the integrated area (13), which would then need renormalisation to a
density for 25 components

Although the fluctuations are too grcat, to use the component
density sets (1T - 12) for reduction to polarisalion parameters, tLhey
can be used Lo try and locate any erroneous density values imn a partic-
ular sef Each of the 25 sets of (1? - 12) can be substituted in the
equations ot Chapter 4. The fiisL step in the reduction equations, 1S
to calculate the two independent estimates of the sensitivity factor
'fl' aud 'f.' given by equations 4.4 and 4 7. I{ these Lwo estimates

2

k
of the sare quantity do not agrce, onc of Lhe densities (1

k
1 L8) from
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which they were calculated must be wrong. As there 1s no straightforward
way to deduce which 1s the erronecus value. the complete set of eight
componcnt densities must be omitted from the summation. Because the
normal fluctuations in the densities of the individual pixels 1s quite
large, (v 10%Z), the 'f' factor agreement crilerion cannot be too strict,
or perfecctly normal, yet highly fluctuating densities will be filtered
from the summation. The quality control described, while filtering out
the fairly large defects from the electrouographs, can therefore not
be expected to remove all the erroneous density values.

Each of the data scts was read from storage, and the 25 components
subjected to the quality contrecl described. After the erroneous values
had been filtered out, the remaining densities were summed and renormal-

1sed to a density for 25 components

5.9.2 Polarisalion Parameters

The densily sct (11 - 18) was recad for each integrated area, and
the values of (11 - 18) were inserted into the equations described in
Chapter 4. The ‘'{f' and 'e' factors, together with the Stokes paramelers
and the final descriptive units 'p' and '6' were calculated for each
location on the maiLrix. The numerical results were displayed as line
printer output as shoun in figure 5.16 and also stored for laler use
The figure shous a typical page of line printer output, with Lhe polai-
isation parameters calculated for each X Y location of an integrated

area on the matrices S1T - S4T.

5.10 The Results Displayed Visually and theirr lntcrprelation

5.10,1. Int:oduction

The foim of the polarisalion map produced, 1s net easily discerncd
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from the wass of numeirical data displayed in figure 5.16, and the
resulls were therefore displayed 1n a graphical form to make them more
easlly digestible. Scatter plots and frequency distributions of the
interesting reduclion parametlers were cowputer plotted for the 2,000
locations tallen on 2 scries of eleclronographs These are shown in
figures 5.20 - 5.27 for the half of the image corresponding to matrices
SIT - 54T, The actual form of the produced map for the two series of
matrices (51T - S4T, S5T - S8T), 1s shown in figures 5.17 and 5.18,
where the polarisation of the light forming the image at each locatior
on the electronograph 1s i1epresented by a vector of length proportional
to the degree of polarisation, and having the direction of the E vector
of the linearly polarised component of the radiation. Figure 5 19 shows
the tvo halves (which are completely independent of each other),
aligned by eye, to give the complete polarisation map of the M82 area

(Accurate ilignment will be discussed i1n the next section).

5.10.7. The Polurisacion Map

The m.p showm in f{igure 5.19 describes the polarisation of the total
li-t signal forming the i1mage at each point on the eleclronograph. It
Ls thcreiore not Lhe polarisation of the galactic light emanating from
M82 alone, buc includes a component, wvihich must be subtracted out, duc
to the diffuce light of the night sky radiaCion which i1n 1tself can be
partially jplave polarised. 'lhe region of the map corresponding to the
disk of M82 1s drawm on the figur:

The night sky component 1o ¢lei.ly seen as a series of vectors of

simtlar Jeapth and ovrten acic: around tie edge ol the map, where Lhe
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FIG 519 THE COMPLETE POLARISATION MAP OF THE GALAXY ¢ NIGHT SKY
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surface brightness of 1182 1s small, and the signal 1is almost entairely
night sky. In the central regions of the map, where the galactic

light flux 1s high, the contributior is mainly from M82. In this region,
the characteristic paltern of the unpolarised disk, and highly polarised

halo forming a smeoth pattern, 1s casily distinguished,

5.10.3 The Graphical Output

We can look at the distributions of the various quantities (f, e,
etc.), measured at each point, to ascertain the uniformity and quality
of the results of the reduction technique As an example, Lhe exposure
1 ]

e,' between electronographs S2T and S1T must be a constant for

faclor 1

the whole matrix. If all the independent estimates, obtaiued for each
X Y localion are not statistically distributed about a mean value, an
ercor must have been Lncurred at some stage in the reduction procedurc.

Fipgure 5.20 and 5.21 show the distributions of the estimatles 'fl'
and 'f?' of the photo-cathode sensitivity [o: all the points of the
map, The distribulions are peaked at 1.0 and have fallen to approx-
imately half the mode for 'f' values of 0.96 and 1.04 This 1s consis-
tent with the known photo-cathode characteristics for the random
sensilivity variations of around 5Z. The scatter plot of 'fl' against
'fz' shour in figure 5.22 yields the expeccted sLraight line at an angle
of 45°

Figure 5.73 shows a frequency distribution of the estimates of the
exposure factor '01',between clectronographs S1T and S2T. The distri-

bution *s ol the eapected form, and 1s cenired around a mean value of

0.87, wvhich 1s thercefore the ratio of the total amount of light recorded
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on Lhe iirst and second electionographs. Figure 5,24 shows that the

e, factor does not vary, 1f plotted against the Y axis of the matrix.
This 15 a useful piece of information to ensure that the correct form
of the Y variation of the noise has been subtracted in the reduction
stages. Figure 5.25 shows an example of the 'e' factor scatter plot
obtained, 1f a slightly incorrcct set of noirsec values are subtracted.

The reduction equations yield two estimates of both the polaiisat-
1on magnitude and angle for each plate location, and the distributions
of the differcnces 1a Lhe two estimrates are shown in figures 5.26 and
5.27. The difference between the two estimates 1s an important quantity,
because 1t 1s a measure of the uncertainty associated with the
determination. The halfwidths of the distributions theirefore gives an
estimate of the mean uncertainty associated with a typical polarisation
point plotted in figure 5.19.

It must be remembered, that those estimales of the errors on the
polarisation arc for the total light signal incident on the plate The
subtraction of the sky signal, to obtain the polarisation parameters of
the galactie light alone (sec section 5.11) will introduce further errors
into the pelarisation parameters, the magnitude of which will depend on

the ratio of the galaxy and sky signals respectively.

5.11 Subtraction of the Night Sky

The stoied outpul from the reductiron described in section 5.9 con-
taius the Stokes pitameters (1T, QT, UT) for each location on the
plate. The paramelers have been given a 'T suffix, because they

describe the total light signal incident at each location ou the plate.
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1t 1s therefore only necessary to find the mean value of the Stokes
parameters fcr the sky component of the signal (IS, QS, US), and these
values can be subtracted from the total to give the parameters fo. the
galactic light (I, Q, U).

The outer areas of the plate, corresponding solely to sky signal,
can be 1solated by plotting a {requency distribution of the Stokes
vector I for all the locations on the plate From the result, shoun
in figure 5.28,1t 1s easy to identify Lhe large peak at I = 1075 as
being duc to the s%, signal, which should “ave a constani value 1nde-
pendent of plate position. The tail on the distribution 1s duec tc the
faint extended halo of M82 merging with the sky. 1f all the points on
the plate arc discarded, exceptL those having a Stokes vecctor I between
1050 = 1100, then a distribution of the 'Q' and 'U' vectors of those
remaining, will reveal the sky values for these two parameters. Figures
5.29 and 5.30 show the resultant plots from the sky parameters (IS, QS,
US) were estimated as (1075, -38 0, -25.0) for the malrices S1T - S4T.

These values vere subtracted from the total Stokes vectors for
cach location on the matrices, and the resulting polarisation paramcters
(p, 0) calculated fiom the modified Stokes vectors. The process was
repcalced on the matrices (S5T -~ S8T), and the corrected results showving
the linear polarication of the light emanating from M82 were replotted
as shovn 1n figure 5.31 (A contour shoiwang the outline of the galactic
disk 1£ alsc plo.ted)

The peiipheral 1:2g10ns of the original map (figure 5.19) coriespond
to sky signil only, and the resultant polairisation vectors after sub-

traction of this sky signal arc simply stavistical noise A cul on the
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THE POLARISATION MAP OF THE LIGHT EMANATING FROM M82
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points to be plotted, so that only those for which the galactic signal
was at least 157 of the sky signal to be subtracted, made it possible
to ploL Lhe resultant map (figure 5 31), withoulL the set of 1iregulac
'statistical’ vectors around the outside. The limiting intensity of

approximat ely 157 was found by trial and error.

5.12 Transformation to an Absolute Co—ordinate System

The two halves of the map, shown in figures 5.17 and 5.18 are aligned
by cye, becausc each half 1s plotted in terms of the different arbitrary
X Y co-ordinate systems defined by the digitisation procedures. It 1s
therefore necessary, to transform each half, so that tne entire map 1s
plotted in the usual absolute co-ordinate system of right ascension and
dec)ination.

Using only the ceuntral part of the telescope image, at £/13.5 fecus,
plane geometry is sufficiently accurate to describe the transformation

from the X-Y Lo RA(o) and Dec($) systems, which 1s therefore given by,

o = a=bx+cy 5.8

o
4

d tex+fy 5.9

where X and Y are the digital matrix co—ordinates of a 120 micron squared
arca, and a and 6 arc the absoluce co-ordinates for the same region.

A series of fiducial points, where (o, 6, X, Y) arc known for
several locations on Lhe matrices, are required Lo solve for the co-
efficients (a-f) for each of the ccts of matrices (SIT - S4T, S5T - S8T).
The stors 1n the field of view which again provide the obvious reference

5 )
points ave uncataleeued wilh the exception of D + 707 587, the bright
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star to the South West of the galaxy. The absolute co-ordinates of the
remaining stars were obtained by mcasurement from a Palomar plate. An
astromotric machine at the Royal Greenwich Observatory was used, which
aulomatically reads off the absolute co—-ordinates of any point on an
electronograph, once it has been initialised by supplying a series of
locations corresponding to the co-ordinates of catalogued stars.

The least squares minimisalion procedure in section 5.5.2. was
used to determine the coefficients for cach half of the map, and those
obtained for the matrices (SIT - S5T) are listed in Table S5 together
with calculated and experimental values for the absolute cc-ordinates.
The agreement 1s good, and from 2 visual inspection the trarsfoimation
to R.A. and Dec. appears Lo be accurate to approximately 1} arc second.
The absolute co-ordinates of the stais, are measured in seconds of arc
from an arbitrary origin which was chosen for convenience at 69° S0.00'
in declination and 9 hrs 51.00 minutes 1n right ascenstion,

The X Y Jocation of each polarisation poinl was transiormed to the
absolute scale, using the appropriate coefficients, and the complete
map replotted in plate 8, where the map has been supcrimposed upon
an ”a Palomar plate of M82. As 1s normal, the right ascension scale
has been multiplied by a cos (declination) factor, so that the plot
Ltakes on the appearance of the image of the galaxy on the sky. The
positions of the fidurial stars are shown which were used for the
plate alignment, and transfoimation Lo the absolute co-ordinate scale.
The centre of the symmetric pattern formed by the polarisation vectors,
the determination of which will be discussed in Chapter 7, 1s also

shown

4 - m-ad



COEFFICILNTS

a = =21.184 = 45630 = =0.0412
d = =-22,2829 = 0.06783 = 1.5676
STAR X Y R.A. Dec. R.A. Deca®
1 51. 50 96.60 209.1L 122,61 208.92 132,62
5 130,60 247.70 565460 374.81 564.55 374,86
/ 302.92 | 213.50 | 1351.89 332.96 175217 332,94
9 61.03 | 224.53 247.410 333.88 21,8.06 333.82 a

TABLF 5.

TRANSFORMATION COEFFICILNTS TO R A. AND DEC
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The fact that the polarisation vectors flow smoothly from one
gridwidth to the nexi, (where the determinations are from different
electronographs, and arc therefore completely independent), is an

important test of the reduction technique.

5.13 Gencral Features of the Map

Plate 8 clearly shows how the polarisation patlern divides the
galaxy into a region of low and 1i1regular polarisation corresponding to
the disk, and a regron of higher polarisalion corresponding to the halo of
the galaxy, where the vectors form a regular pattern around the central
region of the disk. Dectailed discussion of the feature« of the map, and
their implications, will be discussed i1n Chapter 7. The present concern
is simply to be sure that the technique hus successfully reproduced the
pattern obtained by other workers.

A quantitalive comparison with previous measurements 1s made 1n
section 6 3.2. For visual comparison however, a map showing results

obtained by Llvius (1963, 1969), and Visvanathan and Sandage (1969, 1972),

are shown in figure 5 32. The map, obtained by conventional photo-electric

measurements, clearly shows the same general features as that of plate 8,
and 1s at least visual coafirmation that the electronographic—computer
technique, has successfully repioduced the earlier results.

A featurc of the two maps, 1s that the photo—-electric measurements
have been made further out into the halo (1 e where the brightness ratio
of sky to galaxy i1s large) than our mecasurcments. Some of the faintest
phnto~electric determinations are for a galaxy/sky signal of appronimately

5%, vheireas the present map terminates at 2 corresponding value of 157.

- amasd 3



contour showing

position of MB2
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FIG 53?2 PHOTOELECTRIC POLARISATION MEASUREMENTS OF M82




The spatial resolution for the new technique described, is 3 to 5 times
finer than that used in the photo-electric measurements, and this
accounts, at Jcast partly for the less in limiting magnitude. Also, the
arcas iu which the galactic signal 1s becoming increasingly faint, corres—
pond to the inncrmost boundary of the locations from which the Stokes
parameters of the sky were evaluated These parameters are therefore
likely to be contaminated with the outer regions of the M82 halo, and
their subtraction from the total Stokes vectors near this region will
vield a meaningless result

A final fcature of the map, 1s the occasional occurrence of a
randomly orientated vector, among the otherwise smooth pattern. This
1s attributed Lo an area for which the quality control has failed to
extract some density pixels which are unrepresentative of the real
polarised light signal, and are probably caused by a scratch or speck
of dust.

The map produced, using the basic reduction technique, shows
approximately 1O times as many points as previously observed, with a
spatial resolution threc to five timers finer. This 1is achieved using
a singlec series of obscrvetious needed to obtain the eight electrono-
graphic plates, rether than the mass of independent observations needed
for the corresponding photo-clectiic measurements. The initial goal,
to produce a high resolution polarisation map of low surface braightness
nebulous objectls, using an i1mage recording technique, has therefore been
surcessfully achieved

lu the next chapter, atlempts to improve the quality of the
already sunciior map are described, together with an investigation of

the accdidcy associated with the electronographic measurcments.

f
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CHAPTER 6

TIHHE COMPUTER REDUCTION TFCHNIQUE IT

6.1 A Lov Resolution Map

Although the map produced almost eatends to the limit defined by the
method of sky subtraction, a revised set o. programs vere written to
produce a map with a spatial distributiron of points ncarer to that of the
photo-electric measurements. Instead of adding 25 pixels to form an
integrated area, corresponding to the 8 arc seconds squared, 81 pixels
were summed to form an area of 14 arc seconds squared, The net effect of
taking the mean density from 81 measurements ratheir than 25 1s to reduce
the fluctuations involved. With the larger individual arca, only 3 points
across a grid, and 35 in length could be taken, for cach of the measurc-
merts Lo be independent.

The modified programs were run in a similar manner Lo Lhose described
for high resolution, and the map produced 1s shown in plate 9, The map
has exactly the same form as that of plate 8, bul i1t extends
slightly farther out i1nto the halo than 1ts highly tesolved counterpart.
Fxtension to even larger integration areas for the M82 plates reduced
here, 1s not practicable because of the sky subtraction piroblem If
further electronographs were taken howcver, with the disk of the galaxy
at the bottom of the image rather than in the centre, 1t would be
possible to access parts of the night sky twice as far away from 1182. The
night sky sublraction problem would then disappear, and a low spatial
resolution would make 1t possible to reach even lower signal/shy ralios
than the 57 achieved in photo-eleclric measurements.

The sccond noticeable feature of plite 9, 1s the increased smonthness

-4
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of the pattern due to the damping of fluctuations by using a larger
integration area. This point 1s 1llustrated in figures 6.1 and 6.2,
which chow that the fiequency distributions of 'p1 - pz' and '61 - 62'
for the low resolution map, are considerably narrower than the corres-
ponding plots shown in figures 5.26 and 5.27.

This decrease in the uncertainty associated with a particular
polarisation point, has only been achieved by a sacrifice in the total

nunber of points and the spatial resolultion, and 1s therefore not as

advantageous as might first aopear

6.2 Computer Smoothing of the Matrices

6 2.1. Introduction

A second approach to improving the quality of the final mep, without
losing the high resolution properties, 1s to examine the basic digital
data, and try to identify, and replace any incorrect density values prior
to reduction. The underlying principle upon which smoothung methods
depend, 1s that providing the pixel size of the digitisation 1s less than
the seeing disk, then the 1intensity profile 1n a series of neighbouring
bins, should form a smooth <urface and be devoid of discontinuities.
Unfortunately, this criterion 1s ouly partially met with the M82 data, and
thcrefore the disk area, with 1ts series ol irregular dust lanes crossing
the bright central region gives rise Lo fairly acute discontinuities. The
halo area, however, which i1s the region of primary interest for polarisation
ctudies, conforms well to the necessary smoothing conditions. It was
therelore necessary to employ a smoothing method which could be applied
to the requisced area of the plates only and leave the other regions in

thcir naturel form,
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6.2.2. Smoothing Methods

Smoothing of digital data can be either 1 dimensional, in which case
each row or column of the matrix 1s treated separately, and a form of
curve {1tted to the data points, or 2 dimensional, when a suiface 1e used
to represent the digital array. The M82 erLectronographs are best suited
Lo one dimensional smoothing, taking each column of the matrix in turn,
because of the discontinuity in the X direction formed by the overlapping
images of the grids.

Smoothing methods fall into two main categories. The standard
approach, 1s to consider the entire 1 dimensional ariay to be smoothed,
and redescribe the data curve by a series of amplitudes corresponding

to the fourier transform, 1i.e.

arsh -ikx
a(h) = ) fl(x).c 6.1
1=1
Equation 6.1 shouws the expression for the fourier anplitudes for a one

dimensional array 'X' of n data points having the value fl(x) stored in

each bin, The wave number 'k', 1s evaluated for the range

21 < k ¢ 2"/n 6.2

corresponding to wavelengths of the spacing of the data points and the
entire length of the array

The amplitudes for large k values are caused by any sharp discon-
tinuitics in the data, which have therefore been separated by the large
scale smooth comnoncent, desciribed by amplitudes for smaller I values.
The omoothed data is Lhen refoimed frem the required amplitudes using

the property that Lha fourser transiorr of a fourier transform 1esulcs
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in the original curve, 1.e.
k = k(cut off)
£ (x) = Y elkx | a(k) 6.3

k=2ﬂ/n

Although elegant in concept, the Fourier method suffers the limit-
ations that to be fully utiliscd. the one dimensional array should be
considered as a whole, and secondly, 1f a discontinuity of greater
magnitude than the remainder of the relatively smooth array exists, tLhe
Fourler transform describes the discontinuity in prefcrence to the bulk
of smooth data., The images of bright stars, as well as that of the
nuclear regions of M82, form such discontinuilLies, and make the standard
Tourier smoothing technique difficult to apply to Lhe plates in question.

The second type of approach, which 1s more diverse in nature, 1s
simply to consider each pirel in turn with those 1in close proximty {o
the one in question. Tests are made, to see 1f the value under obser-
vation fits in well with the patiern of the suvriounding area, and then,
1f necescary, the value 1s replaced by an interpolated value from the
surroundings. As the pixels are trcated individually, tbis method has
the advantage, that any area of knoun discontinuity can be omitted from
the smoothing procedurc, and left in 1ts natural state,.

The main pitfall of this typc of smoothing procedure i1s that 1f
a correct density under consideratiou, 1s surrounded by one or more
highly eironcous values, then a simple comparison test of the density,
with its netghbours, will show Lhe correct point to be faulty. The
interpolation usea to replace this density, will then give a value

which 1s at least partly coataminated with the ancorract valuer



6.2.3. The One Dimensional Smoothing Technique

Because of the grid discontinuities, a onc dimensional smoothing
technirnue was developed which read one column of the malrix at a time,
and scquentially compared each of the elements of the array with its
nearest neighhours, Elements were replaced vhere necessary, until the
entire column of 384 elements had been subjected to the smoothing
procedure. This was then repcated for each of the 384 columns forming
the matraix.

The method 1s 1llustrated in figure 6.3. which shows a sample of
a column for a matrix before and after the smoothing procecdure has
been applied. ‘The sample has purposcfully been chosen with two
incorrect density values (probably caused by a speck of dust), to show
that the two crroneous values have been replaced, while the nerghbour-
ing values are left in thcir natural state.

When a particular pixcl 1s under consideration, the four densilies
at each side are first investigated to see 1f theie 1s a large density
gradient in the vicinaty of the point. If this 1s so, the pixel 1s
situated near a star image, or the central region of the disk, and the
program immediately progresses on Lo the next pixel, until the test
reveals Lhat a region of slowly varyiug densily has been reached. In
this way regions of erratic inteustly profile are automatically omitted
from the smoothing procedure.

Linear interpolations {from the three ncarest pairs of points at
each side of Lhe pixel in questiou are taken, and cach cowpared with
the actual value. If any of hie interpolated values disagrec with the

stored value by more thaa a set datum level, then the point 1s
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considered faulty and needs replacement. It 1s at this stage, that the
difference belwveen a good point surrounded by an erroneous one, and
vice versa can be recognised, and 1s 1llustrated in figure 6.4, which
follous through the procedure for the four points of interest in
figure 6 3. The percentage differences between the real and interpeclated
values always have at lecast one value for an incorrect point which is
approximately twice as large as any of those for a correct point. If
the datum level for replacement could be set between the two values, then
the i1ncorrect value would be replaced, and the correct value left
untouched

The solution, 1is therefore to have an 1iterative procedure, 1n wnich
the column 1s repeatedly smoothed with a progressively smaller datum,
unti1l the dispersion of a particular set of points about the curve 1is
reduced to the desired level. In this way, a good point 1is never con-
taminalted by the presence of an erroneous one nearby.

Once a particular pixel has been proved faulty, a parabola 1is
fitted to the surrounding cight points, and the interpolated value usecd
to replace the 1incorrcct density If, as in the case shown 1n figure
6.3, there 1s more than one faulty density in the neighbourhood, the
f1t 1s slightly wesghted with the adjacent erroneous value, when the
parabola 1s fitted to obtain the 'new' density at point 19 on the trace.
The replacement 1s therefore a better estimate, rather than the correct
value When the datum level 1s sufficiently reduced, during one of the
follovaing iterations, Lhe point 1s agairn rcplaced, by a progressively
more cortcct value. After the total of 6 i1terations performed, the point

will havc assumed the correct value. The datum level for paxel replace-
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ment was set at 4Z for the final iteration, roughly corresponding to

the fluctuations due to the photocathode sensitivity.

6.2.4. The Smoothed Map

The sel of eight matrices were computer smoothed using the method
described 1n the previous seciion, and then the entire reduction pro-
cedure rerun to result in the map shown in plate 10. The plot, wvhich
shows all tl.e expected fcatures, appears to combine the high resolution
of the 8 arc second squared map shown in plate 8, with the ordered
pattern of the low resolution map. The histograms snown in figures
6.5 and 6.6, also indicatc that the average uncertainties associated
with a single point have been reduced by the application of the smooth-

ing procedure.

6.2.5. Discussion

Although these attcmpts to squeeze the best possible map from the
data have been partially successful, the full benefit has not been
reaped because of the difficulties inth the sky subiraction and the
cffect of non-unifoimities in the photo-cathode sensitivity. When more elec~-
tronographs have been taken, and further investigation Lo resolve these
difficulties have been ciriied oui, these 1mportant refincments to the tech~

nitques will perhaps 1esult 1n a substantial increase in the quality of a
polarisation map

6.3 Compatison with Previous Mcasurements

6 3.1. Introduction

Becausc of the difficulties of recording and extracting low light
signals on photographic plates, most studies have used photo-electric

methods Lo determin= the surface polarisation of nebulous objects.
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The technique 1s simply to record the intensity of radiation entering
the equipment aperture, through a polarising filter at various orien-
tations. A set of values (11 - 14) are recorded as was desc.1bcd for
the simple method of Chapter 1  The resolution of the apparatus, 1is
determined by the size of the entrance ape.ture, and the location of
the area to be studied 1s found by offsetting from a reference point
such as a nearby star. With large computer controlled telescopes, this
15 no real disadvantage. The technique does have the severe limitation,
that only one area can be studied at a time, which means that a
detailed study of the change of polarisation with location on an extended
object, 1s a long tedious procedure and 1s therefore open to erior.
Although the advent of the electior camera,/ylth 1ts 1inbuirlt
calibration, and large dynamic range advantages over the conventional
plate, have heralded the way to 'imaging' forms of polarisation studies,
the difficulties with 1mage registration on the plates, has only been

solved by the use of a sophisticated digital computer reduction techmnique.

6.3.2. Photo-Electric Measurements

The map shown 1n figure 5.32 shcws most of the previous determinat-
1ons of the surface polarisation of M82, (in the B waveband of the UBV
system), and 1s a mixture of measurcments taken at the Steward 80"
reflector by Elvius (1963, 1969), and those of Visvanathan and Sandage
(1969, 1972) on the 200" Palomar telescope, DBoth series of mecasurements
were made on much larger aperture telescopcs than that of the modest 1
metre telescope of the Wise Observatory, which makes the present deter-

ninatiom all the more 1mpressive,


http://Ui.se
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A comparison with the earlier work 1is made in figures 6.7 and 6.8,
where the degree of the polarisation, and the preferred direction of
vibration for ecach of the regions studied photo-electrically, are plotted
against the corresponding values from the present work. Each point 1s
weighted with the polarised intensity for that area (v uncertainty), and
this weight 1s shown by the symbols (1, 2 ... 9, A, ... Z2,%+). The
apertures used for the earlier work, are 3 to 5 times larger than the
present 8 arc second squared determination. In order to make an accurate
comparison, our Stokes parameters have been integrated to coriespond to
the apertures used previously.

The two plots, which both yield straight lines at 450, with only a
relatively small amount of scatter, show that the two selies of measure-
ments correlate extremely well. In figure 6.7, the points are uniformly
distributed aboul the theoretical line, which implies that there .s no
systematic error in the measurement of polairisation angle., The 1nicinal
uncertainties, which are investigated by examination of the two estimales
obtained for each integrated area, are thercfore representative of the
total uncertainty associrated with a particular measurement.

In figure 6.8, however, there 1s some evidence, that the points form
a straight line, which 1s parallel to, but slightly above the expected
straight linc through the origin., If the photo-elecliic measurements
are cousldered fo be the accurate values, the present results secm Lo
systematically underestimate the degree of the polarisation by appron-
imately 1.5%. Tnvestigation of this problem, rcveals Lwo possible
contributing factors

The PDS machine, which was supposed to record a digital value
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proportional to the density on the electronograph, was found to be non-

linear, and has subsequently been calibrated for all future digitisations.

The machine has undergone modificationc since the plates were first
‘ digitised however, and the present calibration curve 1s not necessarily
' applicable to the M82 plates. The present calibration curve, which is
probably of Lhe same form as the one which would have been applicable,
has the correct characteristics to explain the discrepancy in the two
sets of data. Most of tlie photo-electric measurements are made 1n the
halo regions of the galaxy, where the density values range between 50
and 150 on the calibration scale On this part of the curve, the line
1s of steeper gradient than that expected for no calibraticn, and there-
fore the difference between two similar values of intensity (11 - :2) 18
amplificd when the calibration is applied. The degree of polarisation,
which 1s given by,

)
] _Ip_m /(11 T+ (15 m )
T

1, + 1
1

2
6.4

P
2

1s therefore 1ncreased upon application of the calibration.
The sccond possibility, is that the light suffers a small amount of

depolarisation, as 1t Liaverses Lhe optical components of the polarimecter.

The magnitude of this depolarisation 1s likely to be small, because the

most obvious depolarising component, the half wave plate, 1s achromatic
over the waveband used

All the electioncgraphs digitised after those of M82 have been
calabrated A simple comparison, therefore like Lhe one described here,

for the Durham measurcments of the Crub Nebula, with those of Woltjer



- 72 -

(1957), will show whether the calibration problem 1s the main contribut-—
ing factor to the polarisation magnitude underestimate.

A quantitative study, between the photo-electric and present
results, 1s made in seclLion 6.4, to investigate the statistical errors

associated with the Durham polarisation mecasurements.

6.3.3. ReccentL Photographic Measurements

A determination of the polarisation of M82 by a photographic
technique has recently been published by Schmidt et al. (1976) and the
rcesultant map 1s shown in figure 6.9.

The four initial plates of the galaxy, through a polarising filter,
were taken on the Steward 80" reflector using an image intensifier with
fibre-optic coupling to a photographic plate. The intensities on Lhe
plate, for each small area of the image, yield a set of values (11 = 1
after calibration), wvhich can be substituted in the equations of
Chapter 1 to give a single estimate of the polarisation parameters for
each location on the plate. The plates were aligned as accurately ac
possible, at the time of digitisation, and no further transformation
was performed, to ensure an exact one to one correspondence between
pixels. The spatial resolution of the map shown 1s 10 arc seconds
squared, which 1s of the samec order as the Durham map.

Although the main featurcs of the two maps compare quite well, there
are certain differences which are difficult to understand, when the
respective techniques arce compared. The photographic map, which has not
been subjected to any foim of smoothing, or qualaty control, seems cto

have o complcle absence of erroneous vectols interspaced among the smooth
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pattern., This implies that there were no scratches, specks of dust, or
cathode defects on any of the four plates used. The impeccable quality
of the map, 1s doubly hard to believe, wheu 1t 1s recalled, that from a
series of measurements (11 - 14), 1t 1s not possible to make a decter-.
mination of the exposure factors between the plates from the actual
density of the images, or obtain two estimates of the polarisation
parameters which can be compdared to give a measure of accuracy of the
mean value.

The photographic exposures were taken, so that the density 1in the
halo regions of the galaxy, were on the linear part of the calibration
curve This means that the mecasurements 1n the regions of high density,
are near the saturation value for the emulsion, and are not to be
trusted (Schmidt et al. 1976). 1t 1s in these regions, that the Durham
map shows essentially zero polarisation, while that of Schmidt et al.
indicales values of approximately 5Z.

The measurements of Visvanalhan and Sandage were used to calibrate
the photogiaphic plates, and the results obtained arc not entirely

independent of the previous photo-eleciric determination.

6 4 Analyeis of the Errors Associated with the Durham Map

C.4.1. Comparison with Photo-Elcctric Measurements

The position of the best straight line through the plots shown 1in
figures 6 7 and 6.8 shows any systematic difference between the two
scte of data, and this was discussed in section 6 3.2, The scatter of
the poiats about the best stra,ght line, however. 1s a measurc of the

1uternal) uncertainties assccl iled with botb sets of data. This can be



written i1n the form,

2

2
8
PE 6.1

6 = 62+ 5
K
where 6§ 1s the r.m.s. difference between the photo-eleciric and electrono-

graphic mcasurements, and GE and § are the intrinsic r.m.s. errors

PE’
assocrated with the electronographic and photo—-electric measurements
respectively

The r.m.s. difference between the electionographic and photo-clectric
measurements, plotted in figures 6.7 and 6.8 1s 2.77 1in degree (after the
systematic error has been extracLed), and 6 8° in position angle. £ the
uncertainties on the photo-electric measurcments 1s assumed to be zero,
these estimates give an upper limit or the statistical errors associated
with the electronographic measurements.

Elvius gives no error cstimatcs with her measurements, but 1f they
are assumed to be of similar values to those obtained by Visvanathan and
Sandage, estimates for GPE of 27 1n polarisation degreec and 4° 1n position
angle are reasonable. Tf these values are inserted into equation 6.1,

estimates of tLhe mean crrors associated with the electronographic method,

of 1.87 1in degree, and 5.5 degrces 1in posilion angle arc obtained.

6 4.2. Estimates of the Intrainsic Lrrors from the Dala

The most obvious way Lo cstimate the polarisatior errors, 1s to

start with the errors on the individual intersities (11 -1 aud carry

8),
these eriors through the set of reducition equations Tn practice, thas

1s exLremely difficult because of several factors.

Farstly, althovgh for a [irst approximation, Lhe photo—cathode
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sensitivity at any point, could be assumed to have random fluctuations
of a fixed amount, the instability of the PDS machine represeniLs an
additional fluctuation, which changrcs from clecironograph to clectrono-
graph, and even with position on a particular clectronograph. Secondly, -
rounding the intensities off to the neaiest integer between 1 and
1,000, causes larger percentage errors on the faint areas, to those on
the dense regions. Thirdly, the errors attributable to plate alignment,
are more serious for a region of stecp intensity gradient, than an area
of smooth, flat, profile Finally, the er+ors 1atroduced at the stage
of sky subtiraction, can only be treated thoroughly, .I the photo-cathode
sensitivity, and polarimeter vignettiug functions, havc been accurately
determined.

A slightly more empirical approach, 1s to use the difference
between the two independent estimates of the polarisation parameteirs, f{or
each location on the platcs, as a measure of the uncertainty assoctiated
with their mean valuc. These estimates can only be used, before the
night sly has been subtracted, because only onec sct of values for the
Stokes parameters (IS, QS, US) 1s determined from the set of four plates,
The subtraction of the same sky parameters, from the two independent
values for the toral signal, implies that the two cstimates of the galac—
tic signal alone 4rc non—independent.

1{ the Ltwo estiwmates, for the prelerred dircction, before sky

subtraction, arc 6, and © thien the arscciated sLandard deviation of

] 2°

the mean value 1s given by

Ote = ]/2 . (G] - 0,2) 6.2
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The required error after sky subtraclion, is then given to first order,

by

B = U - (1% I /1) = Yo . 1+ /1) . (8, - 0 6.3

9)

where IS and ., are the respective values for the magnitude of the 'sky',
(%

and 'galaxy' signals respectively. Similar equations can be written to

describe the uncertainties on the magnitude of the polarisation.

The estimate of aé,

for each localion on the plates, from two
estimates 1s not very reliable however, as it is not impossible to have
values for 61 and 62, which agreec extiemely well, although they are both

quite diffcrent from the true value. A solvtion to the problem, 15 Lo

plot a frequency distribution of %

for every location on the plate, and
find the typical value for the uncertainty, averaged over all the points
on the plate. -

Figures 6 10 and 6.11 show frequency distribulions of the two
variables '(1 + LS/IG) . (el - 62)', and '(1 + IS/IG) (p] - pz)', and
the haliwidths give Lypical values for the variables of approximately
27 1n magnitude and 10° 1n position angle. 1lnserting Lhese values 1into
equation 6.3, results 1n estimates, for the typical errors assoclated
with any vector on the polarisation map, equal Lo 17 in magnitude, and
5% 1n position angle

Although the errors derived, are an important check, of the overall
quality of the data, they do not give a completely full specification of
the map produced, because they are a generalisation over the contire area
covered by the map  In practise, both polarisation degree and oriental-

1on for an arca i1s dependent on both the surface brightress of Lhe

element concernced, and the degirec of polarisation.
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These two relationships were investigated by plotting the quan-

and "ae" as a function of 'IG

tities "o !
p

for different values of

the polarisation degree 'p'. Figure 6.12 shows a particular plot,

of the quantity '(1 + IS/lG) . (91 - 62)', against the Stokes parameter
‘IG', for all the points on the polarisation map which have polarisat-
1ons between 8 and 12Z. The scatter plot shows that the uncertainty

1n the measurement of direction, 1s a well defined function of the
surface brightness of the element under consideration.

From a series of plots, simlar to figure 6 12, a series of cuives
which describe the uncertainties associrated uwith the polarisation
measurements was built up The resulitant graphs shown in figuires
6.13 and 6.14 describe Lhe errors associated with the measurement of

polarisation parameters, for any area of the plate, 1n terms of the

particular physical conditions present at that location.

6.4.3., The Mcasurement of Standard Stars

As a final test, to determine 1f any systematic error was induced
by the equipment 1tself, plates of several polaiised stars were taken
in exactly the same manner as the eight plales of the galaxy. The
polarisation of the stars had previously been measured by several workers
using photo-electric techniques.

For the star plates, the Lelescope was slightly defocussed, so that
the point lile objects, formed small circular iwages contained 1n one
grad bar of the polarimeter image. The stars therefore took on the
appewrance of small extended objects and had puiposcfully been chosen so

that they weic of the same surface brightness us the real extended objects
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to be observed. The reduction procedure was then carried out in a
similar manner to that already described, except that, only one inte-
grated area, centred on the star, a.d having dimensions sligh:ly
larger than the extent of the i1mage, was used to calculate the
polarisation parameters. The measurement therefore describes the
polarisation of the integrated light from the star.

In some cases, the star was accidentally defocussed too much,
and some of the incident light was lost behind a grid bar, in the
focal plane cf the telescope The results for the stars, are thcrefore
expected to be less accurate than those obtained for a similar region
in M82 InspeclLion of Table 6, which gives the present and previous
determinations for the stars, indicates that there 1s no evidence fo:
any systematic effect being present and confirm the validity of our

technique for measuring nebular polarisation.



Tabulated Value This Work
Star PZ 8 (Deg) PZ 0 (Deg)
HD 43384 2.7 170 2.3 172
HD 122945 0.1 56 0.3 69
HD 155528 4.6 93 4.3 20
HD 80083 0.13 140 1.4 128

Table 6. Comparison between our measurements and

accepted values for standard polarised

stars.
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CHAPTER 7

THE GALAXY Mb2

7.1 Introdu‘.1on

M82 1s the primary member of 1rregular II galaxies, which are
characterised by their lack of symmetry, and inability to be resolved
into bright stars or star clusters. The ippearance of M82 1s that of
a flattened irregular system seen nearly edge on, and 1f a distinct
nucleus exists, 1t 1s highly obscured at optical wavelengths. The
integrated spectral type uf A5 (Humason, Mayall and Saudage, 1956),
contrasts sharply with the colour inder, B-V = +0 91 (de Vaucoul?rs ¢
1959). This fact, together with the lack of resolution into vtar;, '
although the estimated distance, 1s only 3 Mpc (Tamann and Saaldage,
1968), has led to suggestions that M82 is immersed in a dense cloud of
dust.
The ratio of the major and minor axes, have been used in an attempt
to estimate Lhe angle of t11t of the disk to the line of sight (v 80),
ard, from the asymmetry of the dust lanes overlying the fact of the
galaxy, the North-West side of M82 has becen assumed to be nearest Lo the
observer. (Lynds and Sandage, 1963). One of the more remaikable
featurcs of M82 1s a possible system of luminous filaments (forming the
halo of the galasy), which extend several kilopaiscrs from the galaxy.
The existence of the {ilaments 1s now iu doubt, aud uced:s to be confirmed

or otherwitse by further studices,

Altbough 1t has bcen observed optically for a century, 1L uas not
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unt1l the discovery that M82 was a powerful radio source (Lynds, 1961),

that the stimulus arosc ior further detailed observations to be made.

7.2 The Synchrotron Hypothesis

Radio observations of Lynds (1961), showed that M82 was a radio
source with spectral index of 0 2, very similar to that found for the
Crab Ncbula.

As a further investigation of the galaxy, several spectra in Hu
light were taken with the slit of the spectrograph approximately
parallel to the minor axis of the disk, crossing the image in the bright
central region (Lynds and Saadage, 1963). The results, 1llustrated in
figure 7.1, shouved that the line emission from the halo becomes increas—
ingly redder with increasing distance Lo the north of the galaxy and
progressively bluer to the south. This was interpreted as a radial
expansion of the emitting gas, (presumably forming the filameats of Lhe
halo), 1n a direction roughly perpendicular to the plane of the disk.
The assumed small tilt of the disk (v 80) to the line of sight, meant
that the axial outflowv of gas along the minor axis, gave rise to the
recession velocity component on the north-west side, and the approaching
velocity component on the south-cast side. The actual expansion
velocity was therefore an order of magnitude grcater than the measuied
component velocities. The expansion velocity, which increased linearly
with distance along the minor axis, (from figure 7.1) was therefore
estimated os 1,500 km/scec, at distances ~ 2 kpc above and below the
plane of the galary.

By onalogy with the Crab, 1L was thercforc suggested Lhat the radio
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emission from M82 was due to the synchrotLron mechanism, and that extra-
polation of the radio spectrum into the optical region, was responsible
for the continuum optical radiation from the filaments. The expanding
shell of gas, presumably caused by an explosive event in the nucleus of
M82, at an epoch some 1.5 x 106 years ago, and cxcited by 1ts own
radiation field, seemed to form a perfect analogy with the Crab Nebula.
The successful deteclion of relatively large amounts of polarisation
(v 15Z) 1n the halo regions of the galaxy (Elvius, 1963), appeared to
confirm the synchrotion theory. The areas studied, ncar the minor axis
of the galaxy were polarised, with the electric vector approximately
parallel to the major aris of the galaxy, and therefore perpendicular to
the radial appearance of the filaments. The vectors therefore, {ormed
the expected pattern for synchrotron radiation, caused by electrons
accelerated by a magnetic field in the dircction of, and probably con-

taining Lhe filaments.

7.3 The Scattering Theory

The first difficulty with the synchrotron theory arose, when 1n 1965,
Dent and Haddockh, measured the radio spectrum of M82 to shorter wave-
lengths than had previously been i1nvestigated. The spectral index was
found to decreasc rapidly at shorier wavelengths, which meant that
cxtrapolation of the radio spectium, 1nto the optical region, resulted in
an optical synchrotion f£lux several ordcrs of magnitude less than that
measured by Lynds and Sandage (1963),

Further measurements of the opltical continuum polarisation, &t
selected locations in the hale of i1he gatexy (Sandage and Visvanallan,

1969), showed that the direction of Lhe electric vectors of the Jinearly
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polarised component of the radiation in the halo, adhered much more
closely to the normal to the radius vector from the centre of the
galaxy, rather than being perpendicular to the filament {from whi~h

the light was cmanating. 1f a synchrotron model was accepted, this
would mean, that the filamentary material, and the magnetic field were
not dynamically bound.

The convincing evidence to eliminate the synchrotron hypothesis,
came 1n 1972, when Visvanathan and Sandage found that the line emission
from the halo, was also polarised. The HOL radiation measured, had
exactly the came degree of polairisatior as the continuum flux, and
could therefore not be the product of recombination in the filaments.

As evidence against the synchrotron theory mounced, alternative
models, in which light from the disk region of M82 was scattered into
the line of sight by the halo wedium, were proposed to account for the
cbserved form of the polarisation pattern. (The scattering of light
by small particles, introduced partial plane polarisation in Lhe
scattered ray. at right angles to the plane formed by the directions
of the incident and scattcired vrays). The centro-symmetric polarisation
pattern of MB2, was therefore consistent with a model in which light
from a very small area of the galaxy, near the central region of the
disk (or perlaps the obscurecd nucleus?), was being scattered into the
line of sight, by a cloud of scatteriug centres forming the halo of the
galaxy.

The scaltering theoly, which requived the strong, central, local-
ised cnergy source, received further impetus when measurcments in the

radio and wnfia-red pande, rcrealed higl.ly Tuminous compact sources,
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near the expected position of Lhe hypothesised nucleus. (Kleinmann

and Low, 1969, Formalont, 1967). The localised power excesses at infra~
red and radio frequencies, evoked comparison between the nucleus of M82
and Scyfeit galaxies (Solinger, 1969), and two species of scattering
hypothesis were contrived.

Elvius suggested that the polarisation was due to dusi scaltering
in the halo of the galaxy. Solinger (1969), proposed a model for the
galaxy, in which a nuclear explosion and accompanying hydrodynamic shock
wave heated the erpelled halo material, to sufficiently high tLemperatures
to 1onise the gas present. The (Seyfert) nuclear light was then
Thompson scattered, from the electrons, while recombination radiatiou

gave rise to the Ha emission

7.4 Difficulties with Scatlering Models

The measurements of Visvanathan and Sandage (1972), which revealed
that the Ha radiation from the halo, wvas polarised in exactly the same
way as the conlinuum, thereby casting grave doubt on the synchrotron
hypothesis, also posed severe problems for any form of scaitering model.
The polarisation in the line cmission required that the Ha was scattered
nuclear disk laght, and did nol origindate in the filaments.

The velocity field obtained by Lynds and Sandage (1963), and con-
firmed by later studies (Burgpﬂge et al., 1963, Heckathorn, 1972), which
was 1nitially caplained convincingly by suppesing that the radiacing gas
was expanding {rom the cxplosion centre required re—interpretation in
terms of a scatteriug model. If the dust, or electrons, werc expanding

from the disk of M82, then thec scatrtercd Hu light would be red shifted

U

[ ——

——



(with respect to the nucleus), to bcth the north and south of the galaxy.

Conversely, an implosion would result in blue shifted light on both
sides of the disk, while a static dust cloud would give risc tc no
Doppler shift whatsoever. None of these obvious possibilities, could
give rise to the measured red and blue sh.fts to the north and south of
the galaxy respecctively.

Further results, from an 1mportant series of observatiogs by
Visvanathan and Sandage (1972), concluded that the Ha line in the halo
had a width of only 6 X. and, that the polarisation in the continuum
radiation was independent of wavelength over the 1ange 0.36 -~ 0.8
miLcrons The narrow profile of the emission lines, indicated that
Doppler broadening in the halo was small, and restricted the electron

4 ox

temperature to a value less than 10 . The blast wave origin, due to

7 OK was therefore excluded.

Solinger, which required temperatures of 10
Also, the lack of recombination radiation, inferred by the polarisation
measurements, 1mposed a severe restrainl on the density of lou energy
electrons in the halo.

The wavelengtlh indcpendence of the polarisation, which 1s consis-
tent with expectation for Thompson scatlering by electrons, is difficult
to understand in terms of dust scattering. A size distribution of
grains similar to that observed in our own galaxy, would give a marked
increcasc of polarisation at longer wavelengths. lowever, V.Y, Canis
Majoris 1s a notable exception (Shawl, 1969, Serkowski, 1969). The
magnitude of the polarisation would be expected to rcach values of
X 100%, 1f clectron scaltering was Lhe responsible mechanism, whercas a

suiteble dust mixture, with a proportion of large particles (radius >

"/
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wavelength of radiation), when the scattered light 1s approximately
unpolarised, could account for the observations.

Finally, Visvanathan and Sandage (1972) measured the spectral
energy distribution in the halo and compared with that for the nuclear
region which had previously been derived (Peimbert and Spinrad, 1970).
The comparison tentatively showed that the filaments became increas-
ingly bluer with 1ncre3312g distance from the galaxy, which 1s in

N direct contrast to the ;;agtnlng effect expected for light transmitted
through a dust cloud.

Investigations by Mathis (1973), showed that a suitably chosen
si1ze distribution of different refractive index dust particles could
reproduce the wavelength independence of the polarisation and the
continuum colour gradient i1n the halo.

Elvius (1971) suggested that M82 was passing Lhrough an inter-
galactic dust cloud, with the south-west side of the disk, having a

relative velocity towards the cloud, and the north-west side having

a recession velocity of the same magnitude. The blue and red shifts

of the line emsission from the nucleus, to the south and north of the
disk, was thercby partially explained, with the exception that the
change of Ha wavelength would almost be a step function situated at
the nucleus. The smooth gradient of the Doppler shifl, with i1ncreasing
distance along the minor axis of the galaxy (Lynds and Sandage, 1963)
could only be reproduccd 1f the dust cloud had a differential veclocity
with distance along the minor axis.

Although comperisoa of observation with expectation was not

entirely sauvisfactory, the dust scattering model alonc seemed the only
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viable proposal that could at least partially meet the stringent restric-
tions imposed by the observations.

7.5 Hxgh Resolution Measurements at Radio and Infra-Red Wavelengths

Recent measurements in both of these spectral regions, have shown
that no single, extra-luminous, compact source 1s present in the central
region of the galaxy. The radio measurements, richly resolved over a
wide range of f{requencies, (Hargrave, 1974, Kronberg and Wilkinson, 1975),
,show that the nuclear region 1s complex in both spectra and geometry.
The moderately resolved results of Kleinmann and Low (1970), show that
the deep infra-red 1s also an extended source, while photographic
results 1n the necar infra-red (Raff, 1969), display many small localised
intensity maxima., These have been identified by Van de Bergh (1971) as
unusually luminous associations of early type stars. The ultra-violet
spectral peaks, are obscurcd by the dust, but the clusters radiate
sufficient pover in the infra-red, where attenuation is much lower, to
be resolvable on the infra-red plates The fact thal Lhe contrast
betwecn the emitting and surrounding regions increases with wavelength,
implies that the intensity maxima are not simply holes in the obscuring
dust. The analysis of line spectra {rom the emitting region, seem to
confirm the precsence of early type stars

These results have led Lo the conclusion that M82 i1s thermally
powered, by an over luminous nuclear region, wheie copious quantities
of dust have led to multiple star formation. The non—-thermal 1adio
sources resolved by i1ecent radio measuremenis are not much more powerful
than might be expccted for multiple supernovae events, and the lack of

any strong X-ray emission {rom the central region, has been taken as
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further evidence, that no single explosive event of galactic magn:tude

has ever occurred 1in the nuclecus 1f M82 (Solinger, 1976).

7.6 Inferences from the Polarisation Data

A novel approach was taken by Solinger and Markert (1975) to deter-
mine some of the physical parameters of the disk and obscured nucleus of
M82, by investigating the shape of the polarisation pattern formed from
the composite measurements of Elvius and Visvanathan and Sandage. The
salient fecaturcs of the method, were that the centre of symmetry of the
pattern revealed tne position of the hidden nucleus, while any deviation
from the circular pattern to one having an elliptical form (elongated in
the direction of the major axis of the disk) was a measure of the ratio
of the nuclear and disk luminosities.

The model assumed a point source nucleus and a circularly symmetraic

disk of radially decreasing surface brightness, the latter given by,

I(r) =1, . ¢ F 7.1

where I0 158 the surface brightness at the centre of the disk, I(r) the
corresponding value at a distance 'r' from the centre, and k 1s a scale
factor which caun be altered to fit the data. It was further assumed
that the nucleus and disk were situated 1n a cloud of Rayleigh scattering
centres, forming the halo of the galaxy. The expected polarisation
pattern could then be determined for a given posstion and orientalion of
the nuclcus and disk, and for a given ratio of nuclear to disk luminos-
1L1es The pJdrameters of the model could be varied until agrecment

between the model predictions and the experimental polarisation pattern

was achiceved.



The calculations concluded that the nucleus was situated near, but
not coincident with the positions of the infra-red or radio intensity
maxima, and, secondly, that the nuclear luminosity was probahly only
5% of the total disk luminosity. The disk luminosity function was _
found to have a value for 1/k, (the scale factor describing the inten-

sity profile of the disk), of 1 kpc.

7.7 Present Interpretations of the Data for M82

7.7.1. Introduction

Adopting the evidence for the non-explosive evolution of M82,
Solinger et al. (1976), have attempted to enplain all the observational
properties of the galaxy with a simple model, in which M82 was a normal
spiral galary which drifted into the M81 gioup of galaxies, less than
109 years ago. The interaction between M82, and an extensive, tenuous,
cloud of dust and gas surrounding the M81 region, (inferred from the
already radio detected H.I. cloud surrounding the M8l group), accounts

for thec evolution and observed properties of the galaxy.

7.7.2 The Lunteractive Process

The slow accrelion of the dilute dust and gas in the central dense
reglons of the spiral galaxy (M82), led Lo the rapid formation of
massive scdars, which may be continuing to the present day. The super
giants, which are responsible for the over luminous nucleus, soon
complete theii evolutions, by going through the supernova stage, and in
doing so, they cxpel the copious quantilies of dust observed in the
disk, and necar halo regiors of the galaxy A simple model of the
thermilly powercd drifting galaxy, which can satisfactorily explain

the optical appearance of M82, has also been showt by Solinger
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to account for many of the observed characteristics.

7.7.3. The Velocity T'icld

Tue Doppler line shifts to the north and south of the galaxy, are
explained 1n ¢ similar way_to that proposed by Elvius (1972), for the
point source nucleus The main difference, 1s that the unlikely
velocily gradient of the dust (described in section 7.4) 1s not necessary,
because the smooth gradient of theDoppler shift is a natural consequence
of the light source being an extended region, and not a point source of
radiation. The complex velocity field near the plane of the disk, 1s due
to the interaction of the dynamically bound intrinsic dust, with the

large scale dust field of the inteigalactic region.

7.7.4. Polarisation and Isophotal Measurements 1in the Halo

The new interpretation of the origin and motion of the dust cloud
surrounding the galaxy, does not sagnificantly affect the conclusions
previously formed from the polaiisation pattern, which assumed that the
dust was a result of a nuclear explosion, and thercfore originated 1in
the centre of M82. It does however, imposc more stringent requireuments
on the change i1n intensity of the scattered light, as a function of
radial distance from the source of illumination. Earlier comparison
of the expccted intensity gradient, for a spherical dust cloud bound
to M82, and the observed intensity profile, had shown that the dust
density decreased as the square of the distance from Lhe source, and
was Lhercfore bound to the galaxy. 1f however, the galaxy 1s drifting
in an external intergalactic dust cloud, the density should be uniform,

and the 1ntensily gradient of the scattered light wvith distance from
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the souice, should be concordant with this view poaint.

Solinger (1976), has calculated the expected profile, using the
disk and nuclear parameters, obtained [rom the earlier polarisation
studies (Solinger, 1975), and obtained good agrcement with the obser- -
vations, except for small distances away from the galactic plane.

The results of the calculations are 1llustrated in figure 7.2 (taken
from Solinger, 1976), where the expected intensity profile for a disk
source, and nuclcus with 5% of the total galactic luminosity, 1s com-
pared vith the observations. The results show that for distances

100 arc secconds (v 2 kpc) from the source, 1t 1s necessary Lo have a
decreasing dust density to describe the rapid fall in intensity profile.
The solid line, showing the difference between the theory and obser-—
vatious 1s approximately straight, which implies that the necessary
steepening of the intensity gradient 1s exponential, aund therefore
requires a similar form of decreasing dust density to explain 1it.

Solinger thereforc argues, that the fit 15 consistent with
required constant dust demsity at large distances from the galaxy, and
the exponential increase as the disk 1s approached 1s caused by the

expelled dust intrinsic to M82.

7.7.5. The Colour Gradient

The slight blueing of the scaltered continuum, with i1ncreasing
distance into the halo, 1s explained as a natural consequence of the
source distribution of light in the disk of the galaxy. The dominant
source conlribution to the scattered light al distances close Lo the

cenlral 1egion of M82 comes from Lhe near—nuclear areas, while at large
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distances from the plane of the galaxy, the quality of the incident
light on the scatterer, 1s described by the spectrum of the integrated
disk 1 ght. A gradual blueing of the disk radiation, with i1ncreasing
distance from the nuclear region, is all that 1s required to account

for the observed colour gradient in the halo.

7.7.6. The 'Filaments'

The filamentary appearance of the halo has been synthesised
(Solinger, 1976), by allowing the large scale constant dust density,
to exhibit clumping, with a scale size of approximatecly 10 arc seconds.
The results were consistent with the appearance of the M82 halo, where
the filaments are not long winding wisps as in the Crab Nebula, but

are a more randomly composed series of bright 'knots' and dark 'spiders'.

7.8 Analysis of the Durham Map for M82

7.8.1. Introduction

The map obtained, contains information about the state of polar-
i1sation of the light at each point an M82. The Stokes vector 'I', ‘
describes the total amount of light coming from each of the integration
arcas, and 1s Lherefore a measure of the photometiic brightness in the
B waveband.

The primary rcason for observing M82, was to test the reliability
of the electronographic camera, and subsequent computer reduction
programs, as a new Lechnique for the production of high resolution
polarimetric maps. Although the halo polarisation has been previously

studied however, the present map, with several hundied points in the

galaxy analyscd simultanecusly, represenls a much more cormplete
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determination of the polarisation pattern. The techniques employed
by Solinger (1975, 1976), to investigatc the obscured central regions
of the galaxy, (using the small number of photo-electric polarisation
points), can therefore be applied to the present data, to determine

the validity of the conclusions arrived at from this earlier work.

7.8.2. Preliminary Analysis of the Durham Data

As a preliminary step, the centre of symmetry of the pattern has
been found i1n order to try and locate the position of the hidden
nucleus.

In order Lo locate the position of the centre, an initial estimate
was made of 1ts position, and, from this position a radius vector was
drawn out to edach of the points at which the polarisation had been
measured. The projection of each of the polarisation vectors along the
radius vector was then taken, and the individual projections summed.
Each projection was weigh.ed with the polarised intensity (,/02 + U2 ),
obscrved at that point. The centre of symmetry of the pattern, 1s the
point at vhich the sum of the projections i1s a minimum, and this was
found by slowly varying Lhe position of the centre until the minimum
was found.

The program was run on the two independent halves of the map
obtained {rom electronecgraphs 1 = 4 and 5 - 8 respectively, which gives
a good check of the consistancy of the results, The mean position of
the hidden nuclcus from this determination 1s compared with that
obtained by Solinger and Markert (1975) in figure 7.3. The centre of

symmetiy found by the above method can be compared with that of
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Solinger and Markert even though the latter used both a disk and nucleus
as a source of luminosity, because the disk 1s symmetric about the
nuclevs. The error bars are derived from the dispersion of the two
estimates about the mean. Other interesting physical features_of the

central region of M82 are also included in figure 7.3 for comparison.

7.8.3. The Solinger and Markert Model

Very recently the program of Solinger and Markert (private communai -
cation) has been made available to us at Durham. The features of the
program are described in section 7.6. The program has been run on the
Durham data using only the most reliable measurements (v 400 c.f. the
50 used by Solinger and Markert). Table 7 shows a comparison of the
best {1l parameters of Solinger and Markert and the ones describing
our present data. It 1s comforting to note that the program gives
very similar fits to both sets of data, and also that our na:ve attempt
to locate the centre of symmetry 1s also in total agrecement.

It 1s obviously possible using our data Lo extend the Solinger
and Markerl model to iunclude non-symmetrical disk luminosity
functions, finite disk thickness, and geometric details of the
scattering medium, to yield further details of the unseen rcgions of

M82

7.9 M82 Conclusions

Many previous considerations of M82 have emphasised that various
central features in M82 were almost coincident, but 1t 1s not obvious

that there 1s a dctailed correspondence between them, as would be



Photo-Electric Durham
Model Parameter Measurements Measurements
Position R A. oS 51v 42,30 | 9PTS 510 41.9n
of
o ' " o 1 "
Nucleus Dec. 69 55 6 69 55 3
Position Angle of ;
70° 73
Disk
Rati1io of Nuclear
0.05 0.06
to Disk Luminosity
Disk Luminance
1 kpe 0.5 kpe

Scale Factor (k)

TABLE 7. Physical Parameters of M82 using the Modelling

Program of Solanger et al. on the Photo-electiric

and present observations.
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expected 1f a true compact nucleus were present. The most intense
radio component (cross hatched in figure 7.3), has no special position
in the i1nfra-red source, which i1tself 1s only near to the centre of
symmetry. Otber centres (shown for completeness in figure 7.3), for
example the optical bright spot are rather meaningless because of the
large amount of obscuration at optical wavelengths. The position of
the 'radiant of the filaments' 1s also in some doubt 1f the most

recent 1interpretation 1s accepted. The absence of a compact nucleus

1s also emphasised by the recent high resolution measurements at infra-
red and radio frequencies. The available data at different wavelengths
seems to indicate that there 1s a central, extended active core in M82
of ~ 300 pc 1n digdmeter.

The lack of an i1dentified singular nucleus does not houever
preclude the possibility that M82 has some resemblance to the nuclear
regions of Seyfert galaxies, tLhe over-luminance of which has been
attributed to supernovae cvenis at a rate of perhaps 1 every 10 ycars
in a limited volume (McCrea, 1975). 1In the case of M82, the active
region of the galaxy may be ~ 300 pc in diameter, about ten times Lhe
s1ze of a Seyfert nucleus, and the process would therefore be modified.
For a galaxy such as M82, with large amounts of dust in the central
regicn, this process does seem particularly approprirate. A galaxy of
this type, 1f we had a face on view, could represent the connecling

link betweeca Seyferts and normal galaxies.
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GENERAL CONCLUSIONS

The work 1n this Lhes1s describes one of the first attempts to
accurdately map the linear polarisalion of nebulous objects. Using the
1mprovements n recording technique offered by the advances in
clectronograpbhy, and with automated reduction techniques, 1t 1s now
possible to rapidly produce accurate polarisation measurements at a
few thousand points simultaneously in a faint nebulous object.

The results obtained with our techoique for M82 are a considerable
improvement both in quality and quantity on those previously available.
With these results, nmot only has 1t been possible to confirm the
previous conclusions made by Soluinger, but 1t 1s feasible to extend
our knowledge on the lumirosity distributions and conditions vithin
M82 -

Already the technique has been applied to the Orion Nebula

(Pallaister et al., 1976), and the Sombrero galaxy (Scarrott et al.,

1976), and very exciling results arc emerging.
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