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PRFFACE

The work presented in this thesis was carried out by the author when a
research student at the Department of Physics, Durham University for the period
1975 to 1977 while under the supervision of Dr. S. M. Scarrott.

During this period the author made several visits to the Hoyal Greenwich
Observatory at Herstmonceux, and also visited the George and Florence Wise

observatory, University of Tel-Aviv, Israel in May 1976.



This thesis contains an investigation into polarisation produced by light
scattered within nebulae and galaxies,

In the first chapter a general outline of mechanisims. producing polarisation
is given. This is followed in chapter two by a detailed analysis of the theory
of scattering., Here we show the formulation of the theory for scattering from
small particles (Rayleigh scattering) and scattering from larger particles,
(Mie theory). Chapter three gives an overview of interstellar grains, their
composition, growth, destruction, size distributions and the possible sources
of their origins.

This is followed in the next chapter by a study of the galaxy M32. Here
is given the scientific development of the galaxy showing previous models
developed and the controversy which has buili up over the years on whether the
galaxy actually exploded or not. Chapter five contains a dust scattering model
of the galaxy. This is hased npon the hvnothesis that the gal-xy has drifted
into 2zn enormous intergalactic dust cloud. The results and consequences of
the model are preseﬁted in chapter six. The dust scattering model u:ed for
M82 assumed Rayleigh scatterers. Chapter seven shows the results from model
nebulae consisting of Mie particles. Here discussion is given to the effect
on the predicted results when varying the properties of the grains. We also

mention the potentials of other forms of rolarisation techniques,
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CHAPTER I,

POLARISED LIGHT

It was shown by Maxwell that light travels in a sinusoidal wave form.
Moreover, being an electromagnetic phenomenon, it has-an electric vector E,
perpendicular to a magnetic vector H, which are both pervendicular to the direc-
tion of propogation of the wave. .

Any restriction on the orientation of the vibrations yields polarised light.

1.1 Description of polarised licht.

In natural light the electric vector E is randomly orientated. When the E -
vector is confined to vibrate in a particular direction, the light is said to be
plane-polarised. Ilesolving the E - vector into two components with respect to a
fixed co-ordinate system yields three quantities, the amplitude of the K -
vector, the angle it makes with respect to the co-ordinate system, and the ratio
of the two components,

Elliptically polarised light occurs when two component waves of plane polar-
ised light are differentially interfered. The result is a phase difference
between the two waves, This is physically represented by a rotation of the § --
vector in both time and space and so the E - vector describes an ellipse. When
the major and minor axes of the ellipse are equal (phase difference egual tc II
the E ~ vector will describe a circle. This phenomenon is known as circularl;L

polarised light.

Any beam of light may consist of a mixture of natural and polarised light.

With the aid of Stokes' parameters, the beam can be split into the two respective

components.

l.2 Stokes Parameters.

All polarised light can be represented by Stokes parameters. These para-
meters have the property that they may be added i.e. they are vectors.

The most general form of polarised light is elliptical ( see figure 1).
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Circular and plane-polarised lighi are just special cases of this.
Resolving the E - vector along the 1 and r axes (1 and r denoting parallel

and perpendicular) we have.
(eo) .
=30 Sin(wk-€e)

P fr“)S(v\ (wE-€Er)

where &€, and €y are constants and & is the circular frequency. However, we may

(1.1)

describe the ellipse as

Se - Su) Cosp Sin wt

To, TV Sin g Guoot -2
Here, ta.n,@ is the ratio of the axes of the ellipse (b/a) Noie also that
o) \ 2 .
()% (37) "+ (g9)°
= Le+ Ir (1.3)
where I denotes the intensity. = 1
Comparing (1.1) and (1.2), it is readily shown that:
Te=57C Cosgs Los B Sin wb-Sin £ Sinb Cos ot )
R _ _ 1.4
e =3¢ Cosg SinD Sin Ot +Sin 8 Cos® Coswat)
by putting (o) (o) 2 . 2 Yy
f{° =3 C CoSL/SCos &*Smﬁ Sl'r\?'tj)
V= §7C Cass Sin?B Sin’8 (5%0) ™ 5
along with X
tancg = ‘b.v\ﬁ -l-ar\g 1.6
1.6
+ah6r :"‘,Wﬁ Cob&
We then have
Te= [SMI*- I ¢C Gos's Ges’D +Sin3 Sin*B) o
1.7

Le = L§7]" = TCCor% SinDuSinds (os'0)

and we immediately see that

L=TexrIr
Q - 1-{ _I(_: C S>2¢o))2._ (gr(oj)k-

Using equatiéns (1.5) this may be written as.
Q= L i Cos’/'s (Cos™ D ~SinB )+ Sl'»\?] (5'.}\19-60528 )}
= T { Cos2DCCos®8 - Sin%s 1}
= T Cos20Cos28

Similarly, we define U and V such that

LL = —2 3'10)‘.'5',“) COSCEF—GQ) = 1 Cbbzlg SW\QB

We define
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and V= Qféo)f(:)g{“ Cec-€e)= LSin ZF

The quartities (I, Q, U, V) are Stokes parameters, and written fully are
I=Te+Ir
Q= Lln'BGs28 = To-Te
Ws=1 Cos"ﬁSmZS = (Te-Tr )tun2b (2.8)

Immediately we find

N= TSm2g = CIe-1/) ton2s Sec 2B
I?- Q%+ wiev? :
with \ '
. /.
ton28= WaQ , siw2B = V(@R utevi) 2
For plane-polarised light, ﬂ:o (¢in=e tan = b/athis implies b=0), and the
equations (1.8) reduce to
T=Te+TIr
Q= I (o320
U= ISn 26 . (1.9)
V=0 :
12- Q%+ ut
In practice, the beam is usually a mixture of natural and polarised light, so
2 2 i
this quantity, @ + U is called the polarised intensity and is denoted by Ip.
So
I=Te+Tr _
Q@ = TpCos 20 | (1.10)
W= Tp Sin 2
Since light is a mixture, it can be shown that the intensity is written as
12 @2+ ub+v?
and that it is possible to set up two independent groups thus
2 .,
(I-€Q*+U*Vv®)" 0,0,0)

. and (1:21)

(CQ2e u2+v3)™ q,u, v)

The former represents natural light while the latter describes elliptically
polarised light.

In fact this is an important result that states that a beam, consisting of a
nixture of light, can be separated into natural and polarised light and thus
analysed separately. A full analysis of this is given by Chandrasekhar

(1960).
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‘1.3 Astrovhysical processes producing polarisation,

There are three main processes that produce polarisation. They are synchro-
tron emission, transmission of light through aligned dust grains, and scattering
by electrons and dust grains.

a). Synchrotron emission is a phenomenon that occurs when energetic charged
particles are introduced into a magnetic field. The particles descrite circular
mofions around the magnetic field lines and also have a linear motion parallel.to
the magnetic field lines. During this process they lose energy which is given off
in the form of synchrotron radiation. This radiation is usually very highly
plane;polarised and the E - vector lies perpendicular to the magnetic field. Only
relativistic particles however, are capable of emitting radiation in the visible
part of the spectrum. An example of such an objest is the Crab nebula which shows
up to 60% polarisation (White 1977). Only a few objects will have such an input
of relativistic particle (such as Supernovze remnants) but other objects possess-
ing magnetic fields will emit synchrotron radiation. These however, are usually
detected by radio measurements since the component in the visible is far too
small. |
b). It was shown by Greenstein and Davis (1951) that anisotropic grains can be
aligned in a magnetic field. Usually the long axis of the particle is perpend-
icular to the magnetic field and the grain spins around an axis parallel to the
magnetic field. The grain precesses by an amount depending on the strength of the
magnetic field and if the field is situated in a turbulent medium (aeg. H II
region) the colliding electrons and protons will tend to increase the precession.

" The effect of aligning those grains is that light passing through, from stars
say, will be polarised in such a way that the E - vector is parallel to the
magnetic field, Our ovm galaxy possesses a magnetic field and interstellar
polarisation of starlisht was discovered by Hall (2949) .

However, we do not necessarily need a magﬁetic field to align grains. In I IT

regions where conditions are hot, electrons and protons, flowing from a source,
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will collide with the dust grains, The result is that the grains will align them-
selves such that they offer least resistance i.e. the long axis of the grain will
be parallel to the particle flow.

Radiation pressure may also align grains in the same manner if it is strong
enough. Jome believe that this is what is happening within the Kleinman - Low
infra-red nebula in M 42. (Pallister 1977).
¢). Scattering occurs in most astronomical objects such as nebulae and 'ordinéry'
galaxies and is probably the cause f6r most polarisation observed. Electrons
behave like radiating dipoles so their scattered intensities are given by Rayleigh

scattering theory.

I=Cu+Ces*®) R (x|* I (1.12)
1r?

where r is the distance from the light source to the electron, 9 is the scatter-
ing angle, K(=Q%E) the wave number and & is the polarizability of the particle.

For an electron, the polarizability is given by

oL = -2
2 (1.13)

where Wis the circular frequency. Substituting into equation (1.12), we find the

wave length dependence no longer exists.,
The amount of polarised light to the total light (defined by p = (QZ-Q- M,z)'ll')
for Rayleigh scattering is given by *
pP= 1-Cos?0 (1.14)
'+ Cos?6
Here, also there is no wavelength dependance.

Very small grains in a vadiation field will also radiate like an oscillating
dipole if the size of the grain is small compared to the incident radiations'
wavelength, so equation (1.12) may be applied in this case,

For these grains the polarizability is usually wavelength independant, meaning
that the scattered intensity will have wavelength dependance., However the

polarisation is still wavelength independant.

As the grains increasc in size we arrive at the stage where the size of the
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grain is comparable to that of the incident lights' wavelength. In this region,

and beyond, Mie scattering theory has to be applied. The formulation for this
will be given in a later chapter but we can say now that there is no analytica} '
form for the variation of polarisation and intensity with wavelength, except to
say that they are functions of wavelength.

In all these types of scattering the E = vector will lie perpendicular to the
scattering plane, defineéd by the incident radiation and the scattered light. it
is possible however to get scattering from aligned grains. In Mie theory we

assume the grains to be spherical since they are randomly orientated, but.for

aligned grains, as mentioned earlier, the long axis is perpendicular to the
magnetic field (assuming the Greenstein - Davis mechanism). It follows that the
E - vector is this case will be parallel to the long axis.

To sum up then, the scattering properties are summarised below.

Type of Scatterer Intensity I(A) | Polarisation p(})
Electron I(A) = constant| p(A) = constant
Rayleigh Dust Particle | I(A)oC X-"" o(A) = constant
Mie Particle No Analytical No Analytical
Expression Expression

1.4 "Heasurement of linear volarisation with the Durham polzrimeter.

The Durham volarimeter used in conjuction with a four centimetre electro-
nographic camera is capable of simultaneously measuring the quantities I,Q,U, at
4,000 points within an extended astronomical object. The reduction procedure
automatically removes the effect of sky brightness and polarisation by determining
the Stokes parameters for the sky observed along with the object, and then
correcting the parameters determined for the object.

The polarimeter and reduction technique has been described in detail elsewherc
(Pallisterl976). The data used in this thesis was taken and reduced mainly by

Pallister and Scarrott and the author was presented with the data for the analysis




in tnis thesis.

One pertinent factor to be considered when interpreting the data is the

errors of the measured quantities.

Figure 2 shows the errors as a function of

signal level for both the degree of polarisation and position angle for measure-

ments on the galaxy M 82.

later in this thesis.

69 58" =

These errors have been used in the analysis described
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CHAPTER 2

MIE AND RAYLEIGH SCATTERING THEORY

As mentioned earlier in this thesis, the scattering of light by dust
grains etc., is one of the more important processes that produces linear
polarisation in astrophysical situations. This chapter is devoted to a detailed
description of the scattering formulation on which models of nebulae are built,
to describe the polarisation measurements, Two types of scattering of light
by spherical particles will be considered here. Rayleigh scattering occurs
when the particle size is smaller then the wavelength (A) of the incident
radiation and the scatterer acts as a simple dipole, In the other case, as
described by Mie scatiering, the particle size is of the same order as the
wavelength of light and the refractive index of the material of the particle
has to be included.

The nomenclature uséd in the following derivations is of Van de Hulst
(1957).

2.1 Pundarentals of Scatterins theory

Consider a beam of radiation of intensity Io being scattered by a particle,
The scattered radiation then has intensity I defined by

I= I, F(O, QZ

2.1)
REr (2.1)

where R= £\’T, r is the distance from the particle to the observer, and F(@,gﬁ) is
a dimensiogless functign that describes the amount of radiation scattered in a
particular direction, defined by & andf , the scattering and azimuthal angles
respectiively.

Eech scattering particle can be represanted dy two cross-sections; Csca
(the scattering cross-section), measuring the amount of radiation scattered from
the incident beam and Cabs (the absorption cross-section). The total amount of

radiation lost from the incidents beam is represented vy Cext (the extinction

cross-section) and is just the sum of Csca and Cabs.

. ey —ee
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For our purposes Csca is the most important factor and is defined by

Csea = _l_ifF(Q?)du
R A

Where d 1 =S‘,;\bd6d¢

Rediation carries momentum, and the amount of momentum removed from the

The portion removed by scatiering naturally

(2.2)

incident beam depends on Cext.
depends on Csca and is proportional to I Cos9, the forward component of the

The total forward momentum is then proportional to

F(8,9) Cosb ol

scattered light.
(2.3)

<t15€y>(:sal::_L
RZ-
Lo

vhere <Cos©>denotes the weighted mean of Cosﬂ. This is just the phenomenon

of radiation pressure and its cross-section is given by

CPr = Cone = ( (050 Csca (2.4)

The force applied to the particle is just Io Cpr/ec.
If the particle is a sphere of radius a we can define the 'efficiency

factors' as the cross-sections divided by the 'physical' projected area of the

These efficiency factors are denoted by Q's.

»

Cenb/ Mat
Csco./ Mo (2.5)

particle.
So that
Gk

Qo
. T
G abs = Cabs/Non
A relationship can be obtained giving the intensity and state of polar-

and

isation after scattering, as follows,
If I, Q, U and V represent Stokes' parameters for the scattered light, then

(2.6)

{I-JQ)u, V}‘-= 4 I'{.LO,Qo,uo/Voi'
where Io, Qo, Uo and Vo arc Stokes' parameters for the incident light. The

matrix F contains sixteen components, so that for example,
-~




- J0 =

=1 {FiTo+ FiaGo + Fiy Uot P Vo)
R (2.7)

But from equation (2.1) we have
1= ECS¢) 1o
k& r 2
so that F=FutFn QO/Io + Fi3 uo/Io + Fie Vo/Io (2:8)
For unpolarised incident light F= F|,

If instead of a single particle we have a medium containing N different

particles, then for the ith particle

I. = 'E'er Fy (9,5») To (2.9)

From this, a definition for F(@,y’) may be obtained for a whole medium, so that

F(B )= ZFi,9). - (2.10)

(This is based on the assumption that phase effects may be neglected) "

In the medium however, the light is attenuated by a factor C:xswhere S is the
path length traversed by the light., As well as this, the particle sizes are
given by a distribution function N(a) such that between radii a and a + da

there are N(a) da particles. We now have
it L
X = jN(&) Qe‘b (0-) ﬂ_(l- d-& (2.11)
°
20
where N = INC&) d& is the total number of grains.
-;‘ °

Note that Qext is a function of a as well as0 (hered =0).

2.2 Formulation of extinction and scattering cross-~sections

Consider an arbitrary particle in a radiation field. We may write the
incident field in the form.

" e-i(.k&—wb) (2.12)
0 -
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This is sometimes called the disturbance. We may write the disturbance of the

scattered wave as

(R~ wb)
< S( e-t(nr X
u “%;:(‘0) (2.13)

since the scattered wave in the distant field is a sﬁherical outgoing wave with
amplitude inversely proportional to the distance r between the scatterer and
the observer. Here S(@,f) is called the amplitude function, and it is the
solution of this function which is one of the prerequisites for modelling
nebulae. Equation (2.13) can be written .

_ _tR(T=-2) .

U=25e8,9)€ (2.14)
LR

and since intensity is proportional to the squere of the modulus of the disturb-

ance

z
IS(A = LS C&J ¢) I_Lo
Rirt (2.15)

If we now try to calculate the amount of extinction by a particle, we
must consider the combination of the incident and scattered wave, since the
particle is placed in a radiation field.

Consider an observer at a large distance from the scattering particle, he
will observe the intensity over a finite area (see figure 3). Let P(x, y) be

a point within the 'collecting' area. (This may, for example, be a mirror of

a telescope). Since r¥(x, y) we write

=2+ L%g‘_) (2.16)

Then Ueto = to 1+ S0 - (2:27)
iRr
or using (2.16) 2 .2
- )
U+ lo = tho ( 1+ SCo) £-ROGH ™) (2.18)

1R2
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(N.B., b = 0)
and )
z : 2Ly
_ tR(xE4
Luwuol = 1+ &2 { o) e zz-"'j }
Rz i (2.19)
Integraiing this expression over the area, dxdy, and using the property of the

Fresnel integral viz.

‘[C—“S(l5= _zl:m

we find

Cest = LE;Q{ S[o)}

(2.20)

The physical significance of this is that the particle does not block the
wave, but causes an interference phenomenon. '

For many scattering particles we may, as before, write each particle as
having an individual scattering function SJ.(@,;J) 'i‘o find the amplitude func-
tion for the whole medium would mean reforming all the individual amplitudes to
a common origin and then summing. This would involve large phase shifts and so
the individual intensities, and not the amplitudes, have to be added thus,

T4, ¢)= ; Iz‘(OJ(Io) (2.21)

Integrating over all areas gives

Csea = 2 Ci)sca _ (2.22)

{
We can express the amplitude function as

S(8,9) = se*® (2.23)
where S—S(Q?)ND and5'=5'(9',§0)is real.
Note that® deypends on the choice of origin, except for 6: 0 when
S(0) = sty et (2.24)
and the phase,0(0) is independent of the choice origin. So

Sto) = 22 Si(o) (2.25)

in which case it follows that
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Cesb = 20 Ci,ert (2.26)
t
Consider now a 'slab! containing scatterers all identical and all orientated
the same way such that they have the same scattering amplitudes %(0, q’) (see
figure 4). Let the particle density be N. The radiation received at P is a
combination of both extinction and dispersion, so that the total ampiitude

received at P is

. L.yt '
- _— - 1,‘2!‘(70 + ) }
U= Mo {, I+ SCO)z J_. e T':H (2.27)
ke
If there are many particles, we may replace the summ ation by integration giving

W= uo{ -+ Sfo)fffﬁ_l:_p e_,,krc T olw.olﬂdsj (2.28)

This then gives
U=Uo § 1- 2 N¥SCo) |
R 2 (2.29)
Now if this slab is replaced by a slab containing homogeneous materizl with
complex refractive index T such that | @ | % 1, the amplitude of the wave is
changed by an amount proportional to
e-tkecm & l-i;k(_(lx\—l) (2.30)
This is saying that uo is changed to u by an amount shown in equation (2.30) so

on comparison we find

-tk (M=) = I~ 21T N €5Co) (2.31)
R

= I- ﬂ&kizS_CQL (2.32)

Representing the refractive index by ™ = n - in’ the real part becomes

or

n= 1+ 2N {So)] (2.33)
k3

Tlis determines the lagging or advancement of rhase of the wave travelling through
the medium.
This is dispersion and the phase velocityof the wave travelling the medium

is ¢/n
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The imaginary pert of m is

(2.34)

.?_IT_;IQ{SCO)}
R

This determines the decrease in intensity of the wave. It may also be shown that

Y- 4%4_3 X {Sto)} (2.35)

2.3 Mie formulation

The solution of scattering of radiation from finite spheres (i.e. spheres
with 2fta~|) is obtzined by solving Maxwells equations with appropriate boundary
conditions., Some of the derivations will however be omitted.

With the usual notation, Maxwells equations are

V= 407 ?_P (2.36)
C-
VrE = H
*E= -L %, (2.37)
where D:{E and  J= E

These, along with the conservation of charge equation viz.
V-TI+ % =0 (2.38)

give us sufficient equations (along with boundary conditions) to solve the
problem.

First, with equation (2.36) we write

s

v-(wg):egv-g-«_L 2 (v-p) (2.39)

¢
Y,

AU CV-T )+ LI (v D)=0 (2. 40)
< < 2t ~
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Using equation (2.38), the zoove equation can be written as

VH=O

We assume circular frequency W viz.

Az (xrig)ett

but interest will only be given to the real part of this.,

Since H oC ei“b
then a’% = 1wH
a o~

So that Vx££ = -tk H
where 2= =200
> A

Equation (2.36) gives

- ViH=4TcE + £ 3£
| o c ot
and since E o et
then 's)._g = *—UE

| ot
‘ Equation (2.45) yields
Vit = 4II6cE + (g E = A RmPE
c c = -

z .
where m= E~41T6 1
(78]

index of the medium at frequency ¢S.
Taking
V- (VxH )=V (1RMPE )=

gives

V- (m*E )=0

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

is the complex refractive

(2.47)

(2.48)
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For a homogenecus medium, m = constant and so
VK =0 (2.49)
givingo=0 (D:=CE)
The cbmponents of E and _}I satisfy the scalar wave equation viz.
Viy= - R"mtp (2.50)
The simplest type of solution of this equation corresponds to a plane wave

travelling in the Z-direction i.e.

R+ (wbE
(/}- et = (2.51)
Now let us consider the boundary conditions. ILet the two media be denoted

by ‘1 and 2, so that medium 1 has quantities (e.}ﬁ',lm.) and medium 2 (&, ,6z,M).

If ' denotes the normal to the boundary then we may write

A
hx(H,-H)=0

A 2.52
NX CE,-E,)=0 (2:52)
As well as
N (Mg, - mig) - '
2 22~ My E)=0 (2.53)

- ( W, -H )=0

The scalar wave equation has elementary solution of the following type
Cos €g | P
Y = Cos tp } n CCes8) 2, (mEr) (2.54)
Sintg
where n and 1 are integers (n3€>» 0 ). Here, Pf (Cos8®) is the associated
Legendre polyncmial and Z, (mkr) the sphericai Bessel function.
Now from (2.44) and (2.45), one obtains the vector wave equal.tion
V%A + Rm A =0 (2.55)
To solve this, we make use of the following theorem. If 1{) satisfies the scalar
wave equation, then the vectors My and N¢ satisfy the vector equation (2.55)

where
My = ()
(2.56)
mRNw= T x My

and

MR My = Tx Ny
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If the scalar wave equation has solutions u and v, and the vertor fields

components are Mu, Nu, Mv and Nv. Then Maxwells equations are satisfied by

He +1Nu (2.57)

T UM

and =m (- Hu+LNs)

The full ccmponents of M¢ and y*;are

Mg = —""6 2 (np) | (2_.58)
and

MmRNy = L ‘a:G Cr) | (2.59)

mRNp - L = 2% (ry)
. r$ind arog
So E and H may be written in terms of the derivatives of the scalar solutions.
Ve can now solve the problem of scaitering of a plane wave by a homogencous

sphere.

We assume the second media to be a vacuum i.e. m,=l .

If the incident beam lies along the positive Z-axis and the X-axis is in

the plane of the electric vibration of the incident wave

- A -1R&+ink
Then E e ax e .
and A _-1k2awsb | 2,60
where Qz and 25 are unit vectors in the appropriate directions.

It has been shown that the solution of the scalar wave equation can be written

in the form.

Y = o3¢ } P “C6o58) 2 (maer) " (2.61)
Sin €9
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It can be proved that the fields given by equation (2.60) along with

equations (2.56) and (2.57) can be written as
e‘“"‘ Cosfﬂ C W) 2nel P (&:sB)J,\ (er)
ACh+1)

V=€ Sing 5 - Zntt PrCCxO)Jn Cler)

b AN+t
for the incident wave j,\(kr) is a spherical Bessel function.

(2.62)

Nhey

The field outside the sphere consists of the incident wave and the scattered
wave. If we let the boundary conditions be satisfied at infinity then the
following equations are sufficient

= e";’bCos? Z ~an -1)" 2n+| P (Cos®) k"') Cler)

nin+ l)

uob
Vg = Sing Z “dn (-1 2nn1 P C(osg) h“)Cler')
YD) ,
vhere the subscript s denotes 'scattered'. Here, h (z' (kr) is a spherical Bessel

(2.63)

function of the second kind so chosen because of its asymptotiic Ehaviour i.e.
(2.) V\'H -ikr
h,’ (er)~ e (2.64)
Rl‘
vhich makes it an ideal candidate for the solution.(This is because when it is
et .
combined with € it becomes an outgoing spherical wave)

For the field inside the sphere

Wi« e™* fo=¢7-: mCn C-i)" 2ne) Bulasd)jatmae)  (2.69)

ninst)
{2 € Snp T mdhn 0" Znat o)) Uner)
n Jr\ r
nlna)
The coefficients a“,‘ bas Cn and 4, when determined give us the completion
solution to the scattering pro‘plem. To solve for these we use the boundary
conditions (2.52) and (2.53).
The com'pnents we consider are Ey, E?, Hg and HP . Now derivatives with
respect to 8 andfa.re the same for waves both inside and outside the sphere, so
they need not be considered.

Eé and E? both contain expressions involving y and _a (ru) and components

or
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Hy and Hp containmu and)rv).
rlg
When r = a, where a is the radius of the scattering sphere, the expressions

mst be the same. We define the following set of functions,
Yn(2) = 2), (&) = (T2/2) "J,,.; Cz)
Xnl) =-2 Ny ()= -(rtt/z,) “N, neg C2) (2.66)
S\ a): 2 K (a)- (m2/2) * 1Y, )

V\f’/‘-
These are the Ricatti-Bessel functions
Since ¢2) - .
H, cz) = Jalz)-1 Nucz)
we imply

Sa@)= Pacz) v i nt2) (2.67)

We now define two important quantities, the dimensionless quantity x = 2.176\/;\
and y = mx ,

For the sake of continuity we state:

Incoming wave - Scattered wave = Inside wave. This, combined with boundary
conditions, give us the following continuity conditions.

l. Continuity for mu implies

’-{/n(X) ~anSnlx) = MCn L'Ih(g) (2.68a)
2. Continuity for _L ; (ruw) implies
Ynix) -G §., (x) = Cn Ply) (2.68v)

3, Continuity for v implies

(n (%) =B Sa Gt) = cln Pn(y) (2.68c)
and
4. Continuity for aar(rv) implies that

‘l"n(-“-) "Ibn&i(x): ol (lb'nl.ﬂ) (2.684a)

Eliminating ¢,, and d,. from the above equations we have

(2.69)
On = V\ (-”i) ‘«Pr\(?(,) m (J/n.(M)LPn.(I/J

qmcg) Shlx) - m\%cy‘g (i)
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daz M ‘(-\_ - Ynly) pnCr) (2.70)
MAPlaly) Sale) - galy) Salt)

We ignore c, and d, since we are only interested in the scattered wave.

Armed with a, and b,, we now proceed to solve for the scattered wave.

Since the asymptotic behaviour of h‘:)(kr) ~ e—tkf‘-
'r
(equation 2.64). Equations (2.63) become
« -tRrelE o0 :
Use -2 € Gsd I an 20el Py ((osd) (2.71)
Rr nei nints)

and

¢ aiRreiwot = '
Vg = -4 € * Sn‘\¢ Z dn 2+l Pn (CDSQ)
R Az
n(n+i)

On deriving the tangential field components by means of equations (2.56)

and (2.57), the following functions of the scattering angle appear.

TaClosb)= L. PaCs®) = —1_ o Paliosd) (2.72a)
s;'\e SING o{s
and :

T CCosB) = 0‘%@ P’ CLosbd)

which may be written

T (ot®) = CosB T (Los®) = Sin D ol Tn¢(ps6) (2.720)
A Cosb.
The field components of the sce_xttered wave can be written as
_ v dikre1wb
EgeHpe-a € T TTTGngS(0) (2.73)
, Rr
. ’ Lwb
Ep- H?o s -1, C'tkr.ﬂ'w C&?.Sz_ CG)
) Rr
where
< (2.74)
0= 2 Zae) Lan TTn CCos®) b T Cosd) ] 14

ninti)

52002 2 2ngi { b Tin CCost) + o Thn( o)}

nn+h)
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By defining

()= IS,(G)lz (2.75)

and . 3
L(8)=15.(8)]
we ¢can express the state of light scattered from the spherical scatterer.
For natural incident light of intensity Io, the scattered intensity will be
given by

e |
{1 wi kg_rxf)} To (2.76)

and the state of linear polarisation of the light will be

1,(8) =~ 1, (6) 2.77)
1.(8) + 1o (8)

2.4 Procedure to calculate coefficients

To calculate ap end ba we use the recurrence relationships of the spherical

Bestel functions. These are written as

(zf )j;(L) jh,c») jc (x)
d, Cx“jC) x4, ~) (2.78)

dx(s:: ﬁ(x)%—x ju.Cx)

These differ from our quantities by an additional factor of the argument. Thus

'l/In CDC) = 9(.J.n CL)

Eguations (2,78) can then be written as

QLD theln) = a0 + Pens () (2.7
> &

d C)L(LPJ_CL)) = I 1Pe-, Cx) (2.80)
oLx
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_ (2.81)
a%cc x““"% Cx))=-2 “*')4,4_,,, (x)
Equations (2.80) and (2.81) are given by
" ! .8

%4{(%)1”#@(1): y/{_'(f-) (2.82)
r, 2.83)

. ) = 0,y )= (

Y’l (x (_Q%l) 'LI/@(X) '(%/4.”()()

respectively.

Expressions for a, and b, can be re-written, using equation (2.82) and

(2.83).
we have
Gn = (An(\gj)/m'\ + "}/x )Q&gﬂ(X)} - Q{? _L(x)} (2.84)
(A"L&)/’M +nfx ) S.0x) - o (x)
and T
(2.85)
bz (omAnlw)yn/od @{S’,\(x)} - R ($.00}
where (AM A“(j)*n/x) S"‘Cx') = Sn-t C)L)

An(y) = Y$nt) fpaly) (2.86)

Equation (2.79) gives us the recurrence relation for Cu(x) viz.

SnC'JL) = Zn=) Sn-—c (1) - .sﬂ.'L C;x,) (2.87)
p &

with .
S;CD'-') = Sl N+ 1 Ces 2C

S-1€x)= CoSa¢ -~ Sinx (2.88)

Using equations (2.82) and (2.83), a recurrence relation for A (y) is obtained
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An(.\kj) = -I’\/ﬂ -+ {V\/j "'Al'\—l(j)}_|
_ (2.89)
with Ao(jj): Cob\lj

Equations (2.72a) and (2.72b) have appropriate recurrence relationships

TD‘\ (.9) = CD&S <2V\-l ) TEY\—((Q) —_L)—L_h-)_(_g) (2.90)
¢ n-1) (h."l)

CT;\(Q) = CO.Sei Th ®)‘Wh-l(@)}'fh4) szg m—l(g) . crh_,zw) (2.91)

with
Tal®) =0 D) =0

n(e)=| 5 (0) = (s

T02(8) = 8(os & G0 = 30528
All these equations enable us to claculate a, and b, , thus giving us 8, (B) and
Sy (&) which in turn enable us to find the intensity and polarisation of a
scattered beam. The above analysis was formulated by Wickramasinghe, (1972).

2.5 Rayleigh scattering

We consider particles of arbitrary forms. The only condition here is that
the particle is small compared to the wavelength of the incident radiation,
Because of the partiicles' size, it may be considered as being placed in a
homogeneous, electric field Eo, which will be called the 'applied' field. The
effect of the particle, caused by the electric polarisation of the particle,
is to modify the field (denoied by E) both inside and near the particle.

If p is the induced dipole moment, then the electrostatic formula gives

=]

p =&Xo, whére & gives the polarizability of the particle,



Usually &€ iz a tensor, which meens that the directions of Band Eo coincide
only if the field is applied in one of three mutually perpendicular directions,
denoted by the unit vectorsq}i (i =1, 2, 3). We have then an expression for
Eo i.e.

Eo = 2, E; ’?L (2.92)

=

Immediately giving

o« Eq A : (2:93)

wt
(Note that if the extended field is periodic i.e. Eoe. then the induced dipole

ot
is p€ ).

P=

L

5

The particle in the applied field radiates like an osdllating dipole, which
radiates in all directions,
Consider a point P at distance r(>7;\) from the particle under consideration

(see figure § ). The scattered wave observed at P is

. \ .
E = ,Q_E&na’ e“lk‘r (2.94)
r
The intensities are
2
To= c |zl (2.952)
grc
for the incoming wave and
—_ 3
T=c 5] (2.95v)
8

for the outgoing wave
To find the energy scattered per unit time in all directions (W), we

integrate over a sphere of radius r. So that

2ic T

Wz et [E]d w _g: J[P_LLISW(T”[&O[?
0. LA

ha)
=



'S 9ld




(2.96)
= K PI{ simdy o
4 - Ty
which simply reduces to
W= R |p|*
3 4 (2.97)

2 2
Dividing by To gives the scattering cross-section. With IFI: Id EJ along with

equation (2.95a), we find

Csea = _hL- uk*lxl (2.98)

where 2 2 2 2 2
loc = €7t 1+ Mt |+ nJoc|
and J, m and n are the direction cosines of 13_0.

Consider now a particular type of Rayleigh particle. The case when

«, =y :c%é =X

In this situation the directions of2 and Eo always coincide, in which case
the polarizability, £ is a scalar. If [ is the scattering angle then the per-
pendicular component (r-component) has rﬂz, while the parallel component
(1-component) has X:TI’/Z-B . It follows therefore, that the scattered intensity

is given by

- (v Cos™®) kY| T (2.99)

2rd

where Jo is the intensity of the incident light. Consider an assembly containing
non-spherical scatterers which are randomly orientated., If we concentrate on onc
particle we can give it a co-ordinate system (see figure 6 ). The scattered

light lies in the Z0OY plane. Denote unit vectors ’r}x, ?15, 33 along the x, y and

A
A - . 3 -
z axes respectively, and if 1, and r, denoie the unit vectors in directions of

Eoe and Eo,then A A
(C,0)= CRy Ax)
°) [o] - J J nx
Yor the scattered wave we have
(4

(Q,?) = (Vl\\jctu)9~ stu\sl ;\\x)




oY
o
._/_i_@ i
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COMPONENTS OF SCATTERED
LIGHT FIG. 6.
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The eleciric vector may be written as
- - A - A
Eo = Eo.e_ nj + L'io,. Nx
Now the particle orientated in space is characterized by three unit vectors

~ A N
n., n, and n‘s . So that

A A A A
Nw = CH V\, *Cn_ n:_ '\'C.s V\S

~ A "
Ny = Ca N, vGa Ny +Cag R

(2.100)
la) A A, ”
’\3 = Cqy N +C3z Ny + Css A3
The components of the induced dipole moment P are found to be ,
Pac 2 Eor /‘l‘)u + Eor?n.
Py = Eop Pt t EorPur (2.101)

i.e, P6= EOT-—Pa) + Eor’PSZ

3
P«:k‘—?né‘-%c'i)‘c‘i)' O‘J' 2k
Multiplying the ccmponent of p perpendicular to the radius vector, by &_e'
- r

gives the electric field of the scattered wave. Then

. A A . _ 'y
giving E-’-‘-’ h.an_u) CQ)S""}S\V\Q)*‘L:P Nac

Ee= (Rd-Rsind) ke /r (2.102)

which gives the scattering matrix for one particle as:

Qa2 g& - £k3 (Pu(QSB ‘?15 Gnd ?ILCOSB"'PI'&S‘“‘&)
Sq § ?n. ?u

We can now compu..te the combined effects for all particles. Taking averages of the

(2.103)

products over all possible orientations, we have the relationship given on the

opposing page.

The effect therefore of an assembly of randomly orientated non-spherical
particles is to depolarise the light. A full treatment of this phenomenon can
be found ir Chandrasekhar (1960)- The derivations in this chapter give the
intensity and fola.risation as a function of particle size and refractive index

foi‘ both Rayleigh and Mie scattering,
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By invoking a geometry and dust distribution for the nebula and using this

formalism we will be in a position to create models to describe the observed

data,
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CHAPTER 3
THE NATURE OF INTERSTELLAR GRAINS

Many years ago the observation of dark obscurring clouds in the Galaxy
suggested the existence of matter in the form of dust grains in the interstellar
medium. The possible constituents of the dust has varied over the past few
decades. Initially Schalen (1939) proposed iron, later Van de Hulst (1949)
provosed ice and more recently Hoyle and Wickramasinghe (1962) suggested graphite.
At the present time a variety of materials, e.g. silicate, 5iC, graphite, seem to
be able to explain observations.

There are a number of ways of explaining this dust. For interstellar grains
we have £he reddening laws and interstellar polarisatioh. In other objects, such
as H II regions and planetary nebulae, we employ the study of absorption features,
colour diagrams and polarisation measurements. We shall see however, that
although we can observe these quantities, many of the deduced properties remain
questionable.

3.1. Extinction by interstellar grains

Let us first examine how we obtain information from the extinction of star-
light through interstellar grains, Using the guantities of the previous chapter,
we can say that the obsarved intensity of starlight, seen at wavelength A , can be
written as

IV = Lo (A) exp (-NfTa* Qext (o, A)) (3.1)
where Io(A) denotes the intrinsic intensity of the star and N is the grain
density. Defining the optical depth as
T = Nl Qect (4, A). (3.2)
we have the familiar equation of transfer.

T = To(ve " (3.3)

or in terms of magnitudes
ag

Amm()\)=10%6 f Te? Qertila, ) nla) da (3.4)

[+]
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where § m(\) denotes the attenuated lirht at a wavelengthA. Note that we have
integrated over a srain size distribution, n(a). The quantity A(Ai) denotes
interstellar extinction at wavelength AL, defined by
m(%)= M(N) -5+ S 10§, D+ ACAL) (3.5)

where M(\i) is the absolute magnitude at wavelength) and D is the distance of
the star from the earth. PFurther, if i and j denole magnitudes at wavelength
Ai and }j then

observed (i-j) = Intrinsic (i-j) + A(Ai) - A(N;) (3.6)
Defining the Colour excess as

Bi-j = observed (i-j) = Intrinsie (i-j)
it follows that

Bi-j = AQAL) ~ A(\3) : (3.7)

to that at any wavelength

Edt-v = A(dx) -A(Qv) (3.8)
Eav  AChg) <A (Av) '

where subscripts i and j have been substituted with the B and V wavebands from

the U~B-V system. By equation (3.3) we can compute various models for extinction,

The effect of the dust on the light is to preferentially sczatter the blue
thus leaving the redder light to be transmitted so that the observed light is
redder than the intrinsic light.

In this way, the plot of Ex~v against wavelensth is called interstellar
reddening curve, The method of obtaining this curve is to obhserve a suspected
'reddened' star and to compare the intensities, at different wavelengths, to that
of an unreddened star of the same spectral type. If an unreddened star is
unavailable, a model spectrz is used (since the spectral type of the reddened
star can be.obtained from spectral analysis). Using this method, Stebbins (1934,
39) found, by using obviously reddened stars, that cver the U-B-V rance,the

extinction curve posessed a law such that
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Am(d) c Yy (3.9)
But recent extensive observations in the Ultra-Violet shows curves that depart
from this law. Indeed, recently Schild (1977) showed that this law does not
exist at all. Even so, different parts of the galaxy show differing reddening
laws. The Orion recion, for example, is markedly different from ocher parts of
our galaxy. This is mainly because the Orion is a hot, nebulous region. Stechenr
(1969), Bless and Savage (1970) found that when measurements were extended into
the Ultra-Violet, a suspicious hump occurs at ?\-'-: 4'4/“”“" . Other measure-
ments were taken away from S and € Persei (where their original data was obtained)
to stérs of the same spectral type serarated greatly over the galaxy. All
showed this characteristic hump.

Johnson (1968) extended observations ints the infro-red using Bstars,
because they have structureless features in the infra~red. He fornda deviations
from the %\law. However, it must be pointed out that some of these stars may
have circumstellar dust clouds associated with them. Deep infra-red observations
were undertaken using M type stars. Here again care‘must be taken since these
stars have great structure in their infra-red spectra. A search was undertaken
to try and detect the 3.%pm absorption band of ice but this was not observed
however. This does not mean that ice does not exist, it may be due to the
intrinsic proverties of the stars used since they possess peculiar spectra.

Hackwell (1970), observing towards the galactic centre, discovered the
IQ/Am feature of silicate and Knacke et.al. (1969) observing 119 Tauri found a
similar feature.

3.2. Interstellar vnolarisation

As mentioned in Chapter 1, interstellar polarisation was discovered by
Hiltner and Hall (1949). The mechanism producing this is beyond doubt the Davis
Greenstein effect alisning grains in a masnetic field. Denoting the difference

ini magnitude between the maximum intensity by AJHP, Schmidt (1958) found an
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upper limit of AIMP L 0068
D
3.3. Diffuse galactic light

From diffuse galactic light it is possible to obtain some information of the
properties of the interstellar scattering particles. Henyey and Greenstein (1941)
using a slab model and Eddingtons' approximation, solved the radiative transfer
equation, and showed that the particles had an albedo ({) > 0,05 and a forward
throwing phase function(g). .

Observations by Witt (1968) led him to believe that Y~ andg= <Cos@? ™0
Van de Hulst and de Jonz (1969) using previous measurements solved for rand g
using the slab model but this time included multiple scattering. They found that
plotting Xagainst & gave two discrete loci for the wavelengths ;\3 and >\v i.e.
there are many solutions. Measurements in the Ultra~Violet led Hayakawa et, al.
(1969) to the result 5".‘.’( and g = 0.56.

3.4. Reflection and Emission nebuvlae.

From Hubbles observations of reflection nebulae, an emperical law was
established viz.

H%'Q‘ 4“ lojnoa= |Q¥—I1- (3.9)
where My is the apparent magnitude of the star and a is the angular separation
from the star to the farthest observable point. Wickran-lasinghe (1967), making
a naive model of isotropic scattering, showed Y; 0.5 ©but, as he points out,
not much weight should be given to this result.

0'Dell (1965), Elvius and Hz)l (1967) have made polarisation measurements,
particﬁlarly of the Morone nebula in the Pleiades. Both colour and polarisation
indicate the presence of dust.

Observations of H II regions by 0'Dell and Hubbard (1965) and 0'Dell et. al.
(1965) estabiished beyond doubt that dust was present within these objects. Using

the Hﬁ emission line, an estimate of the effective gas to dust ratio is possihle
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viz. NH/ Nd Cscc\

where Ny is the ion density, Nj is the dust density and Csca is the effective
scattering cross-section. However, the temperature determines the type of grain
that can survive. In M42, it was shown that great variations exist in the gas to
dust ratio. A more detailed discussion of dust within nebulae will be given later.

3.5. Circumstellar Dust.

Any anomalies occurring in the infra-red spectra of stars which cannot be
accounted for in stellar spectra, is attributed to a dust shell svurrounding the
star., OStelilar radiation, less than l/um, will be absorbed by dust and is re-
radiated further into the infra-red. A determination of the radius and mass of a
shell is possible from the following analysis. -

We assume a spherical shell of thickness S¥2<< Rshell, where Rshell

is the radius of the shell.

Then
Qabs Iy Ll‘QIaL_ = 4”16'6_-'—5:{5“- (3-10)
4'TK;ngu_.

where Ltotal is the total luminosity, Tshell is the temperature of the shell, a
is the radius of the grains and Qabs’ and & are the mean absorption efficiencies
of the grains in the red and infra-red respectively. Wickramasinghe (1972) finds

€ /Qabs”™ 0.1. TFurther, we can write

e "= Lsueu/ Lome

implying that .11
HMpAYIRg Tha T= - los-a C L-swau._/L.mmL_ ) (3.21)
Within the shell
. 2
Mgrans = 4/3 MTa3oN 4T Rsue §R (3.12)
where N is the number density of prains and /o their mean density
I'rom definition
T=N Mol Qabs . SR
Combining (3.11) and (3.12) we [ind
: 2 (3.13)
Ha'mu‘é = \lo'(T'o.,o Rg Tl ,Qﬂ.q_ [ Lome )

[Qubs S T

i R e Bdrm €y




- 33 -

Typical values calculated for v:rious stars (e.g. VY¥CMa) give:c Tshell ~~“
600 X, Rshell~2 x 10 cm and Merains ~10° gms.

There are however, difficulties arising. Since we do not know what type of
grains are present, Qabs and,o have to be roughly estimated. Also a grain size
distribution is not employed.

Woolf and Ney (1969), Knacke et.al. (1969), Ney and Allen (1969) and Stein
et.al. (1969) showed several cool oxygen rich stars of Mira type exhibiting . '
infra~red excess in the 8-1Q/Am spectral range. Stars exhibiting this include !
0 Ceti,x Cyg, and & Ori, These excesses have been attributed to the presencé of
silicates within a circumstellar dust cloud. Time dependent polarisation
observations of cool giants alsc indicate circumstellar dust.

Circumstellar dust shells are not necessarily restricted to o0ld stars.
Infra-red excesses have been reported T - Tauri stars, F and G supergiants and
Be stars. Reddish (1967) concludes that very young stars have circumstellar
dust clouds with diameters of the order £ 1 pc and masses A~30M @ but this
phenomenon, he reports, is short lived.

3,6. Grain formation

Linblad (1935) suggested that interstellar dust grains mzy condense within
clouds of interstellar gas, forming ice. This idea was extended by Van de
Hulst (1949) showing the following sequence of events. First diatomic molecules
are formed, such as CH, CH*, CN and CN*, These grow into a condensation nuclei
(about 10 - 20 atoms). From these nuclei, grains are mormed with radii«alo-s;m.
Bates and Spitzer (1951) showed, for a gas temperature ~100 K and with typical
values of the abundance of C, H and C+, showed that the molecules formed
(cH and CH+) had densities of the order of 10—.0- 10-”cm-5. These values are of
the order a hundred too low from the obsarved densities of these molecules. It
was then su=zregted that grains up to radii ~ 10-? cm are formed in circumstellér
envelopes and are then ejected into interstellar clouds. Calculations show that

o -
after a time of about 10 years, the radii will grow up to 3 x 10 cm. However,
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there may exist partial destruction by cloud - cloud collisions and encounters
with hot stars.

Platt (1956) and Platt and Donn (1956) suggest that interstellar condensation
processes result in the formation of large unsaturated molecules of the order 102
across éonsisting mainly of water, However, the theory behind these particles is
not quite understood.

Hoyle and Wickramasinghe (1962)'recommended graphite as a possible candidate
for interstellar material. They sugeest that it can be formed on the surface of
Carbon stars (N type) which have temperatures a 1500 - 3000 K.

'These stars also have temperature fluctuations with a period of approximately
one year, The density at the surface is high and below a critical temperature
(~2400 X), thermodynamic equilibrium is quickly established and, mainly due to
three-hody collisions, graphite nuclei can be formed. They condense to radii of
about ld-b- 16’5$m, and since the radiation pressure on the surface of these
stars exceeds gravity by a factor 103 - 104', the grains are ejected from the
surface of the star. Using a value of 105 ¥ type stars, over a period of 10q

ears, a substantial amount of graphite can be ejected into the interstellar
medium (10q years is the 'turn-over' time of star formation). Bahng (1966) has
found that these N type stars have Black-Body spectra in the region 1-10 um,
showing that grains absorb and re-emit in optically thick layers.

In cool oxygen rich stars (carbon/oxygen<( ), with temperatures of the order
2000 - 3000 K; certain species may condense, as shown by Hoyle and Wickramasinghe
(1968). In particular Fe, Mgd and SiO, . These then go on to form grains of
radii of the order of 10-f- lO'Gcm, which are ejected by radiation pressure.
These species mey exist in other fofms e.g. MgS8i0gq and MgFeSiO, . However,
there is strons evidence for Si0, and/or silicate in the atmospheres of these
cool oxygen rich stars as stated by Low and Krishna~Swamy (1970).

Supernovae can also be a possible area 6f grain formation as arrued by Hoyle

and Wickramasinghe (1970a). It is thoucht that 10% of the material expelled by
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supcernovae can be formed into grains. This material consists mainly of carbon,
iron and silicon. Calculations show a grain growth, after one year, giving
radii of the order of lo-s;m, and high speed ejection into the interstellar medium.
Using a value of one supernova every thirty years, a value of 7 x lo-z%ms/cm is
obtained for density in the interstellar medium after 10qyears. This is close to
what is required from infra-red models.

Other possibilities include the formation of an ice mantle on a graphite core
after the graphite has been ejected into a cool cloud. Hartman (1970) suggests
iron condensation in T - Tauri stars followed by silicate accretion. This gives

-9
radii of the order of 3 x 10 cm,

3.7. Theoretical extinction curves

A theoretical fit to the extinction curve was first attempted by Van de hulst
(1949) using two grain size distributions viz. n(a)ec exp {~%h) with a, = 0.075/4;.171
and the other, a single particle size of ag = O.%/»m. The latter fitted beﬁter of
the two. It must be remembered that this fit was achieved over the visible range.
When the ultra-violet measurements were obtained the Van de Hulst model deviated
strongly in this region. The absence also of the 3.}/Am ice band in highly
reddened stars soon placed the ice model out of favour.

A graphite model by Wickramasinghe and Guillaume (1965), using a size
distribution of

n(a)<ceypl-Ca-r )72 6-*) (3.14)
fitted the reddening curve, but deviated sharply for A< ZOOOR. It was also
found ithat the model depended weakly on the size distribution. Using graphite
cores with dielectric mantles, Wickramasinghe (1963) attempted a model using a
distribution given by

nG) = Aexp (-5(10a)") +Beyp (-5(2a)°)
The result was better than previous models but not extremely satisfactory. This

led astronomers to think on the lines of a mixture of different materials.

Wickramasinghe and Nandy (1970), following this anproach, used a mixture of
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graphite, silicate, and iron variicles, and a size distribution of
LY 2
n(a) = Ao exp (-2 (a/am)®) (3.15)
chonsing a different am for each particle type used. They defined the quantities

o
Xgr = Extinction of eraphite component of mixture at A500A
Extinction of silicate component of mixture at 45004

and

(-]
Xiron = Extinction of iron comvonent of mixture_at 4500A°
Extinction of silicate component of mixture at 45004

They used radii of the following range. %
graphite: 0.04 - 0.065/um '
iron: 0.015 - 0.03/um

silicate: 0.12 - 0.16/vm

It was found that good fits produced a relationship between Xiron and Xgr such
that

AJXiron = B 4 Xgr
Using Stechers' (1969) observations of S-& Persei, the extinction curve was
fitted using Xgr: Xiron: 1 = 1:5/6: 1
and for the Orion extinction curve, with

am (graphite) = O.O?/Am

0.0%/«m

O.Ibknl

am (iron)

am (silicate)

il

and Xiron = 1/6 Xgr + 2/9 (Xer = 0.3 and 0.6), good fits were obtained.

Other mixtures have produced fits also, Gilra (1971) using a mixture of
silicate, silicon carbide (SiC) and graphite, fitted the extinction curve for
S; Oph, and O Sco. Other materials attempted include quartz and diamond grains,
and quartz grains irradiated by cosmic rays and X-rays.

3.8. 'Mheoreticsl nodels of interstellar wolarisation

Cylinders are used in mozt interstellar polarisation models. If the

incident radiation has B - vector parallel to the cylinder axis, the amount of

extinction in magnitudes is given by

Ama =z 1036C, (m,0,]) (3.16)
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Similarly, with the E ~ vector perpendicular to the long axis
o1
Am, = 086 C, (ma,d) (3.17)
where the C's denote the extinction cross-sections, calculated in a similar
fashion to the Mie theory. Using silicate needles and a size distribution
) - 1 a
najec exp (- Ca- ) /26")
with Tsil, mean cylinder radius set to the range 0.08 - 0.lAm and 0= 0.02pm,
agreement is achieved between theoretical and observed values of polarisation with
wavelength. Employving G“ = 0.%~m, the ratio of polarisation to extinction at

N\ = 50004 is c )
Amo = L(Cu-C,) = 08
am Cona ch) (3.18)

Since the maximum value for AW“P is 0.065, this implies a 10% effective line up
of particles in the magnetic field.

Small gravhite flakes used by Greenberg (1966) with radii approximately
Ooijm explain extinction curves but not polarisation with wavelength. Later,
Greenberg (1968) showed that dielectric cylinders such as ice produce a better fit
for the polarisation than metallic grains. However, all the calculations depend
strongly on the shape of the particle, which is unknown.

3.9. Rotation of grains

Grains situated in a gaseous medium will be effected by atoms and ions
colliding with the grzins. These impinging particles will impart momentum to the
grain. We can therefore write

2 - '
LTIw =_§_h| (3.19)
2 2
where I is the moment of inertia and T is the kinetic temperature of the ambient
gas.

Assuning spherical grains

_ 2
I=2 Mg a

th::%%iT};ifia

where
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writing -2y cquation (3.19) reduces to

V= mlo’(_«%““')”"'[ )% He (3.20)

1O

for T ~100 K and a ~ 10_6cm we get 9 ~ 300 MHZ
while for a.~10—fcm, ¥~ 1 VHz

The timescale required for the equipartitian of angular velocity,; Dis
2 »
Tea ™ (TUJ) , (3.21)
VT ZHvedre s (atae)

where n is the density of the ambient medium.

For a typical interstellar cloud ° f¢e$$ 10° years, a very short time.
The consequence is that most grains a-e spinning.. It was proposea by Hoyle and
Wickramasinghe (1970b) that these spinning grains will emit radio waves, and what
was previously thought to be radio waves emittéed by synchrotron radiation in many
objects, are in fact due to spinning grzains.

3.10. Accretion and destruction of dust in ionized nebulae

Osterbrock (1974) has set out the following conditions for grains in a hot
medium.

Within ionized nebula, typical temperatures are of the order of 13,000 K
so that ions and vhotons are of high energy. Collisions with high energy ions
and photons tend to detach atoms and molecules from the sunface i.e. theytend to
destroy the particle. The photons will cause electrons to be ejected from the
surface so causing an increase in positive charge on the surface. The rate of

increase of positive charge due to photoejection is miven by

N G (3.22)
(d%iT)Pe_: o j‘f”_“)_” gy dv
o hV
where Jy is the mean intensity of the radiation and ﬁy is the photodetachment
probability (o< @<1).
If the particle is neutral or negative, l).\f %, = threshold frequency of the
material. If the material is positive however, lowest energy electrons cannot

escape, so we write
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{ Yo+ 2€*/ah 270 (3.23)
Ve 20

1
( "%f is the potential energy of an electron at a surface of charge z).

Rate of increase of charge due to capture of electrons is

( dz/1t )ee ™ "t Ne JU Te Ve (3.24)

where ?t is the electron sticking probability (o0 $ fe- |) and Ye is the
attraction or repulsion of the charge on the particle, given by
Yu{ |+ 2e7,0T =20 (3.25)
ee/aeT 2¢o0

Rate of increase of charge due to protons is

(d/oUC)cp Mt Np J?lu f;, YP (3.26)

with

_ 2e¥/arT Z co
'V% = £‘63

| - 2et/alkT 2<o0

For equilibrium

e = (*%hedpe (p)e (Hlerro O

Showing this equation, the following results are obttained for the inner part of
the nebula, photoejection dominates causing the particles' charge to be positive.
The outer regions however, receive a small ultra-violet flux and photoejection is
negligible, causing the particles to be negatively chargéd. As an example,
consider a 'dirty' ice grain of radius 3 x lo-a.cm. S'e "‘5',9 ~ | ’ ¢p ~0'2
(for hv>hv_ ~ |ReV), and an 05 star with Ly = 5 x 105 Le, T ~ 50,000 K,
in a nebula with Ne~ Np~ lb/em? 14 is found that z~380 at r = 3.5 po
(r is the distance from the star), and z = 0 at r = 8.5 pc, while 2-»-360 as
Jdr% 0.

We can now estimate the rate of sputtering i.e. the knocking out of atoms by
encrgetic vositive ions. In the inner vart of the nebula, where z~-400, the

positive charge raises the threshold which decreases the sputtering. 1In. the outer
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part however, the varticles are negative and so the sputtering rate is increased.
The lifetime of a particle against sputtering is about 10‘°-a/Np years where z = O,
and 3 x 10'*a/Np years in the outer regions (z~-400). Taking a~3 x 10" %m and
Np = 16 cm's, it is found that the lifetime of the particles against sputtering
is long compared with the lifetime of the H IT region.

Photons can destroy grains by heating the grains until they reach vaporisation
temperatures. The temperature of the grain T,, is given by the equilibrium

reached between the energy absorbed (mainly in the U - V) and the energy emitted

(mainly in the 1-R) i.e.

o A oo '
j; 4t Jy C1-A3 ) Ceye, dv = £4ﬁ'39679)(1'ﬂ7~)Cexea v (3.28)

where As is the albedo and By (Tp) is the Plenck function. We can now make thz

following approximations:L.H.S.of equation (3.28), Azca giving (1-Ay) Cext, = Ma*

R.H.S. of equation (3.27), d»»a giving (1-Ay) Cextz = late - 209 . Putting
A

€ = 0.1 for dielectrics. The expression
Tooc (‘~/4Tl’r‘za)',{ (3.29)
is obtained, so that for a3 x 10"Scm, Tp~100 K at r = 3pc. This shows us that
H,0 will evaporate within the inner regions.
Overall, sputtiering is not important, possibly only in the outer regions. In
the inner regions, vaporisation dominates. This implies that in these types of
emission nebulaz, graphite, silicate and iron are more likely to survive than ice.

3.1). Dynamics of srains in nebulae

The radiation forece exerted on a grain is

00
_ Frad= ﬂ‘of‘f TEY Qor ol (3.30)
o C

Usually, for most hot stars, the dominant radiation is such that A&¢%, giving Qorel.

(This is only true for ice). The grain, being pushed through the nebula, Teceives
a drag force from gas interactions. This force can be written as

ot = 4/z Np Tt (SkTmn/rc) (3.31)

for a neutral grain. Here w is the velocity relative to the gas. When forces
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balance, the terminal velocity is siven by

|

We= . 3k i )"— (3.32)
BTrSc Np | "goTmin

Note that there is no dependence on a.

For typical values, as before, when r = 3.3pc, w, = 10 km/s.

If the grain posesses a charge the drag is increased and we include the

additional term

Cow 2 gﬁT QAH

This Ccf>u.10mb force will dominate if |2] » 30 , Usually z is much higher than this
and W Dbecomes smaller, meaning that the grain becomes 'frozen' into the gas. If
this occurs, the grain can experience large accelerations. It is believed for
instance, that the central 'hole' in NGC 2244 is caused by this effect.

3.12, Grain size distributions

Deriving theoretical expressions for grain size distributions is very
difficult. Particularly if we try to include all vrobable destruction and
accretion effects. We can estimate the distribution in a size equilibrivm situa-
tion. We follow the analysis of Wickfamasinghe(1972).

Let P(r), the destruction probability per unit time for a grain of radius r,
be expressed as

Plr) = Ar ™
Let n(r, t) dr be the number of grains with radii between r and r + dr per unit
volume at time t.
We define

Y
_N(r,e'i‘-j nex,t) dx (3.34)
[

to be the number of grains with grains with radii less than r at time t. So that

niy, &) = 9N

ot
We now have

. )
N(f»folr} E+d&) = Nv,t) -pu:j Ar nCY £ A
0
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Expanding

. Y
W or + N b =‘-6l.tf ACT nGrldr (3.36)
or ot °

When a steady - state situation is reached

N = o

and so CAS

2N .

J AT
T d_é = - f Ar "'n(x)dr (3.37)

Writing dr/d,t =/A. = constant and using (3.34)

- Y
/Aga = -Ar T n(y) | (3.39)

which becomes

5%‘|03.¢_Y\ = "%r'" (3.40)

Integrating
|
‘Oju\ = A Constant (3.41)
/A(""ﬂ)
or
AY) = Comst- exp (- D= r+) (3.42)
- = : Q}-P /Af.",-fl) o4
Putting‘\,: 3 i.e. P(1)ec S (i.e. destruction is proportional to the volume), then
/)t
niy)= h(O)e, (/v (3.43)
and putting P(r*) = constant gives
- (/e
nte)= nlo) e (1) (3.44)

Other distributions used include Gaussians. These are probably more realistic

since the distributions given by

ok
~(1/re) (3.45)

ni¥)=nlo) €

gives many particles in the Rayleigh domain. Wickramasinghe (1971) also uses the

distribution of Deirmendjian (1962) which is based on observations of terrestrial

-
pntrd)s - 5 Arnln)de (3.38).
0

o
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clouds. It is given by
néa) = A a“@.xp ¢-Bal)

To find the maximum grain radius ay, we find the solution of

: _ 46
| nta) =0 (3.46)
This gives O~

am = ( o(/fg/g,)"’L | (3.47)
The distribution is weakly dependent on the choice ofp(and/Q « Wickramasinghe
chooses =3 and /&=3giving
- 3
nl)= Ao evp (- ’/;_(“/am) ) (3.48)
Clearly, there is no real certainty in any of the distributions.

3.13. Conclusions

It is clear from the evidence given that %here are a lot of questions left
unanswered, The distribution of sizes, for example, will be greatly effected by
processes within nebulae. As we have seen, it is probably a function of distance
as well. Establishing a mixture for interstellar grains does not mean that the
same mixture, or type of grain, is the same as in nebulae and galaxies, as we will
see in the next chapter.

Polarisation then, is another important lever which can be used, along with

other measurements, to determine the tyves and sizes of grains that can exist.
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CHAPTER 4

THE GALAXY M82

The galaxy M82 is one of the most studied and mogt enigmatic of galaxies
knovn. Tt is a member of the local group and is classified-as an irregular type
II. Plates in the HX band showed filamentary structure radiating from the nucleus
or core. It was suggested, in the view of this dlscovery, that the core of M82
was the scene of a violent explosion in the past. Theories arose to account for
this exnlosion, one suggesting that an influx of dust could initiate the onset of
supernovae exnlosions which in turn sets off further exvlosions.

While theorists were trying to find possible explanations for the explosion,
observers were busy studying the galaxy. It was soon found that the findings did
not altogether fit with the idea of an explosion in the core.

4.1. The Scientific development of M82

It was found that the filaments radiate strongly (relative to the neighbour-
hood) in H . Lynds and Sandage (1963) also found emission lines in H@and If
and the forbidden lines /N 11/, /S 11/, /0 I1I/, and /0 III/. It was found that
the filaments were not symmetric about the core.' This was attributed 4o various
mechanisms inhibiting istropic expansion. It was the looping appearance of the
filaments which suggested that they followed the lines of a magnetic field.
Combine this with an explosion (which can supply a large number of high energy
charged particles) and we have grounds to suspect that the filaments will emit
synchrotron radiation,

The synchrotron model was verified by various authors who had measured the
spectral index. The measured spectral index was found to beX = -0.17 (Lynds
1961) which is similar to the crab nebula (X = -0.23).

The general trend in colour of the halo is that it tends to get bluer as we
get further from the disk (one would expect it to get redder) and this is

represented, to a certain extent, by the synchrotron theory.
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If polarisation measurements are taken of ~ the filaments, the E -~ vector
should be pernendicular to the filaments if the model is correct.

Sandage and Miller (1964), using photographic techniques, found that PA1009%
with the E - vector perpendicular to the filaments. This agrees with the synchro-
tron mosel. However, it was Elvius (1963) who made photoelectric polarisation
measurements that found the polarisation to be less than that previously stated
(P ~ Nﬁ@. New measurementvs of the spectral index gave a U;V flux which was far
too low to account for the H&emission in the filaments. So the synchrotron model
failed for the supposed HiK emission and the low polarisation measured.

Solinger (1969 a, b, c¢) had proposed a shock front mechanism, ceused by the
explesion, heating the halo and creating filaments. These then would be suff-
icient free electrons to create the H&emission, and the nolarisation would bhe
caused by free electrons i.e. Thompson scattering. If the Hok line was intrinsic
to the filaments, one would expect the polarisation to be less than observed in
the continuum, since the extra radiation would decrease the polarisation.

Polarisation measurements talken within the filaments showed values of about
27% in the Ht. However, observations taken in the continuum showed no increzse
in percentage pclarisations as one would expect if the He¢ 1line is intrinsic to
the filaments.

Solingers' blast wave model declined in favour. There could be only one
possible explanation to account for the polarimetric observgtions of the filaments,
and that was that the filaments scatter light emitted from the galaxy.

4.2. The nossibility of dust scattering

The two possible processes of scattering are electron i.e. Thompson scattering
and dust scattering. A simple analysis by Schmidt and Angel (1976) showed that
electron scattering was not feasible. Consider the following naive model. We
have an infinite plane of brirghtness Bp, representing the galactic disk. If we
assume non-absorbing scatterers, the amount of light scattered is given by

(4.1)

4T Bs = amBy C1-¢~ )




- 46 -

whereVis the optical depth of the scatterers. Equation (4.1) follows since lirht
taken out by transmission is reduced by a factor exp(-T") i.e.

Tr=Toe " (4.2)

and since there is no absorbtion then the light must be scattered i.e.

ITs=1o Ci-e~") (4.3)

Assuming T<&&| it follows that

Bs =BT (4.4)

2

A better approximation can be made if we say that the galactic disk may subtend

only half the solid angle of an infinite plane, in which case

Bs= B_gi (4.5)
A4

By tzking a value for the surface brightness'of a particular filament of
V = 22.83 are sec-2 and a value of V = 19.1 arc sec™? for the disk which is seen
edge on, one obtains a value of the optical depth of T~ 0.1. If the scattering
process is due to electron scattering, the optical depth is defined by
“Fes=Ne 0w 4 (4.6)

where §¢ is the Thompson cross~section and 1 is the line of sight depth, teken to
be equal to the diameter of the disk, which assigning a value of 3.3 Mpc for the
distance of M82 becomes 5.8 Kpc. Substituting into (4.6) we arrive at a value
for the electron density of ne = 8 for ‘Tés = 0.1. Bearing in mind that there
is no intrinsic He emission from the filaments, an estimate can be obtained for
the maximum electron density allowed without line emission, This is found to
give a value of g = 0.3 which would give (QS = 0.004. If the cavse is due to
electron scattering then we would expect intrinsic Hel emission.

It was Elvius (1972) who put forward the idea of scattering by dust in the
halo of }'.-782.- The relatively high level of polarisation observed tends to susgest
that the scatters are Rayleigh type particles, This idea is also boosted by the

relatively flat spectra of .polzrisation against wavelength (Sand.age and
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Visvanathan 1972).

The problem 6f the increase of blue light with distance from the disk was
still unanswered. Mathis (1973) tried to solve this problem by concocting a
mixture of grains of various refractive indices, giving not only the correct
polarisation but also creating a non-reddening effect. He used the Oort -

Van de Hulst distribution viz. }

ha) = n(o) eyp (-0-64% C“/E)TG) (4.7)
and refractive indices (n - ik) of n = 1.33 and 2.7 with k = 0.05 in both cases.
The values correspond to ice and silicon carbide respectively. The mixture was
arranged such that

nia) = —2; 1w N () (4,8)

where w/ represents a weighting function. His method for determining the para-
meters of the mixture was to use a simple minded model in which the final
percentage polarisation was of the order of 26)%, as observed in the filaments.
This was achieved by taking a point source of light and integrating along the
line of sight {the 'integration' consisted of adding up two points along the
halo, situated such that the scattering angles were 60° and 120° ). The

'oreyness' of polarisation was achieved by using the following mixture.

a v ] n - ik
0105 1.0 1.33 - 0.05
0.05 0.46 2.7 - 0.05
0.10 ] 0.336 2.7 - 0.05

It was pointed out however that this mixture was in no way unique in satis-
fying the relevant conditions of the model. A solution is reached owing to the
distributions used. It supplies enough Rayleigh particles to account for the
polarisation and also just enough Mie particles to produce a non-reddening
mixture. Tﬁe model seems highly contrived and also a difrerence in distribution
would have.caused a distribution of sizes as a function of distance from the disk..

Note also that the model excluded light from a disk.
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Another feature unaccounted for was the velocity field. This shows red-
shifts in the North and blue-shifts in the South. Estimates for tilt of the
galaxy (defined as the angle the minor axis makes with the sky) give a value of
about 80. In all models considered so far, the filaments must lie along the
rotatiou axis of the galaxy (the minor axis). This is because we only sce the
radi2)l component of the velocity vector when observine the doppler shift. If the
synchrotron model, however, the doppler measurements cannot be fitted at all kf
we are to believe that the filaments are expanding radially. This can readily
be seen if we imagine the scattering particles to hehave like mirrors. Since the
mirrors are moving away from the light source (to fit with the explosion hypo-
thesis) the light received by the mirror will be red-shifted. The scattered
light will then be bluened or reddened depending on whether the mirrors are
approaching or receeding from us. The red-shift is easily accounted for since
the two doprler effects i.e. mirror moving away from the source and from us,
adds up to a total red-shift. The blue-shift is impossible however, if the
motion of the 'mirrors' are radial to the nucleus. This can be explained in the
following way. Define'ﬁ'to be the angle bhetween the minor axis and the plane of
the sky (see figure 7). If the velocity of a ﬁirror at a general point is V,
the scattered lirht is reddened. In order to obtain a blue-shift, the velocity
of apnroach Yo will have to be such that V4?V, but for this particular case

Vo= VSl'hcf: (4.9)
implying that Sin¢)7| s Which is impossible for a rea1¢ .

In order for the inequality to hold we must replace exnression (4.9)

with Ve =V Sin}h v  (4.10)
so that |

\’Slln¢+\1’ >V
or

U > VCI-Sa'n¢) (4.11)

i.e. we must introduce a non-radial component of velocity into the argument.
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T..is was proposed by Sanders and Balamore (1971).

Recently, Axon and Taylor (1978), using He spectral analysis, found two
velocity components within the filaments close to the galaxy. They intepret this
as arising from an expanding hollow cone of ionized gas created by an explosion
in the centre of the galaxy. However, a mechanism to produce this cone has yet
to he established.

It was the idea of Elvius (1972) that accounted for the difference in
doppler shifts observed. The proposal was that MB82 had drifted into an inter-
galactic cloud of dust and gas. In this case, the dopnler shift controversy
can be quickly resolved since the mirrors coming towards M82 will be blue-shifted
while the receeding mirrors will be red-shifted. This model was later built upon
by Solinger (1977).

4.3. The model of Solinger

Solinger considered the possibility that M82 is an interlover. We take
the analysis of Solinger where he discusses each point of the galaxy in turn.

i) The nucleus or core of M82 has been studied extensively in many wavebands. It
is found thot the maxima at each freguency range considered do not coincide
(Bingham 1976) sucgesting that the nucleus is complex, extended and over-
luminous.

Infra-red photographs taken near %/Am\display several localised intensity
maxima which was interpreted by Van den Bergh (1971) as being due to very
luminous associations of very early type stars. They aopear in the infra-red
because the optical depth at this wavelength is less than in the optical.
Solinger states that no one source dominates in the wavebands considered, whereas
an explosion in the nucleus would imply a single source.

Solinger arrues that thc nucleus can be explained by star formation, stellar
colligions, sunernovae and stellar wind interactions.

b) The main body of the galaxy has a spectruﬁ which is easily attributed to

stellar spectra, 7The setting is of a rotating spiral disk, heavily embedded in



otscuring dust which is net lying with the spiral lanes.

c) Outside the main disk is the halo. One of the great prublems of the halo are
the filaments. As pointed out previously, it is a natural reaction to assume
that these filaments are associated with a great catostrophic explosion that
occurred within the nucleus of the galaxy. Solincer's explanation of the
filaments is based@ on inhomogeneities within the medium i.e. clouds of dust.
Predictions of the isophotes using randomly placed clouds were obtained by
Solinger who found reasonable fits to the isophotes. The filaments, he says, are
caused by an effect which he calls 'star-spiders'. He draws the analogy between
these star-spiders and what is observed in a partially clouded sky when shafts of
light pass through while the inner clouds cast shadows. Likewise in M82, the
dust clouds within the galaxy allow shafts of licht from the disk (emission
regions and bright stars) to pick out occasional appareni; linear 'filaments' of
randomly reflecting matter.

The other puzzling property of the halo is the colour which tends to get
bluer as we get further from the disk, whereas one would expect to see a
reddening effect. Solinger voints out that previously peonle had been congsider-
ing a point-source situation of the gzlaxy. Consider now the effect of
introducing a disk, As with a normal spiral the nuclear stars are red while
those in the spiral arms are blue. A point observed just above the nucleus will
receive more red light than blue light whereas if we observe far enough away from
the galactic disk the light received has as much chance of coming from the disk
as from the nucleus. In fact there will be even more light from the edges than
from the nucleus since, as we shall see later, the nucleus is not a particularly
dominant source.

4.4. Conclusion of Solingers' model

Solinger sets out the following victure for M82, The core is a combination
of very luminous stars, obscuring dust, and perhans supernovae remnants. The
filamentary structure is due to inhomogeneities within the halo plus the star-

spider effect. The doppler measurements, which show red-shifts in the North and
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blue-shifts in the South can generzlly be explained by the galaxy drifting
through an intergalactic cloud or vice versa., Note that in either case the
relative motion is for the galaxy to be moving southwards with respect to the
cloud. The apparent increase in blue of the halo light is attributed to the
mixture of light from the disk (blue) and the nucleus (red), the amounts
depending on the position of the point observed. _

Solinger suggests that M82 entered as a small spiral galaxy into the M81
groun some 10 g years ago, and encountered a gas cloud. The internal gas of
M82 was shocked around the periphery of the disk producing usuai H II regions.
Accretion in the core caused a brief period of extra luminous star formation.
These stars produced considerable dust which was expelled into the main body of
the galaxy, seen now as a vast dust domain,

4,5. Radio measurements of the extra galactic dust cloud

Measurements by Roberts (1972) had shown the possible existence of a H I
bridge between MB1 and M82 and also towards the other irregular II companion
NGC 3077. An interesting survey was completed by Weliachew and Gottesman (1977).
Using a 4.4’résolution (as opposed to the lo’beam by Roberts), they found a larze
scale lumvy envelope of gas extending from M81 and encompassing M82 itself. &n
interesting feature was that the velocity gradient increases for South to North
(M81 lies south of M82), YWeliachew and Cottesman interpreted the finding as an
encounter between M81 and M82 many years ago, from which M82, following a hyper-
bolic orbit, procceded to 'drag out' material from M8l. As a result, the gaseous
material is falling into M82., It was also found that as much as 10% of the
matter seems to be associated with M82 itself.

More recently, Cotrell (1977) made measurements using 2,x 2.llresolution.
He arrives at the same results as Weliachew et. al. An estimate of some
1.8 x 1og years is put on the occurrence of the interaction. The velocity

field above and below the digk of M82 is interpreted as rotation of the gas about

the major axis. He also argues that the gas is bound to the dynamics of the

CI-T
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filaments which he says '...are filled with charged dust particles and plasma
frozen tosether by macnetic fields...' Radiation pressure from the infra-red
source will be transmitted to the plasma by the dust and a 'hole' in the H I
distribution will develop. This follows an idea put forward by Hargrave (1974).
Cotrell’s analysis is as follows. Consider a grain situated a distance Z above
the disk, the grain radius beins represented by a. The radiation pressure it

receives will be

?r = L a."'_@gr
Le 2t

where Qpr is the radiation pre-sure efficiency of the grain, L is the luminosity

(4.12)

from the galaxy. The gravitational force it receives will be
F: qm (4.13)
21—
where mg is the mass of the grain and M is the mass of the galaxy. We denote

the ratio Pr/F by'\l . Then

(A
= 4 L

where it is assumed that Qpr~ 1

If'1>(, the radiation pressure dominates and the grain is forced away, whereas
ifﬁ<lthe grain is gravitationally attracted towards the centre. It must be-
remembered that this is the case for a point source, whereas in the case of M82
we have a disk which will totally alter the gravitational potential field. In
applying this, Cotrell assumed that the dominant part was the infra-red source of
the nucleus. He took M = lO'OM@ and Lipq =2 x 103? 4 (Harper and Low 1973).

He found that for Z ~ 4 Kpc (240 arc seconds) the radiation pressure dominates
(the change is due to the variation of (M/L),@ with distance. In the nuclear
rerions (M/Lxgﬂ' 0.001 whereas for Z = 4 Kpc, (M/L%g'”' 0.2). The value of
mq (~v164ng), was calculated using a specific density of about one (correspond-
inc to ice) and a = O.%}ua. In the B band of the U - B - V system (A = O.4jumn)
such a value of a will give x( :QEQIVAJZ. This clezrly means that the particle

chosen here lie in the Mie scattering domzin which contradicts the observed
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apparent flatness of the volarisation. The upper limit required for the part-

icles to be in the Rayleipgh domain is approximately x a1 giving a ~ O.OZMnn an

obvious factor of 4.2 different. Within the nuclear regions, Cotrell finds'n~ 20

implying the radiation dominates. In setting the Rayleigh restricted value for
a, it is found that ~|~l'\ implying that radiation pressure is 1ot so dominant.
Clearly the point of inversion of the two competing forces will not lie at
Z ~ fXpc.

From the data it would seem reasonable to say that Elvius' suggestion of
M82 immersed in an intergalactic cloud seems the more probable. Radio astrono-~
mers found velocities that suggest it to be bound, whereas Solinger says that it
i.s not since it is moving some one and a half times faster than the Keplerian
orbital velocity associated with binding to M81. Whether the galaxy is tidally
bound to M81 is not in question here, the important point is that it is possible
to predict the polarisation and intensity in M82. This is discussed in the next

chapter.
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CHATTER 5

A dust seattering model of M82

Solinger (1975) using the idea of Elvius that M82 has encountered a
dust cloud and the polerisations arise from the scatfering of malactic light
by this dust cloud produced a model to exrlain the orientation of the
polarisations, this model gives insight into the luminous structure of the
galaxy. This chapter describes Solinger's model and more recent variants
of it and then describes my model that rredicts both the orientation and
deproe of polarisation.

5.). The Solinrcer (1975) Model

The optical polarisztion maps of M82 show 2 centrc-symmetric rattern
centred cn the nuclear region of M82. If the.pattern is rer¥ectly centro-
symmetric this iﬁdicates the source of illumination is point Jike,.any
deviztion from centro-symmetry would indicate an extended source. Solingers'
model assumes that the source is a combination of a disk seen edre on and a
point nucleus. He assumed that the disk luminosity falls of{ as exp(-kr)
vhere the fall off perameter k is a model varameter. The ratio (R) of total
disk luminosity (Lb) to the nucleus luminosity (Iw) is another model parameter,
along with the position of the nucleus (more precisely, the optical centre).
The only other model varameter is the orientation of the disk on the sky,
this be called ® . With this geometrical arra-gement of the luminous sources
Solinger was able to vredict the orienzation of the polarisniion at vorious
points in the halo of M82, Using a minimum chi-squared test he oy timiscd
his predictions to fit the observations (those of Elvius,(1963) and Sandage
and Visvanathan,(1972)). This rodel assvmed Paylieoich scatterine snd ~co
that the scatt>ring tool rloce in the plane of the sky, these assnumrtion:z

obviously moke it unre—~sonnble to predict the desree of rolarisnation.
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Vhen the Durham map of MB2 became available (with 3000 pcints measured

rather than the 60 used hy Solinger) Pallister (1976) ran the Solinrer model

on this new data. The pertinent model parameters of Solinper and Pallister

are compared below

Parameter |} Solinger Pallister
—‘
x  (Kpe) 1 0.5
R 0.05 0.05

The Solinger and Pallister parameters agreed well except for k, the

disk luminesity fall off parameters.

The model I descrive late in this chapier uses the luminosity geomeiry

of the Solinger model but includes integration along the line of sight and

realistic dust density distributions,

Before describing my model I will

review variants on the Solinger model used by other workers in the last two

years.

5.2 Previous models of 182

An attempt to predict the polarisation and intensity of the halo was

made hy Schmidt et. 21, (1976).

In their model they used Solingers galaclic

paremeters. The cylindrical disk was embedded in a cylindrical dust clond of

radius 200 arc seconds, which appears to be the visible extent of the disk.
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The scatterers were Rayleigh type, and the cloud had a censtant dust density.
Using their own data which was obtained photographically, they obtained itraces
of the intensity of polarisation along the minor axis. This data was initially
normalised to Elvius' data. The predicted intensity had a much slower fall-off
rate than actually observed, and their resulting percentage polarisation showed
itself to be a factor of two higher than observed. Overall, the theoretical
predictions were not very impressive.

In their model, an optically thin halo was assumed (see page 45) and by a
simple analysis, an estimate of the dust density was obtained. Denoting the
observed intensity by I(z), the dust densitylo(z), and the predicted intensity
for a uniform dust density denoted by Iy (z), where z is the distance along the
nminor axis from the nucleus. They concluded the following relationship

I2)oc p(2). T (2) (5.1)
(They predicted two cases, one with a uniform disk and another using Solingers
value of k. 1In both cases very little variation occurred in the predicted
intensities.) The relationship noted for the observed intensity was

I 272 (5.2)

whereas it was found that

-0 (5.3)
Tr(2)ec 2%

They concluded that

/-vCE)oc 2" ° (5.4)
Note that by meking the dust density a function of z only, it avoids integration
aglong the line of sight.

The model predictions show anomolous effects however., In particular their
predictions using k‘|=.lec shows a minimum polarisation for zﬂloi and then the
trend is for the polarisation to increase to 100% as we go towards the origin,

In this case they roint out that for small 2 the rolarisation is dominated by

the point source (i.e. the nucleus), but even for a point srurce ths trend shonld

be for the nolarisation tn Aernase for sm~ller z, 2nd it is physdcally imrossible

to zchieve 100% polarisation for z = O.
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The model is not accurate then for small z, this is probebly due to the fact
that only thirteen scatterers were taken along the line of sight, and although
we are not interested in regions with zégd?this is because the optical depth
has incresed to a significant amount, and also the nucleus has a finite width
which m#r be aquite considerable) it is impossible to say where predictions do
become accurate,

As stated previously, the predicted polarisation from this model was too’
high. Abadi et. al. (1977) realised that this was a major difficulty with the
Schmidt model. They attempted to reduce the polarisation by using non-spherical
Rayleigh grains. These have the effect of depolarising the light even further
(see page?6). The model adopted for M82 was a point source. representing the
galaxy, which has drifted into an intergalactic cloud which has a depth of 16 Xpc.
The effect of the depolarisation mechanism is significant. It is knovn for
example, that the minimum polarisation produced by Rayleigh scattering through a
line of sight is 33% whereas Abadis' configuration reduces the polarisation to
20% albeit a point source. However, the effect of the point source was to produce
a far too high polarisation and the predictions were no better than those obtained
previously by Schmidt. They concluded that the scatterers are needle like
metallic grains, probably graphite. Infra-red observations could determine this
point,

5.3 The vresent model

The model proposed here consists of a disk and a nucleus surrounded by an
intergalactic dust cloud. The disk intensity goes as Ie€ exp(-kr, ) where
Pallisters' value of k is used. In addition to the intergalactic cloud, we have
introduced dust which is assumed to be intrinsic to the galaxy. A full descrip-
tion of each point of the model is given below.

5.4 The formulation

Basically, the problem is to calculate the three Stokes parameters (see

chapter 1) along the line of sight.
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This is achieved by considering the disk as small elements of lighi illuminating
one point along the lime of sirht (see figure 8), the Stokes parameters are

then calculated, This continues until all points along the line of sight have
heen considz—ed, and the respective Stokes parametcrs are thern simmed to sive
the final Stokes parameter=. It is obvious that for light eminating from the
disk, the asenciated Stokes parameters wil? be in the form of triple integrals
whereas those from the nuclens are just single integrals. The equations con- '
necting the Stokes parameters are given on the orrosing page.

Here A is a constant depending on the properties of the grain (see Appendix
A for full anslysis).

The integrations were preformed employing Simpsons' rule. Since they are
triple integrals, an integration routine would take up too much computing time.
The step lengths were halved until the change in predictions were 1 part in 104.
The line of sight was chosen so that any further increase in the depth would
not affect the results. It was found that by varying the luminosity ratio
parameter, R, very little change occurred in the results, apart from the regions
where z £ 200, and as already stated, these regions do not concern us. The
critical factor was k., By varying k dramatic cﬁanges in the predicted polar-~
isation occurred (see figure 9). Care has to be taken in the step length used
in the disk. If k is large, the intensity falls off dramatically, consequently
if the step length, Sr; is too large then the integration will 'miss-out! the
fall-off completely, and assume a fairly uniform disk. This was investigated
for the chosen k and a safe step length was duly established.

5.5 The dust density

Having established the various galactic parameters and assured the accuracy
within the predictions, we must now turn our attention to the form of the dust
density. Since we are dealing with an intergalactic gas cloud, an infinite

depth in the integration along the line of sight is used.
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A { g D(Z) ( 1+ (X-rpCos® )2) exp (~krp) x, drpd@dx
¢

° I
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1
g D(Z) (22- (Y-rpSing) 2) exp (~-krp) derDa(bdx
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np(Z) 2Z (Y-rpSin@) exp (-krp) rpdrpd@dx

Rl'

-{ o °
are Stokes parameters produced by the disk, and

(

Xz ) dx
Tty M
R

np(2) (1+
' R

nD(Z) Z =Y dx

SN f'\&-/\..

]
[}

1d

np(2) 2_"1__ dx
Rll

N

[ ]
~

are Stokes parameters produced by the nucleus,

B being a constant

where RZ = (X-rpCosd) 2+(Y—rDSim7§) 2,72
]
R 2exby24z2

and nD(Z)=n°(1+u/Zn)
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This is tantamount to using a depth of 2000 arc seconds,
The dust must be considered in two parts. Firstly, we have the inter-

galactic dust density (denoted by ng ) and the dust which is intrinsic to the

galavy, denoted by nﬁ . Both types of dust are conisidered as Rayleigh scatterers

and by Weliachews' data, n,. is assumed constant (see figure 10). This assumed
becense in most observations taken in our galaxy, the dust to gas ratio is
constant., Only the galzctic dust ng is given variability. We have assumed
ng to he a function of z only, and indeced in our galaxy it is the case. By
making ng a function of z it m=2kes computations easier becau=e nrne of the
integrations depend on z.

Congider now the dust density. It was assumed that the intrinsic dust
extended to the region of the galaxy (the radius was taken to be 200 arc
seconds), therefore when scattering from the interaslactic cloud, we consider
only n. , but when scattering from regions 'above' the galaxy (i.e.|lx|€ 200) we
consider n¢ and nq (see figure 11).

The form of the dust density was taken as
[rlﬂmc x| ¢ zoo"

N = (. 0
Ne | >ac0
where n, denotes total dust density.

Assume theot

ycz) = 1’19(0)/2“ (5.6)

where n g (o) is the dust density in the plane of the galaxy (obviously by
putting z = o we have a singularity, sec we put z = 1, which te all intents and
purposes, is in the plane).

So for |x|€ 200
N = Ne + nj(d)/?-‘n

=ne (1 Qﬁﬁ?&éjlc-)
: _—

o o o = =
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From now on we put = ngfol/ncd We hove therefore established two parameters, i
and n. These two pecrameters alone detcrmine the sh-ore of the polarised i»tensity
rlots (nssuming palactic parameters fived). If we have a lar-e valuo of n and i,
the plot of polarised intersity arcainst distance will have a persisting larpge
pgradient. By m~king the value of X less, the effeect of = dependence will ranidly
deecro=gse and so on.

5.6 The selectiern and fittine of data :

In 211, twelve *traces were taken, six of intensity and six of polarised
intensity. Polarised intensity was used since the total intensity may be con-
taminated (e.g. halo sters, intrinsic light). The treces were taken through
the opticzal centre ard eighty arc seconds Fither side, top and bhottom,
perpendicular to the plane of the gelactic di;k. Since the polarised intensity
depends only on the scatterers, theoretical predictions of rolarised intansity
were made. (see figures 13-24),

It is noted that the data is measured in arbitrary units. Likewise, the
predicted values are also in arbitrary units. These must be normalised to
‘the observed values since the shapes are consruent. 7Tt should be sufficient
to normalise all the nredictions to one value of the Qata. If we let the
observed value to be Pg and the theoretical value be P; , then since we plot
on a logarithmic scale we can write

lgq\o?o = logw?T r R (5.8)
(for z = zlwhere z,is the peint of normalisation) i.e. we merely raise the
theoretical curve ur until the two curves coincide. Equation (5.8) may be

vritten as

hg.o (R/P, )252,'- R. (5.9)

Here k is the conversion factor.
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Once k has been established it should be used for all the data, including

the intensity i.e.

lg Lo= log, L1+ R (5.10)
for all z. This was attempted and it was noted that the intensity did not fit
the observed intensity wholly. If the model is correct, the predicted intensity,
after conversion, should never be greater than the observed intensity but it is
ecceptable that the predicted values be less than the observed values. The latter
was indeed the case,

When we use the polarised intensity, it is noted that it depends solely on
the scatterers i.e. we observe the polarised scattered light. When observing the
intensity however, it may be contaminated and so we predict ihe intensity of the
scattered light alone. We see from this why it is acceptable for the predicted
intensity to be less than the observed.

The most obvious explanation for this 'missing intensity' would be con-
tamination from halo stars. If this is the case one would expect the predicted
and observed intensities to coincide forlarge values of z since the halo stars
in the outer region will be sparse. The following analysis shows us that the
halo star density is acceptable. .

5.7 Plansability for halo stars

If halo stars are the cause for the contamination then it would seem likely
that away from the galactic disk, the theoretical and observed intensities should
coincide. This is because the halo stars, as observed in the other galaxies,
become less frequent as we go further from the disk. We first define the symbols

Line of sight = §,

]
&

Tuminosity of galactic disk

Luminosity of individual stars = Lw

Number of stars per unit volume in halo = n:
Number of stars per unit volume in disk = n:

Dust density = np
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Optical depth of scattering = 'E

Optical depth of extinction = 'ng
Effective cross-sectional area of scattering = Csca
Effective cross-sectional area of extinction = Cext

®
(Note: Csca.::TﬁKzQsca and Cext = Ml Oext where a is the radius of the
scatterers). Note the assumption of constant luminosty of the disk.
Assume that light from the galaxy reaches a point P in the halo ' -

along the line of sight. The intensity of the light is approximately given by

I-= La (5.11)
4Tz
The intensity of light scattered from point P is

SIg= LpMpCsea (5.12)
T2

The total light scattered along the line of sight is

Ts = Lonp Csca Se (5.23)
e T2

But

s0 that (5.13) becomes

I = b (5.14)
Lit>2*

Now the total intensity received from halo stars along the line of sight is
H ~%e
T, = (M b S e (5.15)
4

If e is small, which is a reasonable assumption, then

e~ (- Te)
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so that (5.15) becomes

(.'.\_!'L‘__L.“‘) 5 (1-Te) (5.16)

Let Po be the observed polarisation and Py the theoretical polarisation.

Since the polarised intensities are the same.

oo TseTe = 1t L (5.17)
1% Is J%
If we let the ratio have an upper limit of two (as observed from the data),
then
el = N LeSli-%e) 16T 2>
Is - 4Ly Ts
= 4T(n *l_ﬁz"'s'o) (1= a) (5.18)
'T.s
Now
!
Ts = Nplla*@sca So (5.19)
and

Te= hpTa® Qext S
If we further assume that the scatterers are of Rayleigh size we can substitute

values into equations (5.19) taken from Wickramasinghe (1973).

We put
a= 0.0I/l.m
Qext = 107>
Qsca = 10~%

g;o =T x 103 pc
) 3
(Here we have used the scale one minute of arc equals 10~ pc for M82)
Now, the condition of :;:c(implies

hp < b . ]
T et s (5.20)
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and so 10
Np ¢ SxI0 Pen3

Now equation (5.18) can be re-written as

" .
N by = _Ts (5.21)
Ly 4\~ Te)2*S.
If we let the radius of the galactic disk bef then it follows that
D . A »
Lp = Mot ne Lx € (5.22)
where 1 is the width of the galactic disk. Substituting into equation (5.21),
and assuming T <<
o
~ Tptl
= A (5.23)
ng 42+

Using the values of Qsca and a, we find

TG 6wd®np (5. 24)

If we substitute into equation (5.24) the value of np found previously i.e.

np& 107"  then (5.24) becomes
Ts = C*lD-l"
end H 3

~ 107 stars pc”” at z = GO

N

Our galaxy, at an equivalent distance of 60 arc seconds, has n: ~ 5x 10-!"
so the value of halo star density for M82 is comparable with that of our own
galaxy. It must be remembered that the values found are upper limits.

To summarise, the analysis that we have shown is that the present model

czn be fitted to the polarised intensity but not totally to the intensity. It

is noted that the predicted intensity is less than that observed and so in search

of contamination, it is feasable to say that the missing light comes from halo
stars and the halo star density is in order with the observed halo star density
in our own galaxy. We proceed therefore on the basis of this model and in the

next chapter show the results and implications of the model.
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CHAPTER 6

Results from the M82 model

In the previous chapter we saw that dust density was introduced of the

form

ne) e ((+ o4/an ) (6.1)
We then have two parameters, o and n. Here« is the ratio of dust in the
plane of the galaxy (qa (o) ) to dust in the intergalactic cloud (nc ) i.e.

L= Ng(o)/pc (6.2)

The parameter n, cetermines the fall-off of the dust which is intrinsic to the
galaxy.

6.1 The results

As mentioned previously, twelve traces were taken. Six of polarised
intensity and six of intensity. These were taken through the cenire and at
80 seconds of arc either side of the centre.

Various values of « and n were tried until acceptable fits were obtained.

The results are shown in figures (13 ..24) aad a summary is given below in

Table 1 '
' Position of trace X n
+ 80" TOP 107 | 2.0
CENTRE TOP 10| 2.0
- Bo" TOP 104 | 2,0
+ 80" BOTTOM 103 | 2.0
CENTRE BOTTOM 10° | 2.0
- 80" BOTTOM 3 x 10° | 2.0
TABIE 1

Let us now discuss the results. In all positions, the value of n was
found to be two, this is in agreement with Schmidt and Angel (ecf. pages6).

The dust ratio parameter « , is more interesting.

o e —-
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From table 1 it is noted that ® has larger values for the north of the galaxy
than for the south, the difference being of the order of ten. If the drifting
dust cloud model is correct, tren it may be possible for the material from

the dust cloud to be 'swept-ur' hr the galaxy. It is 2lso nnted thzt the
relative mr*tio- of thz system ic =mnh that the ga1nx& is drifting in the
southwards direction where the larger values of & are found.

6.2 The mas to dust ratio .

Following the measurements of Weliachew (1977) we are able to make an
approximation to the dust density in the intergalactic cloud and the dust
belonging to M82,

Let the column density of hydrogen be n} and the column of dust be n', .

H
For our galaxy

’\ ] . 6. 'olz-
-n—:, 7y (6.3)

Figure (10 ) shows the variation of column density of hydrogen aloﬁg the minor
axis of M82. Weliachew finds a maximum value of 2 x 102 atoms em %and a
minimum value of 9 x lO?oatoms cm'z. We will use the minimum value since we
have to be far away from the galaxy in order that no contamination is present
from the intrinsic hydrogen of M82. We assume that the gas to dust ratio of
the intergalactic cloud is the same as that in our galaxy. The extent of the
cloud is about 30 arc minutes and we assume this to be the depth also.
The value for the average dust density becomes

INpY= 13 110" pm-3 (6.4)
We now use the values of A found previously from the model. This means that
the dust density just above the plane of the galaxy becomes

t -2

Np ~ 107" — (G ¢n-3 (6.5)

This can be compared with the value of the dust density for our own galaxy

Niow 0 x10™%em~3 (6.6)
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which is in good agreement with the predicted value for M82,

6.3 Resume and conclusions

We have seen from the last two chapters the build up to our model of M82,
From the polarisation pattern of M82 we have certain parameters of the disk.
We have seen which parameters are more sensative in making the comparison
between the model and observations. Since there are so many parameters invol-
ved, it is important to have as much data to work from as possible since a
slight error in one could affect the final results.

From the parameters and the drifting cloud hypothesis of Solinger, a
model has been built up using an enormous intergalactic cloud in whicﬁ M82 has
drifted. Many tests have been carried out to ensure the numerical accuracy
and all conceivable possibilities have been considered that might affect the
model, Two dust densities have heen employed, one a constant parameter for
the intergalactic cloud and the other, a varying density intrinsic to the
galaxy. It can be seen from the data of Weliachew that a constant dust density
for the intergalactic cloud is a sufficient approximation if we assume a
constant gas to dust ratio. The polarised intensity was fit{ted and the pre-
dicted intensity was seen to be lower than the observed. This 'missing
intensity' was recoverel from halo stars which, after analysis, appear to be
about in order of the density of halo stars in our galaxy.

From the iits the dwst density power law was found and values of the
ratio of the two grain densities obtained. Working from Weliachews measure-
ments, actual values of the two dust densities were made. In total, the
values found for the hzlo stars and the dust density of M82 point to this
galaxy being similar to that of our own. WExplosions occurring in the centre
of M82 will not greatly affect the scattering model., There is perhaps one
approximation made to the model and that is that the model assumes Rayleigh

type grains in the halo of M82.
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If the grains were of Mie type, the scattering formmlation wounid not be correct
for points near the galaxy. This problem could be resolved by taking polar-
isation measurements at varying wavelengths, both near and far from the galaxy.
If the grains of M82 are Mie type, the polarisation against wavelength measure-
ments will show variation, whereas mcasurements far away from the galaxy

should show no variation with wavelength. Measurements of polarisation against
wavelength is a very handy lever and we will be discussing its possible

potential in the next chapter,
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CHAPTFR 7
DUST SCATTRRING MCDELS OF NEBULAE

In the previous chapter we postulated that the scatterers in M82 were
of Rayleigh type. We have also seen in chapter three that interstellar matter
will probably partially be made ur of grains in the Mie domain (x .~ 1).

It is evident that most nebulae will contain grains. This was shown by
Schiffer and Mathis for the Orion nebula (1974). Polarisation measurements
of the Oribn nebula by Pallister et. al. (1977) indicated Mie type grains.

It is usually easy to differentiate between the two types of grain since as
the grain size approaches the Mie limit, the percentage polarisation drops
dramatically for a given geometry. However, the Mie formulation is in no

way easy. When dealing with Mie grains many parameters are introduced. In
this chapter we look at the problems involved in modelling nsbulae containing
Mie particles.

7.1 The formulation

The model used here will be a simple optically thin spherical reflecting
nebula, the star being placed in the centre of the nebula (see figure25). We
have seen in ichapter two the quantities required for the evaluation of the
state of polarisation of the scattered light. The quantities required are the
scattering functions §; (6,x). Since they are functions of x as well as 9 s
a grain size distribution is recuired. These fimctions must be weighted over
the distribution. Thus if n(x) represents the distribution and N the total
number of particles per unit volume then we cen define the 'weighted! scatter-
ing functions F,' (§) such that

00
NFE; (6) -—fmc)ls,; (.&)x,)lzwef‘ dx (7.1)
[+ ('i;"'") 7—)

where

00
N = fvx(r) dx .
(o]
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The pereontare polerication of the ccottered light for a discrete scattering

anglea will be

(7.2)

p= F.(0)-F.(6)
' F(8) «+R (6)

Before we can aiply these quantities to the model we must reduce the model
geonetry to 2n analytical form. More precisely we must reduce it so that it
derends solely on the scattering angle & .

Let us consider first of all the polarised intensity Il’ . If we wish to
find the polarised intensity from the nebula at dis’cance/o from the central

star

+¥
Ilg = Jo y (R (9)-‘:1(.0)) ér_i (7.3)

-
where the total Jine of sight is 21. This integral means that we merely add up

each individual scattered component along the line of sight.

From the pgeometry the following reduction is readily observed.

St 8- /-’/r

so that

) . gt;\lg - __L.
Also Pt re

"'W'\G = ﬁ/s
S"-/OCobe

or

in which case

els = - Cgsc—c_"b RIS
Eqation (7.3) becomes
+¥

To=-To | CF(O)-Fy1p) L0 (7.5)
P o ‘[{ l 2 ()

The limits now become the angles 8o and 1r-l9,, where

@o '=' va\“‘ (f/eo)
ir-8o

To=To | (F(0)-F.(8)) &
rJ,

- and equation (7.5) becomes

(7.6)
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where Ro is the radius of the nebula. It must be rememvered that the symmetry
of the geometry cannot be introduced into the integral since the functions
F, (§) are not symmetrical about 9:%_[ .

At this stage we may introduce a symnetrical dust density of the form

Np =~ V\e//}-“
Equation (7.6) becomes
r-8o
T, = Jong CF () - F(0)) Sin™ & oD
P ho (7.7)
° 0o
Likewise for the .intensity of scattered light
n-fe
Is= Toho f (RO)=Fo(8)) S 8 dO (7.8)
PV\;! . 9,

7.2 Computational procedure

The models were computed using the IBM 370 at Hewcastle linked with Durham.
First checks had to be made. Various values of Qsca and Qabs were computed
(see figures26-28) and compared with those calculated by Wickramasinghe (1972)
and extremely good agrecments were reached. The next task was to calculate
the values of S¢ (8,x) and then F; (8). Since there are no analytical forms
of S¢ (6,x) an integration routine was used and values of F; (8) were com-
puted with one degree intervals. It is worth noticirg that a good procedure
was used because as x increases, the oscillations of S; (&, x) become more
rapid. This means that if a large step — length is intiroduced without a
check many of the oscillations would be smcothed out during the calculation.
So 360 values of Fi (G) are obtained for a particular distribution. To
calculate equations (7.7) and. (7.8) another integration procedure was used
employving the Romberg method. (WNote that in all these integrations, a check
was used such that the error was one paft in 10“') Since the tabulated values
of Fg (G) are in one degree intervals, an extrapolation routine was used that
calculated the intermediate valves of Fy (8). A check had to be employed, the

most obvious one was to reduce the program to the Rayleigh case.
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.2 The Rayleigh case

Ve use the Rayleigh case for the test since we can predict an analytical

form for the state of polarisation and intensity. We refer back to figure

(25). We first predict the polarised intensity. Fo:; each point along the

line of sirht the state of rolaris~*ior must be weighted against the intensity

falling on the point.

Let the total intensity observed from the nebula at a distance /0 from

the central star be I.r (/O), and the observed state of polarisation be JT (/o),

then we can vwrite

+<€
P I ()= | pOYTLO) ols
-

where

")LM = 1-Co3?

D —— S

It (0s20

Since we are assuming an optically thin nebula.

IO) = Tol +lesO)/p 2

which meens that equation (7.9) beccmes

+
TT((J)ITgo) = ;-'Q Y ic-cos‘a) as

We refer the geometry to the angle f where ?,E_s-

Applying the same analysis as in section 7.1

r-Po

_n(p)1,<,o)=1r§_f Gs*p dp

Likewise for I we have
W, b 1 (f) n._ ¢°

T | (wSig) g

(v]

The state of polarisation for a point o from ‘the star becomes

fo
P((O) = Yo CoSsz Ol(‘o

Jr %o - Sl.’\Zq, CI(’U

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)
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Note that we have used the symmetry of the geometry to change the limits of

the integrals. Equation (7.13) becomes
P = Pot 4 Sin 20 (7.14)
3?90 - l/z_Sl’\.2¢o .
Since 70 - COS"K/R,,

we use the variabl: x = f”ﬂﬁo which means. that (7.14) is now

_ "
P(p) = Cos=! o+ 2 1-%
£ 3Cos— 2~ (l+x D) 7+

Values of P 90) were readily calculated. These values were compared with
computer predictions using the Mie model for various values of the refractive
index. It was found that the computer predictinns were in error within two

roints in 10“2 This duly establiched the credibility of the computer model.

7.4, Results from comouter models

We are now in a position to predict polarisation and intensity from model
nebulae with the and of the model. All that is required is to imput the ‘refrac-
tive index and size distribution of the grains. Since one can predict =
multitude of results, we look at the affects on the results when the narameters
are varied. The results prerented here are the percentage polarisation plotted
against the ratio of the distance of the point of observation from the star to
the radius of the nebula. We have used two grain size distributions viz

N8 = hoexp (- ¥as)® (7:25)
and

3 3
neal= o @ /’-eﬂ,o (=% /o) (7.16)

Let us first look at the affect on the results when the mean grain size, %, is
varied. Figure (29) shows the polarisation fqr a spherical nebula containing
dirty ice (ﬁ = 1.33—6.05i) along with the size distribution whown in equation
(7.16). The predicted line, A, is far X = 2.0 while B is far X = 3.0. Clearly,
dramatic effects oceur when X is changed. What happens if we now chanse the

grain size distribution? Figure (30 ) shows the case for dirty ice again only
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this time the distribution shown in equation (7.15) is used along with X = 2.0,
Here the polarisation is increased dramatically when compared with line A, of
figure (29). This indicates that the distribution is just as important as x.
The increase in polarisation encountered, when usine the 'Greenstein' distribu-
tion (equation 7.15) is easily undersiood from the equation. The Greenstein
distribution will contain many Rayleirsh particles whereas the 'Wickramasinghe!
distribution (equation 7.16) has the 1a% 1 factor coupled with the exponential
thus reducing the number of Rayleigh particles present.

We nowx turn our attention to the geomefry. We now invoke a 'slab' like
geometry, the results using this are shovm in figure (31 ). Here, as indicated,
we have used the two size distribution with dirty ice and % = 2.0. The
Greenstein distribution can be compared with the curve in figure (30 ) which uses
a soherical zeometry. It is seen on comparison that the shape of the curves
vary greatly. Using the saﬁe geometry with the Wickramasinghe distribution and
holding X = 2.0, we now use silicate grains. (seen in figure 32). Comparing
the curves for ice and silicate, a great decrease in percentage polarisation is
observed.

The only parameter left to investigate is the variation in the dust density.
Figure (33 ) shows a sphérical model usine the Wickramasinghe size distribution
with silicate grains only with X = 1.0. This is very near the Rayleigh 1limit.

A dust density of the form AOI/P'\ was used. The curves A, B and C indicate
the percentage nolarisation for n = 0, 1 and 2 respectively. It must be added
however, that as one increases %, the difference in polarisations between the
curves tends to decrease.

7.5. Discussion of resultis

From the previous section we are able 1o state to what extent the variation
of the paramoters affect the results. Usually, if one was dealing with data, the
approach taken would be tc assume the geometry of the object, althourh error in
judgement can affect the results greatly. Sccondly, the type of grains present

can be found from infra-red absorption measurements, although again error hcre
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will greatly affect the resvlts. The size distribution has probably the greatest
affect on the results overall. The vproblem is twofold however, we not only need

knowledge of the distribution but also of the mean grain size, X, which also has

a great affect on the results. It is clear from this that more study is required
into this problem.

The dust density introduced is not such an important quantity. The effect
on the volarisation is obvious after some thourht. If a radial decrease in the
dust density is introduced then when summing polarisation components along a line
of sight more light will be scattered where the scattering angle is of the order
of abﬁut ninety degrees, then when scattered at the edges of the nebula. Around
these angles occur the greatest percentage polarisation.

There is one other vroblem that we have failed to mention that of the optical
depth. Vanysek (1973 ) has found, by using a Monte-Carlo method, that as the
optical depth of nebula is increased the polarisation decreases. This is because
the number of scatterings has increased within the nebula (the models here
assumes single scattering). As the licht passes through the nebula the scatter-
ing angles will change for each point of scattering. This has the effect of
'diluting' the polarisation. Clearly a proper analytical approach to this will

be extremely difficult.
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GENERAL CONCLUSIONS

It is obvious from this thesis that polarisation measurements is one of the
most important techniques for investigating grains in nebulae and galaxies. It
also has other uses, particularly in deciding whether stars are émbedded in
certain nebulae, as was in the case of the Orion nebula (Pallister et. al. 1977)
it can also be used in detecting magnetic fields, as in M104 (Scarrott et. al.
1977).

As polarisation has been considered here, its main purpose is to find out
certain properties of grains in nebulae and galaxies. We have seen that there
are two domains to consider, these being the Rayleigh domain and the Mie domain.
If a nebula consists of Rayleigh particles the formulation becomes relatively
simple however, the properties of the grains ére lost since the polarisation is
independent of the refractive index, and a grain size distribution is not
required so that little can be said about the grains except that a limit on the
size can be placed. The situation of M82 is very unusual. In this case,
properties of the galaxy as well as some measure of the grain density can be
found, but the chances of finding many observable galaxies like M82 must be
very small indeed. MB2 is an example that shows the versatility of polarisation
in leading us to the answers.

The opposite occurs for Mie grains., 1In this case there are many parameters
to be considered, the refractive index, the geometry of the nebula and the
grain size distribution. The size distribution is not particularly of interest
physically, but the theory requires a grain size distribution to be used. As
in mathematical equations, the more variables present, the more equations are
required to solve for the veriablzs, AMn anelosy can he drawn here since we
1eve 30 many.parameters we reguire many forms of measurements. These take the
form of infra-red, colour measurements (e.g. B - V), spatial polarisation and
variation of polarisation with wavelength. The problem now is to model the

nebula, combined with the data.
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The greatest problem here is the optical depth of the nebula for once the
optical depth goes beyond the order of unity, multiple scattering arises. No
analytical approach to this problem has yet been established, it is usually
tackled by a.Monte—Carlo'procedure. Consider the possibility of using wave-
length variation of polarisation., Knowledge of this-property would be a
great boon in the investigation of the grains' properties. However, if
polarised intensity is used, knowledge of the variation with wavelength of the
illuminating sources' intensity is a prerequisite. More fundamentally the
geometry of the nebula has to be established initially before any modelling
can be attempted. Assuming that the means of obtaining these measurements
are at hand, whal type of nebula should be approached? The answer appears to
be an optically thin spherical reflecting nebula. However, it is usually
found that most optically thin nebulae are nof sphericzl, The other dis-
advantage is that an optically thin nebula will be of low intensity. Planetary
nebulae might be of some interest since their geometry is more or less secured,
however, the problem of scattering of emission light will be encountered in the
shell. In any event the reduction of the model will require immense computing
time., Clearly, from the arguments presented here, more work is reaquired in

the treatment of the theory.
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Appendix A
Mathematical reduction of the M82 model

The analysis that follows is based upon Solingers' (1975) reduction. We
refer back to figure (8). We define the angle & as the scattering angle and the
angle}& as the angle between the scattering plane and the line of sight. Solinger

shows that in this geometry the Stokes' parameters will be

Te Cos?{ Cos™ +Sin?y
I~ | = 34 Cos'D 3&\"\{4 ¢ (.,37-4, T. (x.1)
M C1=Cos™8) Sin 24

Te =3 To (Gos™0 sy + Siny)
I~= 34 L C Cosz@-gl.nz&‘; TCOSLL‘J) (£.2)

U =% To Ci-cos*0)Siin 24

From definition

I=Te+Tr
and
q) = JTe- T
so that
I= Tet T =34 L (14¢os?$) (n.3)
Q= Te-Tr= 35 Tolos 2y (G- 1 (K.4)
_ 3y . L 20 (A-‘)':)
U= ‘\—IoSW\ZA]/SU\
From the diagram we define
D r_‘bCDs?k‘\-fng\Cf’J
E YJ + 2k
EL fbfo.s?o Lt (\{-rg S&\q’ )J‘ + 2’& (A.6)-
E Cx“r.bCosc?)’(:"-fC\/-CDSt‘V\Cf)j +‘&£
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and ! .
- L -
'E X Lo+ Y,J 4 &k
where (i, j, k) are the Cartesian unit vectors.
~ e e
From this we find

GO = 1l_lf = (_L_——_M[od (A.7)

and ~
('os"()(a = (Y- G;S”u‘«cp )% (A.8)
(B> (2 (gt
Bquation (A.3) becomes L =" Ces tf)
I=% I (it (X=Cos@)?) (8.9)
RL
Equation (A.4) can be reduced using _
25057'4/-! = QCFDSM(?"YJQ-CRLz'PD‘LCosi(.O,)
(R * - rszoszlP)
along with . 5
Ri:-6s P = (Y- 6ing) "+
so that '
2Co&l'~ll~( = L\/—GQW\Q) L_.-L‘\:?-
CY- bemQ)" +2?%
also

G20~ | = u-rbasfwl—el
g T

= - (V-G Rt
RL

this means that

0( = 34 To (&L-%:/_~rnsl'h(?)L> (A.10)

Finally we look at equation (A.5). It can easily be shown that

Sin 24 = 26in Yloa§ = 22LY = Fnbing)
. 2%+ (Y- Smg)*)

so that

(I'Cosm)gv'v\ ?—l{/ =22 (Y~ rbSl'V\Cp)
R
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or

W= %L%CY“ TES“.“(P) (a11)
R

Let us now turn our attention to the galactic disk. Let the surface brightness
of the disk be RN
13(‘33)"13:»61_ .
so that by integrating over the disk we have
- fB da (A.12)
da= Ny AJ};GLQ’

Consider an element of intensity, dlo, from the disk. Then

where

dT = Bva) da ’Boe:w"Aa
4mRE 4P

and using eguation (A4.12)

cAdle = 213 h‘ew (-kvp) da
LT*RE( |-be"%)
where, following Solinger, the urper limit of r = 5/k. Now equations (A.9: A.10;

A.11) are Stokes' parameters for one point along the line of sight with the
incident light eminating from one element in the disk. We now have to integrate
over the disk and the line of sight in order to predict the observed Stokes

parameters. The predicted parameters become .

L o
Ty = 'ff{_[_ Cl-r(x-n,@g) )e"t""r,,dn,o({wl)t
-ebo

+% W’
Go=R ffr" (2> (Y- g:‘fm(p) ‘) e~ BN e Al dg A

-oo
+4 Lt
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where A' is a constant. Note that these are the Stokes parameters observed from

- ¢ ©

light eminating from the disk. ¥or the nuclear parameters we simrly prlace Ty = 0
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and find 4%
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where B' is a constant which depends on the nuclear luminosity.

equations use a constant dust density distribution.

Note that these
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