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SUMMARY 1

Since the discovery of the two systems of moving emission lines
in the optical spectrum of SS433, this peculiar object has stimulated
intense study and speculation. A generally accepted dynamical model
for the binary system comprises an early-type supergiant and a compact
object surrounded by a precessing thick accretion disk along the axis
of which are ejected two opposing,mildly relativistic, collimated jets.
The polarisation of the system, providing information into the distri-
bution of matter in the system is, therefore, a valuable test for this
model, Hence, in this thesis, we consider the theory of optically thin,
Thomson scattering polarisation and model the observed polarisation of
$8433. in order to provide further independent constraints on the dyna-
mical model,

The introductory section of this thesis is contained in the first
two chapters. Chapter 1 is a review of the observations that have been
made of SS433 as well as a description of the basic kinematic model and
its development to the present dynamical model. In Chapter 2, we review
the constraints on the system imposed by the observations, and the physica
problems which arise from the observations and dynamical model.

In Chapter 3, we develop the theory of Thomson electron scattering
polarisation in the optically thin limit. The simple case of a point
light source is extended to allow for arbitrary source shapes, the
effect of which can be expressed as a 'depolarisation factor'. This
factor is found explicitly in the two relevant special cases viz. a
spherical (stellar) source and a luminous (accretion) disk source.

The equations for the normalised Stokes Parameters for a general coro-




tating scattering region in a binary system are then derived.

A simple geometrical model for the polarisation of SS433 is develo-
ped in Chapter 4, including the effect of spherical light sources.
Although this model has many limitations, they are either not important
to the polarisation or can be compensated for by smoothing the data,
particularly if only the precession variation is studied and the size
and orbital phasing of the data set permit those data points taken during
eclipses to be omitted. Finally, we predict the broad characteristics
of the polarisation, such as the expected dominant frequency in the data,
based on this model.

In Chapter 5, we analyse the presently available polarisation data
of SS433 which span 3% years of observations. The power spectra of
both the observed Q and U Stokes Parameters clearly show the precession
period and its first harmonic, as expected from the previous chapter,
but no other periods show above the noise. We, therefore, develop an
optimisation procedure to fit a simple, precession only models to the
data and compare the results of this procedure with others. Finally,
we attempt to fit a model including the binary/orbital effects to the
data using the best-fit parameter values of the pre;ession only model,
thereby reducing the number of free parameters. A significant reduction
in the x2 parameter is found if only the first harmonic of the orbital
period is added to the precession model. No reduction in x2 1is found
when the full model developed in Chapter 4 is fitted to the data.

Chapter 6 investigates the dust grain model developed by Ramaty
et al., (1984), to explain the narrow gamma-ray lines claimed to be

observed from SS433, Although this model could, in principle, produce
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narrow gamma-ray lines, as it is presented by Ramaty et al., it is
neither self-consistent nor consistent with the observations at other
wavelengths. In particular, the process which produces the gamma-rays
is highly inefficient and the grains must, therefore radiate the waste
energy deposited in them. This implies an IR flux from SS433 many
orders of magnitude greater than observed. Moreover, the restrictions
on the dimensions of the emitting region and the small observed polari-
sation imply that the emittingdregion must be optically thick in grains
and, therefore, that the temperature of the grains would, in fact, be
too high for them to survive,

Chapter 7 concludes the thesis with a reprise of the conclusions

and suggestions for future work arising from the detailed investigations

presented here,



PREFACE iv

This thesis is concerned primarily with modelling the optical
polarisation of $5433. In connection with this, the theory of optically
thin polarisation due to Thomson or Rayleigh scattering is adapted to
include the effect of an arbitrary source geometry (Chapter 3) and,
specifically, the equations in the special cases of a spherically
symmetric source and a thin luminous disc are shown to be simply the
point source expressions with the electron density distribution weighted
by a geometric factor depending purely on the angular radius of the
source as seen from the scattering point. Then a simple geometric model
for the binary system is developed (Chapter 4) and used in the analysis
of the available data (Chapter 5). While the precession period is clearly
present in the polarisation data and the inclination angle and precession
cone angle can be determined, the data set is too small and too subject
to noise to yield accurate parameter values or determine the importance
of other effects such as light scattered from the companion star.

The work of Chapter 6, which was carried out in cooperation with
Profs. J.C. Brown and V. Icke and Dr. T.V. Cawthorne, is concerned with
one of the models for the narrow gamma-ray lines reported from $S433.
This model depends on the existence of a large mass of dust grains in the
jets of 8S433, and the presence of such grains would have important
implications for the observed optical polarisation. Hence it is necessary
to investigate rigourously whether such grains can indeed survive in the
physical conditions of SS433.

The lengthy introduction to the thesis (Chapters 1 and 2) reflects
the many different questions posed by this peculiar object, not least

of which is: Is SS433 a miniature AGN? While the optical polarisation
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should help the understanding of it, the many mysteries of this system
are likely to keep Astronomers happily employed for many years to come.
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him. My thanks go also to Dr, Alan Thomson for his invaluable aid in
the continual battle to persuade the computers to cooperate; to Prof.
Vincent Icke (Leiden), a colleague and friend with whom the work of
Chapter 6 was done; and to Prof. P.A. Sweet, a true gentleman and a
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CHAPTER 1 1

INTRODUCTION TO SS433

1.1 Introduction

$8433, also known as V1343 Aquilae, is a much studied peculiar
binary system. Although it was recognised as an object of interest only
a decade ago, the intense study and speculation it has stimulated has
resulted in a phenomenal volume of published work. Despite the progress
that has been made in understanding, it is still surrounded by controversy.
In this chapter, we will review briefly how it came to prominence, the
basic observations at each wavelength, the most generally accepted model
and how it has been developed, and the part the optical polarisation
can play in aiding our understanding of this object. Considering the
number of papers already published (well into 3 figures), a compre-
hensive review of the observations and related theory is not possible.
We shall therefore, focus only on the highlights and attempt to provide
a set of references which can form the basis of a more detailed study
into any particular aspect.

SS433 is the most popular and commonly recognised name for this
binary system. It derives from the Stephenson-Sanduleak catalogué
published in 1977 of strong H, emission line objects where it made
one of its earliest appearances, not surprisingly as number 433, It
was independently observed at radio wavelengths (Clark et al. 1975)
and in X-rays (Seward et al., 1976), but it was not until a few years
later that it was proposed that these sources were in fact the same
object (Clark and Murdin, 1978; Seaquist et al., 1979), the former
also suggesting an association with the SNR W50. At the same time,

the first moderate-resolution spectral data were presented and these



"revealed the complexity of $S433,

Quite apart from the strong Ha emission line which led to its
inclusion in the Stephenson-Sanduleak catalogue and the accompanying
Balmer and Hel lines, SS433 displays a number of prominent, broad
emission line features at unfamiliar wavelengths. The typical width
of these lines is ~ 1008 (Margon et al., 1979b). These have been
identified as being due to two distinct sets of Doppler-shifted Balmer
and Hel lines, one with a huge redshift, the other with a large blueshift.
(Figure 1). The Doppler shift of these sets of lines is not constant
(Figure 2). They drift through the spectrum by up to 1000 8 in a smooth
periodic fashion (Margon et al., 1979 a) & b), Mammano, Ciatti and
Vittone, 1980). The maximum redshift is about 50,000 kms-l, the maximum
blueshift 30,000 kms_l, while the period of change in A hovers around
162 days (Margon 35_31.,(19793), Anderson, Margon and Grandi, (1983b),
see Figure 3). The mean velocity of the red and blue-shifted systems
remains approximately constant at 12,000 kms.1 which should be compared
with the true radial velocity of the system of ~ 70 kms—1 as measured
from, for example, the 'rest wavelength' Balmer and Hel emission lines
(Crampton, Cowley and Hutchings, 1980). It was these unique moving

lines which stimulated the interest in SS433.

1.1.1 The Simple Kinematic Model

A number of different models have been proposed for SS433. As
Milgrom (1981) points out in his review, all of them have to assume
that both the gravitational redshift and fyl , where v 1is the velocity
of the line-emitting gas, are constant with time to a high degree. The

observed changes in wavelength are then attributed to changes in the angle



" between v and the line of sight, due, in most models, to some sort
of rotation of the system about a fixed axis. There are 3 basic geo-
metrical configurations, leading to 3 physically different sets of models.
These are (Figure 4). a) Radial infall

b) Keplerian motion

¢) Radially outflowing opposite beams.
It should be noted that many models in classes (a) and (b) require a

central bléck hole of mass M 3 108 M

o O give the observed redshifts.

Also, while all 3 classes are compatible with the optical observations
both radio (Section 1.3) and X-ray (Section 1.4) observations indicate
the presence of outwardly flowing jets. Hence the present preferred model
belongs to class(c).

This model has its origins in two of the earliest theoretical papers
on SS433 viz Fabian and Rees, 1979, and Milgrom, 1979, Both proposed
collimated oppositely ejected jets while the latter also suggested that
a periodic rotation of the jet axis could produce the velocity modulation.
With the aid of a larger data set, Abell and Margon, 1979 were able to
elaborate the Milgrom model. The free parameter values they derived are
essentially the same as those presently in use and they predicted the
cross-over of the red-and blue-shifted systems which was subsequently
observed by Bedogni et al., 1980 and Margon, Grandi and Downes, 1980.

The kinematic model hypothesis is that matter is ejected in two jets
that are collimated and oppositely aligned to within a few degrees. The
terminal jet velocity is a free parameter, the value of which has remained
constant at 0.26 ¢ to within 5% (Milgrom 1981, cf. also Figure 3). The
jet axis rotates with a period of ~ 162 days. The inclination of the

central axis of the rotation cone and the half angle of this cone are



79° and 200, although the optical model alone does not distinguish
between these angles (cf. discussion of radio observation in section 1.3).
The 12,000 kms—1 mean value for the Doppler shifts is caused by the
second order, transverse, or 'time-dilation' redshift due to the mildly
relativistic velocity of the jets. Although the model was first developed
primarily to explain the optical doppler-shifted lines, both radio (eg.
Gilmore et al., 1981; Hjellming and Johnston 1981 (a) and (b)) and X-ray
(e.g. Seward et al., 1980; Watson et al., 1983) imaging observations

now provide strong support for the geometry and kinematics of the jet
model.

The model, however, leaves unspecified almost all of the physical
aspects of the system such as the mechanisms that power, accelerate and
collimate the jets and the nature of the underlying star(s). It is
simply a convenient device for understanding and predicting the kine-
matics of the ejected jets. It has, however, formed the basis for most
of the theoretical work that has been done on SS433.

Simple source rotation as the cause of the change in the direction
of the jet axis has been ruled out since the inferred kinetic energy of
the jets is far in excess of the rotational energy of a compact object
with such a long period so that rotation would rapidly die out (Abell
and Margon, 1979; Katz, 1980). Precession is the most popular mechanism
(e.g. Katz, 1980; van den Heuval, Ostriker and Petterson, 1980). To drive
the precession and to provide a source of matter to supply the jets and
produce the X-ray emission, a close binary system was proposed, and con-
firmed by the discovery of a 13-day variation in the radial velocity of
the'stationary' emission lines (Crampton, Cowley and Hutchings, 1980;

Crampton and Hutchings, 1981). The analogy with X-ray binary systems



led to the proposal that an accretion disk be present. To supply the

jet mass and energy, substantial mass transfer must occur in the system
and a reasonably large object must exist to be precession torqued. Now,
it is assumed usually that the primary star precesses and communicates

its motion to the jets through a slaved accretion disc. Such a disc

also provides a natural symmetry plane to help explain the opposed
alignment of the jets. A number of observations now confirm its presence.

As the data base increased, it became clear that higher frequencies
were present in the radial velocity variations. Since the orbital period
is not negligible compared to the precession period, beat frequencies
were not unexpected. The dominant short period superposed on the pre-
cession period is Vv 6.28 days, with an amplitude 5-107 of that of the
precession period. This period is interpreted as nutation, or a nodding
motion of the disk (Katz et al., 1982; Matese and Whitmire 1982; Collins
and Newsom 1986). This disk motion is presumed to be reflected in the
orientation of the jets, the jets being somehow constrained to follow the
disk normal. (This is a model dependent interpretation.)

The precessing disk/jet model has continued to be modified and expanded
as observations at many wavelengths have provided more information on the
system. By no means all of the physical problems posed by S5433 have been
solved, there being still some dispute over even the basic interpretation
of the Doppler-shifted lines (e.g. Kundt, 1985, 1987). Before looking

at the physical problems, however, we shall review the observations at

each wavelength.

1.1.2 Basic Data

The optical source known as SS433 has coordinates a(1950) =19h09m

21.282°% + 0.003°%, §(1950) = 04°53'54.04" +0,05", epoch of 1980.



Within measurement uncertainties, the position coincides with the compact
radio source associated with SS433, The corresponding galactic coor-
dinates are £ = 39,7, b = -2.2° (Margon, 1984). The proper motion
has not been detected optically, so far (Margon et al., 1979a). The
distance to SS433 from 21 cm absorption studies (van Gorkom et al., 1982)
is in the range 3.7-4.7 kpc while radio observations of the time variable
jet structure give a model dependent estimate of 5 kpc ( * 0.5 kpc)
(Hjellming and Johnstone, 1981a).

Typical optical magnitudes and colours are V = lh.é, (B-v) = 2.1
and (U-B) = 0.6; typical radio flux densities for the central point
plus the extended sources are 1Jy at 11 and 20 cm, 0.5Jy at 3.7 and 6 cm
and 0.2Jy at 2 cm; the X-ray flux is 5uJy in the 2-10 keV range.
(Margon 1984 and references therein). The source, however, shows
extensive periodic and aperidoc variations in all these wavelength
regions. The estimated bolometric luminosity is 11039 erg s_1 (Wagner,
1986).

The binary orbital period is 13.081 * 0.003 days and the precession
period is 162.5 * 0.25 days (Kemp et al., 1986). However, the pre-
cession period does show significant instability (Anderson, Margon and

Grandi, 1983b).

1.2 Optical and Infrared Observations

1.2.1 Doppler Shifted Spectral Lines

The 'moving' lines have been observed by 2 main groups:Mammano,
Ciatti and colleagues at Asiago and Margon and colleagues plus a number
of independent observers (see Collins and Newsom, 1986 and refs. therein),

In the optical region Balmer and Hel lines are observed, while Pashen



" and Brackett lines are observed in the IR (Allen 1979, McAlay and
McLaren 1980). No Hell lines have been observed in Doppler shifted
sets, although these are present in the stationary spectrum which must
be a clue to jet excitation processes. No heavy element shifted lines
have been observed in the optical/IR range, though this is probably due
to lack of sensitivity since the strength of the Hel features is
consistent with a normal H/He ratio. The shifted lines are unpolarised
(Liebert et al., 1979). Figure 1 gives an example of an optical épectrum.
Photographic plates do not show these lines well because of their
breadth and irregularity. However, modern spectrophotometric devices
give good results. The moving lines have a typical base width of a
few thousand kms_1 while the profiles range from almost perfectly
Gaussian (Margon et al., 1984) to highly complex (Margon et al., 1979a);
Margon, Grandi and Dowses 1980; Murdin, Clark and Martin 1980). All
the lines in one jet, however, have the same profile at a given time.
Sometimes the red and blue lines are mirror images, but this is not
always the case (Margon et al., 1979 (a) and (b)). The velocity
structure of the lines can change on a timescale of days as can the
intensity which is typically a third of the unshifted lines. The
moving lines can disappear completely in 10-24 hrs and reappear just
as quickly. The profile symmetry and disappearance/reappearance episodes
are synchronised in the red and blue-shifted systems with a time delay
less than 1 day, implying that less than 102 AU separates the two radiating
regions (Margon et al., 1984) which is comparable to the length of each
optically radiating jet as inferred from the brightness temperature
(Davidson and McCray 1980). While the moving lines can be absent for a

few days there is no evidence for periodsof months when these lines are

missing.



In some series of spectra, the lines do not seem to move as a unit.
Rather, each line seems to be made up of smaller, narrower lines which
do not change their position but increase and decrease in intensity in
sequence. This has been described in terms of 'shadows' or 'bullets'
(Margon et al., 1979b); Murdin, Clark and Martin 1980) implying that
the jets are not continuous smooth streams (cf. also radio observations).
This effect is not always observed.

Assuming a distance d 2 3.5 kpe and a value of EB—V 2 1.4 for the

reddening of 85433, Begelman et al., (1980) estimated the Ha luminosity
of each beam to be v 5 x 103% (d/3.5 kpc)? ergs-1 (cf. also Davidson
and McCray, 1980). Further, they propose that the emission lines are
excited by the interaction of the beams with the ambient gas. This
gives a lower limit on the kinetic luminosity of the jets as 1040
(d/3.5 kpc)% erg s-l, assuming an opening angle of 0.1 radians for the
beams and that 10% of the absorbed energy is emitted in Ha . Various
estimates for the jet kinetic luminosity range from 1036 to 1042 erg s
for mass loss rates in the region 5 X 10710 to 5 x 10-l+ MQ yr_1
(Watson et al., 1983) with the upper end of the range preferred. This

is comparable with the energy needed to distort the shape of W50

(Begelman et al,, 1980).

1.2.2 The Stationary Spectrum

This is the set of emission and absorption lines which do not share
the large periodic Doppler shifts. These lines are imposed on an extremely
red continuum, probably due to interstellar extinction (see below). The
spectrum is dominated by intense, broad Balmer and He I emission lines.

Most of those who have studied the moving lines have also studied the



stationary component,

The Balmer emission lines are highly variable in equivalent width
and, probably, absolute intensity both periodically and aperiodically
(Anderson, Margon and Grandi 1983a; Falomo et al., 1987). The latter
also show that the line profiles are complex and variable on time-
scales as short as 15 mins. The spectrum also displays HeIl X 4686 and
210,124 emission and the CIII/NIII X6640-50 emission blend which is
attributed in X-ray sources to the Bowen fluorescence mechanism (McClintock
Canizares and Tartar, 1975). OI ) 8446 emission is also prominent. Its
strength indicates that it may also be due to some preferential emission
process such as LB fluorescence.

In 1980, Crampton, Cowley and Hutchings reported a 13,1 day periodic
variation in the wavelength of the H emission lines which led naturally
to binary system models for SS433. The initial mass function from the
H emission lines was 0.5 MQ which led to models with mass ratios about
unity, containing a low mass unseen secondary since the large majority
of bright galactic X-ray sources contain neutron stars of 1 M@' However,
Crampton and Hutchings, 1981 showed that the HeIl 14686 emission line
has periodic variations also of 13.1 days but with a substantially
different amplitude and phase to the Balmer emission. If this variation
indicates the true system orbit, the mass function is 11 L which
necessitates a massive early-type companion.

Since in other X-ray binaries the Hell emission originates from the
immediate vicinity of the compact object and since the orbital motion of
the H emission occasionally becomes undetectable, Crampton and Hutchings,

(1981) argue that the HeII variation shows the true radial velocity curve.

. This is confirmed by both photometry and the disk 'nodding' motioms.
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Neglecting the interstellar absorption lines, the spectrum is
deficient in absorption features. However, the Hel and Balmer lines do
show weak but significant P-Cygni absorption wings. These are more
prominent in Hel but the strong Balmer emission may mask strong absor-
ption. The only other prominent absorption features are of very low
excitation viz, FeIl A5159 and OI A7773. These features are highly
variable in intensity but can be quite strong Margon et al., 1979(b).
Weaker Fell lines in the same multiplet have been reported (Crampton,
Cowley and Hutchings, 1980). Such absorption features .are often seen
in A-F supergiants and shell stars., The Fell absorption equivalent
width is phase dependent on the precession (Margon, 1984 and references
therein). The maximum absorption strength occurs when the moving lines
are near equal Doppler shift, i.e. the time when the accretion disk would
be edge on., Therefore, the lines could come from cool matter in the
disk or reflect the photometric variation of the disk.

Even without the moving lines the spectrum is unique.. The broad
emission lines are like systems dominated by accretion disks but there
are also features in common with certain early-type stars undergoing
considerable mass-loss. There is, therefore, an ongoing debate as to

how much each object contributes to the total light of the system.

1.2.3 Interstellar Lines and Extinction

As can be seen even by eye from photographs, the extinction in the
region about SS433 is large and patchy. Hence methods which determine
the reddening very near to or coincident with the star clearly are

preferred, although as many independent estimates as possible should be

made.
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The prominent interstellar lines and bands which appear in the
spectrum confirm that most, or all, of the redness of the continuum
must be due to extinction. Among the strong features are the 4430,
5778780 and 6284 & diffuse interstellar bands and Ca H, K and Na D (Margen
et al., 1979a); Murdin, Clark and Martin, 1980). Numerous weak features
are also present.

The reddening can be estimated from the correlation of extinction
with the equivalent width of the interstellar features (Clark and Murdin,
1978; Margon et al., 1979(a); Murdin, Clark and Martin, 1980). However,
such relations are known to have large scatter and so this method has
limited reliability. Decrements in the emission spectrum of the optical
filaments of W50 (Kirshner and Chevalier, 1980; Murdin and Clark 1980)
provide another estimate, but filaments bright enough for spectroscopy
are not close to SS433 which introduces uncertainty. Studies of the
extinction of stars near the field have similar difficulties (Crampton,
Cowley and Hutchings, 1980). The low energy turnover in the X-ray
spectrum gives information on the reddening (Marshall et al., 1979;
Seaquist et al., 1982) but this is convolved with the uncertain intrinmsic
source spectral shape and possible circumstellar X-ray opacity. Infrared
spectrophotometry, giving a comparison of Brackett to Balmer emission-
line ratios should be reasonably accurate unless QSO complications are
applicable to SS433 (Thomson et al., 1979; McAlary and Mclaren, 1980).
Finally, the continuum slope can be fitted by a combination of underlying
spectral type, reddening laws, reddening magnitudes and variable amounts
of light of variable spectral slope from, for example the accretion disk.
This may be the most sophisticated approach but it also has most free
parameters. Margon, 1984 recommends using AV ~ 8 mag. Most of the above

methods give results which are compatible with this figure.
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1.2.4 Photometrz

Both broadband and narrowband work has been reported on SS433
(for references see Margon 1984, Kemp et al., 1986). The object is
variable on virtually all timescales observed except 0.1 ms to ls. Most
of the variation is due to genuine continuum variations and not to the
moving spectral lines passing through the bandpass. The precession
period and the orbital period with its first harmonic are clearly seen
(Mazeh et al., 1987). The precession light curve depends significantly
on the orbital phase (Kemp et al., 1986, Fig.4) but the shape seems to
require a geometrically thick disk. The orbital light curve indicates
mutual eclipses of the companion star and accretion disk (Kemp et al.,
and references therein). The primary minimum of the 13 day variation
agrees with the phase of maximum positive radial velocity of the
'stationary' Balmer emission lines. This is taken as orbital phase
0. Joint optical and X-ray observations (Stewart et al., 1986) show that
the 13 day X-ray light curve has a minimum at orbital phase 0. Since
the X-ray source is partially obscured at this phase, the primary minimum
corresponds to the eclipse of the disk by the (darker) star. The zero
phase of the 6.3 day 'nodding motion' of the Doppler-shifted lines (Katz
et al., 1982) is offset from the primary minimum by ~0.25 in orbital
phase, exactly the same as the offset of the HelIl emission line variation
from the Balmer. Since the 'nodding motion' must originate from the
vicinity of the compact object the Hell emission must reflect the true
orbital motion. Hence the true mass function must be 11 M@'

The 6.28 day 'nodding motion' of the disk also appears in the photo-
metry, being the strongest beat frequency. The ratio of the amplitude

of the 6.28 to 162 day photometric variations is 1/3, " 5 times the
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corresponding ratio of the radial velocity variations (Mazeh et al.,

1987). There is also a phase delay of about 1 day between the photo-
metric and radial velocity maxima. Both these last effects can be
explained by the way in which the nodding motion is transmitted from
the outer to the inner rings of the disk. (Katz et al., 1982; Matese
and Whitmire, 1982; Collins and Newsom, 1986).

Infrared photometry of SS433 has been reported by a number of
observers (Kodaira, Nakada and Backman, 1985 and references therein).
The infrared light curve for the precession period is similar to the
optical curve and is consistent with light modulations due to the
changing aspect of a precessing accretion disk. The eclipses seen in
the orbital infrared light curve also indicate that the disk is the
more luminous source. Evidence for short timescale fluctuations in
the infrared on timescales from days down to at least 10 minutes
have also been reported (Kodaira and Lenzen, 1983; Kodaira, Nakada

and Backman, 1985).

1.2.5 Polarisation

Initial attempts to detect polarised radiation from S$S433 were
unsuccessful. Liebert et al., 1979 found no circular polarisation in
red light while Thompson et al., 1979 found p = 0.1% in the infrared.
Other observers reported linear polarisation of 3 to 4 percent but
attributed it mostly to interstellar polarisation. However, more
accurate measurements by McLean and Tapia (1980) revealed time variation
which implied that at least part of the observed linear polarisation is
intrinsic to the source. Further observations strongly suggest that

the precession period was present in the data (McLean and Tapia, 1981)
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and allowed for the first analysis of the data using simple optically
thin electron scattering models. McLean and Tapia (1981) found that the
data were compatible with jet scattering models of high inclination
(55°'Li’b800) and with disk or ring scattering for i > 50°. However,
the data set was still too small to determine free parameters with

any significance.

Efimov, Piirola and Shakhovskoy (1984) have also observed the linear
polarisation of 5S433 in a number of wavebands and they confirm the
presence of the first and second harmonics of the precession period,
the first harmonic being dominant. They also found that, in the R and I
wavelength region, the mechanism producing the changing polarisation is
nearly wavelength independent and that a significant part of this polari-
sation is due to scattering from matter concentrated towards the orbital
plane. They also suggested that the strong first harmonic of the pfe-
cession period could be due partly to variations in the direct unpolarised
light.

The polarisation can provide information on the scattering geometry
and mechanism (cf. Brown et al., 1978). Hence analysis of the polari-
metric data may be useful in distinguishing between the various models
proposed for SS433., 1In particular, fitting a polarisation model based
on the jet/disc binary system model discussed in Section 1.1,1 to the
data should provide independent confirmation of various system parameters

such as the inclination of the system and the precession cone angle.

(See Chapters 4 and 5).

1.3 Radio Observations

1.3.1 Central Source

SS433 has been observed at radio wavelengths by a large variety of
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techniques at many frequencies. It was probably first observed by
Gower, Scott and Wills (1967), the positional discrepancy almost
certainly due to confusion in the crowded region. The positional
coincidence between the optical object and the radio source is now
known to be less than 0.2" (Kaplan et al., 1980; Hjellming and Johnstone,
1981a)). The central source has been observed at frequencies from 160 MHz
to at least 22 GHz. The typical spectral index at higher frequencies is
0.6, which is common for non-thermal sources (Seaquist, 1981; Hjellming
and Johnstone, 1982). Seaquist et al., (1982) give a spectrum obtained
simultaneously over a broad range of frequencies. They show that the
spectrum flattens and probably turns over at frequencies below 300 MNz.

The central source intensity is highly variable by at least a factor
of 4 at virtually all wavelengths on timescales as rapid as a day and,
occasionally hours (eg. Ryle et al., 1978; Heeshen and Hammond, 1980;
Seaquist, 1981; Johnston et al., 1981, 1984} From VLBl observations
(Geldzahler, Downes and Shaffer, 1981), there is evidence that N~ 5 mas
is a lower limit to the angular size of the central radio-emitting source,
at 10.65 GHz at least. This angular size corresponds to v20 AU at 5 kpc
(the distance of SS433), and so more rapid variability at these high
frequencies is not expected. No analog to the orbital period has been
found, However, Bonsignori-Facondi and Braccesi, 1986 report a modulation
of a component of the 408 MHz flux density with the precession period.
This component also displays short timescale variability and a high
brightness temperature implying that the source has a small size and is
a coherent radiator. The source size and the precession modulation of
the emission place the source in the centre of the accretion disk. From

the location and type of source, this component would seem to be direct
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evidence for the compact object. Bonsignori-Facondi et al., (1986)
studied flaring episodes at 408 MHz, While these showed no relation
to either the orbital or the precession periods, the one-day flare
activity and one minute variations were correlated possibly with the
precession period.

Simultaneous radio and optical observations (Neizvestnyi, Pustilnik
and Efremov, 1980; Ciatti et al., 1981) show the possiblity of correlated
behaviour between the two wavebands but chaotic variations at both wave-
lengths and possible time delays between the optical and radio variations
make interpretation of the data difficult. The evidence for correlation
between X-rays and radio is inconclusive since, of the two occasions

when simultaneous observations were made, one gave evidence for correlated

behaviour while the other did not (Seaquist et al., 1982).

1.3.2 Extended Components

It became clear that a significant fraction of the radio flux was
extended on spatial scales of a few arc seconds, and that the morphology
was time variable, soon after intense radio observations began (eg. Spencer,
1979). This extended emission is polarised by up to 20% (Hjellming and
Johnston, 1981la). This, plus -the nonthermal spectral index, points to
highly relativistic synchrotron emission.

Both VLBI and VLA observations have been made (Margon 1984 and refs.
therein; Fejes 1986 ). The VLBI work, with a spatial resolution of
10-100 mas, can p;Obe the central engine where the radio-emitting particles
are produced. The VLA resolution is v1" and the volume studied is large
enough to observe the effects of the precession of the beams (but see

also Fejes 1986 ), and hence this work is an excellent probe of the jet

kinematics.



17

The observed morphology changes markedly on a timescale of days
giving a 'corkscrew' pattern when projected onto the sky thus identi-
fying the precession axis direction for comparison with W50 and with
photometry (Figure 5). This morphology can be analysed to give the
radio equivalent to the optical kinematic model, assuming that the
pattern is due to ballistically coasting matter ejected from the jets.
The results of such an analysis (Hjellming and Johnston 1981(a), (b))
agree to high precision with those inferred from the optical analysis.
The twin-jet model is not a unique solution of the optical spectro-
scopic observations. However, the agreement of the optical and radio
results and the fact that the radio maps show that the jets move outwards
provides confirmation of this model. Further, the jet linear velocity
and the observed proper motion of the jets gives the distance to SS433
as 5 kpc (eg. Fejes 1986 ). There is no ambiguity between the inclination
and the precession cone angles in the radio solution, which also gives
the sense of the jet rotation as clockwise. However, rapid changes in
the jets, including the effects of the 'nodding' motion cannot be probed.

by radio since the radio emitting region is too large.

1.4 X-ray Observations

Ariel V made the first X-ray observations of SS433 in 1974, 75
(Seward et al., 1976). These authors suggested the association of the
X-ray source with W50 and, because of its intense variability, suggested
it as a possible compact stellar remmant. It was also observed by the
Uhuru satellite (Forman et al., 1978). Compared with other bright X-ray
sources in the plane of the galaxy, neither the Ariel nor the Uhuru

observations suggested anything unusual about the object., The typical
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10 -2 -1,
erg cm g in the 2-10 keV band, but is highly

observed flux is ~10

variable. Since there is little correction required for interstellar
absorption in this band pass, the X-ray luminosity can be confidently
estimated to be 1033 ergs-1 which is trivial compared to the infrared
bolometric luminosity ( ~1039 ergs-l, Wagner, 1986), the kinetic energy
of the jets ( ~10%0 ergs-l,Begelman et al., 1980) and to many binary
X-ray sources.

Marshall et al., (1979) analysed the spectrum of the source in the
2-30 keV band obtained by the HEAO-1 A-2 experiment but could not dis-
tinguish between thermal or power-law spectra. However, both models
require a prominent, broad emission line at 6.8 keV, the result of a
variety of unresolved transitions of highly ionised iron, The observed
equivalent width of this line (580 eV) implies a thermal plasma at a
temperature of about 14 keV., A similar feature can be seen in a spectrum
fromAriel VI (Ricketts et al., 1981). Stringent upper limits on Si
emission near 1.9 keV are given by Grindlay et al., (1984). Since strong
Si emission is expected for thermal sources with kT between 0.35 and
1.3 keV, thermal interpretations of the X-ray emission must have sub-
stantially hotter plasmas.

The Einstein observations were the first to give information on the
spaci al structure of SS433, X-ray imaging observations (Seward et al.,
1980) show that 90% of the soft (1-3 keV) X-ray flux is coincident with
the optical object but 10% is contained in 2 extended jets closely aligned
with the major axis of W50. This confirmed the association of SS5433
and W50, strengthened the evidence for ejected jets and gave a minimum
age for the jets of a few thousand years. Further imaging data (Watson

et al., 1983) showed that the spectrum of the X-ray lobes is different
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" from that of the central source, which is not surprising as the lobe
emission must reflect the interaction of the jets with the ambient
medium,

§8433 is highly variable on a number of timescales. Significant
daily variations have been observed (Seaquist et al., 1982) some, but
not all, of which may be correlated with radio variability. There is
strong evidence for variation on the orbital period, in particular, the
light curve shows a partial eclipse at 0 phase as defined by the
'stationary' Hell radial velocity curves (Grindlay et al., 1984; Stewart
et _al., referenced in Kemp et al., 1986). There were insufficient
observations from Einstein to search for flux variations on the precession
period (Grindlay et al., 1984) although Rickets et al., 1981 do discuss
this effect based on the more extended Ariel V observations. No varia-
bility on timescales less than ~300 s has been observed suggesting an
extended X-ray source.

Two groups (Watson et al., 1986; Matsuka, Takano and Makishima, 1986)
have reported observations of a Doppler shifted iron emission line, with
energy shifts consistent with the kinematic model of the jets. This
implies that the X-ray emitting material is associated with the jets. The
rest frame energy of the lines (6.7keV) suggests a thermal origin for the
line emission. Further, precession phase dependent changes in the visi-
bility of the lines are interpreted by Watson et al., (1986) as being due
to obscuration by the precessing accretion disk, implying X-ray line

emission in a hot inner jet region.

1.5 Gamma Ray Observations

Lamb et al., 1983 and Lamb (1984) have reported observationms of

narrow gamma ray lines in the low MeV range in the general direction of
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S8433 and have indicated this object as the most likely source of these
lines. However, the details of the emission process, and even the
reality and correct identification of the lines in terms of nuclear
transitions are still controversial (Wheaton et al., 1985; Geldzahler
et al., 1985). A number of models have been proposed for these lines
(Boyd et al., 1984; Kundt, 1985; Ramaty et al., 1984; Helfer and
Savedoff, 1984), though without general agreement on even the number
of lines that were observed, and with lack of physical self-consistency

of some aspects of the models.
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Spectrum of SS 433 obtained on 1979 March 20 with the Lick Observatory 3 m Shane reflector. The data have been con_vcﬂ;f-_‘
to flux units via observations of spectrophotometric standard stars from the list of Stone (1977). The principal emission featuresare |dt:n
fied, and the prefixes “+" and"— " to these labels denote lines in the redshift and blueshift systems, respectively. Stronger interstellar
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Figure 1: From Margon et al., 1979b).
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Figure 2: From Margon et al., 1979a).
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form where the unresolved core radio source (small +) is removed, and the proper motion paths of material ejected at 20 day intervals with
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respectively.

Figure 5: From Hjellming and Johnstone, 1981b).
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CHAPTER 2

" 'PHYSICAL CONDITIONS IN SS433

2.1 Introéduétion

We now turn to the physical problems based on the twin jet and disc
model for SS433, which is the most widely accepted model (see Chapter 1).
Before dealing with these problems, however, we will detail the constraints

imposed by the observations.

2.1.1 Observational Constraints

The luminosity in the H, line is “1035 erg s-1 (Milgrom, 1981), while
the estimated bolometric luminosity could be as high as 4 XI039 erg s
though much of this would be obscured by the interstellar extinction, being
mostly in the U optical band and the unobserved UV (from optical spectrum
fitting, Wagner 1986); The width of the moving optical lines is ™100 X.
The temperature in the optical emitting region of the jets must be ”104K,
since a higher temperature would lead to stronger HeIl lines than observed
and we would see lines of higher excitation ions. In comparison, the
highest disc photospheric temperature is "'107 K (Katz, 1986) as is the
temperature of the inner regions of the jets (Watson et al., 1986) . If the
emission is incoherent, the Hy flux and the estimated distance imply a
lower limit of "3 x1012 9:% cm for the length of the emitting region,
where 6, is the opening angle of the jets in units of 0.1 radian, which
is the inferred opening angle (Bodo‘gg;él,, 1985). Since changes in the
lines occur on timescales of the order of a day this implies that the maximum
length of the optical emitting region is v 3 ><1015 cm; This can be reduced
to V7 x 1014 ém if coherent changes are propagated at the beam velocity.

The jet velocity is remarkably stable (Milgrom, 1981) and uniform in
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direction and magnitude across the jets (Milgrom, Anderson and Margon,
1982; Katz and Piran, 1982), indeed the jet speed is more stable than
its direction (Margon 1981; Katz and Piran 1982). The kinetic luminosity,
LK’ of the jets is highly uncertain. If each atom emits only one Ha photon
then L~ 4 x 1042 erg s—l. Other estimates for LK (eg. Milgrom 1981;
Bodo et al., 1985) lead to the conclusion that the filling factor must be
very small if LK is to be much smaller than 1042 erg s.1 which is highly
super-Eddington even for an object of mass 10 M®. A lower limit for LK
can be found that is independent of the filling factor, the length of the
emission region and the emission mehcnaism (cf. Milgrom, 1981). Since the
emission of an Ha photon requires a prior excitation or ionization, an
energy, Eex’ must have been deposited in the line-emitting gas. Unless
this energy is deposited isotropically there will be a simultaneous transfer
of momentum Pexz Eex/c. However, the relative change in the total momentum
flux across the emitting region must be less than 0.1 since the observed
velocity spread across the region is small. This implies that the total
momentum flux must exceed Pex by at least the ratio of the
velocity of the line-emitting gas to the maximum spread in that velocity
36 erg s-1 (Shapiro, Milgrom and

allowed by observation. This gives LK > 10

Rees, 1986).

The observations of the doppler shifted iron K lines (Watson et al.,
1986; Matsuoka, Takano and Makishima, 1986) show that the disc obscures
one of the X-ray emission regions except (possibly) when the disc is close
to being edge on. Hence the inner regions of the jets are at X-ray tem-
perature ( ’\:107'5 OK). Depending somewhat on the shape and thickness of

s . 12
the disc, the length of the X-ray emitting region must be <10 cm for

this obscuration to occur. Also, since the X-ray lines are observed to be
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shifted by the jet velocity of 0.26c, the jets must be accelerated up to
the terminal velocity within r = 1012 cm and before being heated to X-ray

emission temperatures, or at any rate before the X-ray emission becomes

observable,

2.2 The Jets
There are 3 basic physical questions relating to the jets of SS433:
a) What is the energy source of the jets?
b) How are the jets collimated?
c) How are the jets accelerated, and why is the velocity stable at 0.26c?

We will deal with each of these in turn.

2.2.1 The_energy source of the jets

Two energy sources have been proposed to power the jets both of which
involve a central compact object. These are the rotation of a neutron
star or accretion onto a neutron star or black hole. Since there is as
yet no evidence from observations suggesting the rapid rotation of the
central source and since accretion is normally invoked to supply the mass
ejected by the jets, accretion powered models have been more popular. In
addition, a very rapidly rotating central neutron star would be needed to
sustain -.LK>>10 years. Unless the mass flow rate has been severely
overestimated or the compact object is extremely massive, the Eddington
accretion limit must be exceeded to power the jets, in accretion-type

models(for a 1My object the Eddington limit is = 1.25 X 1038 erg s—l).

2.2.2 Collimation of the jets

The phase difference between the radial velocity and the photometric

ptecession periods is evidence that the jets follow the normal to the disk.
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For this reason and since the disk provides a natural symmetry plane,

it has long been assumed that the disk is involved in collimating the

jets (Davidson and McCray 1980; Katz, 1980; Sikora and Wilson, 1981).
Despite doubts as to the stability of thick disks (see Section 2.3.1), the
funnels formed along the axis of a thick, super-critical accretion disk
have been suggested as acceleration regions (see below) and collimators

for the jets (eg. Milgrom, 1981; Bodo et al., 1985). De Laval nozzles
near the magnetopause of a magnetised neutron star have also been proposed
(Begelman and Rees, 1984) and Eichler, (1983) has also pointed out the

possible role of the ambient medium.

2.2.3 Jet Acceleration Mechanism

Early in the study of SS433, Milgrom, 1979 pointed out that the observed
velocity of the jets, 0.26c, is within a few percent of the value required
to doppler shift the hydrogen Lyman continuum limit to the wavelength of
La' Although it may be a coincidence, this has led to models where the
acceleration mechanism is radiative absorption and the terminal velocity is
maintained at 0.26c¢c by the phenomenon of line-locking. There are, however,
a number of serious problems with such models, not least of which is the
huge M required by the inferred kinetic luminosity. Shapiro, Milgrom and
Rees, (1986 and references therein) have shown that not only must the spectrum
of the underlying source exhibit a Lyman jump, but the discontinuity must
be of the correct magnitude for line-locking to occur and give a stable
terminal velocity. The luminosity of the source must be at least partially
collimated along the jet axis, for if it was spherically symmetric the
required luminosity would be highly super-Eddington even for a central

mass of 20 MG' For Hydrogen line-locking, they found that the acceleration
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must begin ~ 2><1013 cm from the centre of symmetry and the gas must

be highly clumped (for recombination to keep the gas neutral) if the re-
quired M is to be accelerated to the terminal velocity. They also
investigated line-locking with heavier elements and found that the

minimum acceleration distance and the required clumping was reduced as

Z increased. If the line-locking element is Fe, the acceleration distance
is '\:lO10 cm and no clumping is required but if enough mass is to be
accelerated, Fe must be significantly overabundant. They also found that,
for the heavier elements, there is a lower limit of '\:1010 cm on the
acceleration region since, if acceleration begins closer to the central
object, electron scattering will push the jet velocity above the line-
locked limiting value. The constraint that the jets must be accelerated
to their terminal velocity well within 1012 cm (Watson et al., 1986)
certainly rules out hydrogen and a number of the heavier elements as the
line-locking element. Also the equivalent width of the iron emission lines
indicates normal cosmic abundances (Watson et al., 1986) which would rule
out line-locking by F_ . As Margon (1984) points out, line-locking may act
only as a velocity stabiliser in a hybrid acceleration mechanism,.

Two other possible acceleration mechanisms have been proposed by
Begelman and Rees (1984) and Bodo et al., (1985). The former authors
proposed a magnetised neutron star as the central object, undergoing
super-critical accretion. The de Laval nozzles act as exhausts for the
excess mass which form the jets accelerated by electron scattering radiation
pressure., The power source can be either highly inhomogeneous accretion
onto the neutron star's surface or the rapid spin of the neutron star.

The velocity, and collimation angle, of the jets are determined by such

parameters as the rotation rate, the magnetic field and the mass of the
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neutron star and the accretion rate. The velocity, therefore, is not
constrained to be 026c in this model. It should also be noted that some
analyses of the optical light curve (Leibowitz, 1984) indicate that the
central object is too massive to be a neutron star.

Bodo et al., 1985 have adapted a wind-type model first proposed in
the context of jet acceleration in active galactic nuclei. They assume
that it is possible to form a stable thick disk (see discussion below in
Section 2.3.1) and that the gas in the disk funnels is optically thin.
The gas of the jets is accelerated in the disk funnels and the terminal
velocity can be attained at distances from the central object 5109 cm.
The exit temperature of the jet gas is 2107 K, consistent with the observed

X-ray emission lines (Watson et al., 1986). The jets then cool and fragment,

due to thermal instabilities, giving rise to clouds which then have the
correct temperature ( WlOAK) to be the sources of the observed optical
moving lines. However, at distances ”1015 cm the cloud will evaporate due
to heat conduction from the hotter surrounding medium and hence no further
Ha emission can occur. This distance is in agreement with the inferred
length of the optical jets. Again in this model there is no single terminal
velocity, this depending on such parameters as the luminosity of the central
source and the opening angle of the disk funnels. Indeed, terminal velocity

need not be achieved if the mass loss rate is too high for a given source

luminosity.

2.3 ‘'The Disc

2.3.1 Disc Structure

A number of observations suggest that the disk is geometrically thick,
such as the amplitude and shape of the precession photometric light curve

(Kemp et al., 1986 and references therein). It has been suggested that the
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disk thickness is as much as two-thirds its diameter. The 6.3 day
nodding motion also suggests a thick disk (Katz et al., 1982) since the
disc must be highly viscous to rapidly transmit the nodding motion from
the outer rings of the disc to the inner region where the jets originate
and respond to the motion.Also many of the jet collimation mechanisms in-
volve a thick disc.

Paploizu and Pringle (1984) have considered the dynamical stability
of thick disks. They show that such disks are unstable to long wavelength
fluid perturbations reflecting at the inner boundary of the disk. Such
instabilities have a typical growth time of the order of a disk rotation
period. However, (cf. Bodo et al., 1985), the presence of streaming onto
the central object violates the boundary conditions and may cause the
instability to disappear. Moreover, it isruncertain whether such an
instability would indeed disrupt the disk as it may simply cause dissipative
heating. In practice, most authors still assume that a stable thick disk
can exist.

From the amplitude of the precession photometric variations and
plausible emissivity limits, Anderson, Margon and Grandi, (1983a)have
been able to infer the disc linear dimensions as ’\:1012 cm. This is
comparable to tﬂe separation of the stars. A disk of large radius is

required if the torque on it is to be significant (cf. discussion on

precession mechanism below).

2.3.2 Disc Precession Mechanism

SS433 is not the only object where precessing disks are invoked,
for example, the 35 day X-ray modulation of Hercules X-1 is widely
attributed to disc precession. However, precise modelling of the pre-

cession mechanism has not yet been accomplished. The early suggestion
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that the precession mechanism might be instead the relativistic Lense-
Thirring effect (Martin and Rees 1979; Sarazin, Begelman and Hatchett,
1980) requires a highly compact disk, contrary to the inferences of
photometry and the nodding motion (see section 2.3.1 above), and therefore
can probably be dismissed.

The two most considered mechanisms are classical driven precession,
where the normal companion exerts a torque on the disc, and slaved pre-
cession, where the compact object causes the misaligned companion star to
precess and a short residence time for matter in the disk allows it to
follow the companion star's motion. In both these mechanisms the disk
precession begins in the outer rings of the disk since in driven precession
the torque is significant only for disk rings of large radius and in slaved
precession it is the outer part of the disk which is directly slaved to the
companion star. The inner region of the disk then follows the outer rings
and the jets are generally assumed to follow the inner region of the
disk. This is confirmed by the phase delay between the photometric nodding
variation and the corresponding radial velocity variations since the
photometric maxima appear before the radial velocity ones (Mazeh et al., 1987).

Both these mechanisms have been discussed with respect to SS433 (e.g.
De Campli, 1980; Katz, 1980; van den Heuval, Ostriker andPetterson 1980;
Whitmire and Matese, 1980; Hut and van den Heuval, 1981). Slaved pre-
cession is more popular, indeed Katz gg_gl.,(1982) claim that the observed
amplitude of the nodding motion favours slaved over driven precession.
However, Papaloizou and Pringle (1982) present strong arguments against
the precession of a gaseous star over time scales longer than that needed

to circularise the binary orbit. The low orbital eccentricity ( ~0.05

Collins and Newsom, 1986) may, therefore, imply that slaved precession cannot

be occurring in SS433.
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2.4 The Compact Star

The ejection velocity of the jets as well as the X-ray emission from
the system have long suggested the presence of a compact object, either a
neutron star or black hole. Bonsignori-Facondi and Braccesi (1986) argue
that direct evidence of such a compact object has been observed at 408 MHz.
So far no rapid variations of the type indicative of a rotating neutron
star have been observed, though such an absence is hardly conclusive. Since
the system eclipses and is a single line spectroscopic binary, the mass of
the compact object can theoretically be estimated using the observed mass
function and light curve synthesis. Although such modelling is uncertain
as to uniqueness and error estimation, the results of such techniques applied
to SS433 have led to estimates for the mass of the compact star which have
been both increasing and becoming better constrained. (Margon 1984 and
references therein; Watson et al., 1986 and references therein). Leibowitz
(1984) estimates the mass of the compact star to be 10-100 Me and therefore
certainly a black hole, while the companion star, an early B or O super-
massive star,has a mass M, in the range 20-50 My such that M(compact)/M_ 20.8.

The nature of the compact star has relevance to other aspects of the
system, for example the collimation mechanism and the shape of the disc.
The cauldron scenario of Begelman and Rees (1984) probably requires a neutron
star while thick disk models may well require a central black hole. Inci-
dentally, if the compact object is a neutron star it requires a spin period
of the order of 10 ms if its spin-down time is to be longer than the minimum

age of SS433 (if rotational kinetic energy is to provide L'< ).

2.5 Analogous Objects

Few, if any, astronomical objects are truly unique. Hence it is not
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unreasonable to ask if there exist any other objects analogous to SS433,
Since the distance to SS433 is measured in kiloparsecs, the galactic popu-
lation of such objects is probably only a few at most, and it is not
improbable that SS433 is the only observable example in our Galaxy. None

of the possible candidates so far suggested as analogs to SS433 have stood
up to spectroscopy and observations at many wavelengths (Margon, 1984 and
references therein) although a number have proved to be very interesting

in their own right. From estimates of the absolute luminosity of $S433,

it seems likely that an analogous object would be easily observable in the
Magellanic Clouds, and even within the reach of large telescopes in M31,

if one knew where to search. Since the X-ray luminosity of SS433 is not
remarkable, the radio emission or morphology or the peculiar optical
emission lines would provide a more distinctive signature. Indeed, surely

a necessary requirement for identification as an SS433 analogue would be
observational evidence of collimated, near-relativistic, opposed, precessing
jets. So far there are no convincing galactic candidates. It is, however,
worth noting that collimated relativistic outflow is thought to be the

basic phenomenon occurring in a variety of active galactic nuclei with the
strong possibility that precession is the cause of the observed curved radio
jets (eg. Gower and Hutchings, 1982a,b); Gower et al., 1982). Indeed, the
implication that SS433 could be displaying the same basic physical processes
in miniature was a primary motivation for the twin-jet model (Fabian and
Rees, 1979). If the analogy between SS433 and extragalactic jets 1is more
than a morphological coincidence (cf. e.g. Rees 1982), this would be extremely
fortunate. Not only can we observe SS433 in detail with much smaller teles-
copes but the time scale of observable changes in the SS433 jets is many

orders of magnitude faster than in extragalactic cases and we have a precise
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unambiguous measurement of the SS433 jet velocity which is not normally
available for extragalactic jets. Hence SS433 may provide us with
valuable insight into the basic physics of such objects as radio galaxies

and quasars.




3
CHAPTER 3 !

GENERAL POLARIMETRY OF A ROTATING SYSTEM

3.1 Introduction

In modelling the polarisation due to circumstellar scattering of light
from a stellar system, several approaches have been used. One is to seek
solutionsof the full radiative transfer equations (cf. Chandrasekhar, 1960)
which can,in principle treat an arbitrary source shape and scattering
geometry. However, to treat relatistic cases, such an approach nearly always
requires very elaborate numerical simulation or Monte Carlo techniques.

This not only demands large amounts of computer time but also presents

problems when attempting to fit a model to the data. Often a set of parameters
can be found for which a particular model reproduces the data but lack of

time and money can prevent a full search of parameter space and the esti-
mation of confidence intervals. There is no guarantee that such a model is
unique, or that the best fit has been found when the number of free parameters
is large.

An alternative approach is to consider the limiting case of optically
thin scattering of isotropic, unpolarised light from a point source. This
treatment is more likely to yield analytic or semi-analytic expressions as
shown for the Thomson (Rayleigh) scattering case by, for example, Brown and
McLean (i977)and Brown 55_31.,(1978). A complete search of parameter space
may still be prohibitive but, as shown by Simmons EE_El,‘(1980), in the
case of a binary system statistical analysis of polarimetric data may yield
the best-fit solution and confidence intervals for one or more of the free
parameters. (See also Chapter 5).

Simmons (1982, 1983) generalise the Thomson (Rayleigh) results and

give expressions for the polarisation produced by arbitrary spherically
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symmetric mechanisms in optically thin circumstellar envelopes. The
polarisation produced by grain scattering can be approximated using these
expressions, assuming the grains are spherically symmetric. To first
order, the form of the polarisation versus wavelength function is independent
of the density distribution of scatterers and the position angle is inde-
pendent of the particular scattering mechanism. Thomson and Rayleigh
scattering are special cases giving, respectively, wavelength independent
and A Y polarisation. Numerical simulations of the full radiative transfer
problem indicate that this single scattering approach gives remarkably
accurate results for the variation of polarisation with time, direction
and wavelength (Dolan 1984, Daniel 1980, 81).
The magnitude of the linear and circular polarisation observed,
its wavelength and its time dependence can provide information into the 3
polarising mechanism, the distribution of matter in, and the orientation ;
of, the system. Hence, independent confirmation of models based on other |
observations can be provided by analysis of polarimetric data. Moreover,
the polarisation may provide extra information, such as the inclination
of non-eclipsing spectroscopic binaries (eg.St.Louis et al. 1987), their
‘position angle orientation on the sky (Rudy 1979) and the distribution
of matter out of the direct line of sight (Brown and Henricks, 1987).
The case of arbitraf&, optically thin envelopes illuminated by
point sources is dealt with in Brown and Mclean, 1977 and Brown et al. 1978.
In the latter paper, expressions for the normalised Stokes Parameters for
a general binary system with corotating envelope are derived and data from
3 binary systems are analysed. Rudy and Kemp (1978), also developed a

similar theory for determining the inclination of a binary system assuming

small photometric variability, no eclipses of the scattering regions and
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mirror symmetry about the orbital plane. Their result is shown to hold

for extended sources provided the sources are also symmetric about the
orbital plane. Cassinelli et al., 1987 have shown for the case of scattering
in an axisymmetric optically thin region of light from a spherically
symmetric source that the point source expressions still hold when modified
by a simple geometric factor.

In this chapter, we extend the point source, optically thin case to
include the effect of an arbitrary light source geometry. A general
'depolarising factor' is defined for an arbitrary source and the factor
found by Cassinelli et al. is showﬁ to hold for the more general case of
a spherically symmetric source, illuminating an arbitrary optically thin
electron distribution. Finally, the equations obtained by Brown et al.

1978 are rederived including the effect of extended sources.

3.2 Polarisation from an arbitrary electron distribution illuminated

by a point source.

Since the method used to derive the polarisation for an arbitrary
source geometry and one scattering electron is essentially parallel to
that of deriving the polarisation for a point source and arbitrary

scattering region, we here derive the Stokes Parameters for the latter

case. -

We require the observer's reference frame and the scattering plane

for each electron (see Figure 1). The observer's reference frame for the

Q,U parameters (X,Y) will be perpendicular to the line of sight. It is

not, however, a right-angled system on the sky for the Y-axis is inclined

by 45° to the X-axis. The scattering plane for each electron is defined

to be the plane containing the position vector of the electron with respect
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to the source and the line of sight. The scattering angle, ¥, is defined
to be the angle between the line of sight and the position vector of the
electron. TFor a given observer's reference frame, each electronwill have
associated with it the angle between the normal to its scattering plane
and the X-axis, here denoted as y .

Let L be the luminosity of the light source, then the Stokes Parameters
for the whole envelope measured with respect to the observer's reference

plane are given by

Lo [ n(r)
v = =4 <z (1 + cos? x)av
Iy
Lo [ n(r) )
I, = =2 - i
2 = J, sin® X cos 2¥ dvV (1)
Lo [ n(r)
= o ~ .2 .
I3 = i =7 sin ¥ sin 2¢ dV
‘v

(cf. Equations (1) Brown et al., 1978),.

where n(r) is the electron number density distribution with respect to the
source and, for Thomson scattering, 00 = 30T/16W s O being the Thomson
cross-section per electron. The Stokes Parameters are here denoted by

I;, I, and I3 to be consistent with the notation of Brown et al., 1978.
They are, however, measured in Watts/sterad and are not specific intensities.

For a source at distance d from the earth, the observed-fluxes would be
Ii -2
F. = — Watts m (i=1,2,3)
1 dZA
Note that only three of the four Stokes Parameters are necessary since

single Thomson scattering (in the absence of a magnetic field) gives no

circular polarisation. Also, to obtain the first Stokes Parameter, usually

denoted by I the total direct light (L/4m) should be added to I;.

Since Stokes Parameters add linearly, equation (1) may be generalised
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to include any number of point sources simply by summing the individual
11, I2, I3 due to each source, with the integrals performed in coordinate

systems centred on each source.

3.3 Polarisation from a single electron illuminated by an extended source

We now derive the polarisation due to one electron scattering from
an arbitrary extended source, First, we divide the source into separate
elements and treat each element as a point source. For each source element,
x and {§ are defined in an analogous way to that of Section 3.2 using the
line of sight, the observer's reference frame and the position vector of
the electron with respect to the source element. The total Stokes Parameters
for the extended source scattering from one electron are found by integrating
over the surface of the source.

Consider an unpolarised, arbitrary source of total luminosity L
(integral over 47) illuminating one electron. Define a cartesian coordinate
system with origin within the source and z-axis the position vector I of
the electron with respect to the origin (Figure 2). Then angles o and B
define the direction of P the position vector the electron with respect
to the source element. Similarly, the line of sight is defined by angles
y and e . Let the specific intensity of the source as seen from the
electron be I = I(a,B). If the observer's reference frame is defined by

the projection of the z-axis on the sky as the X-axis (i.e. parallel to % in

Figure 2) then

I = o, J J I(a,B)(1+cos?x)sin a da dB
B “a

I = o J fI(a,B)sinzxcos 2y sinada dB (2)
B ‘o

I3= 0 J J 1(a,B8)sin? x sin 2 psinado dB
o
B ‘a
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Note that I(a,B) is measured in Watts/area/sterad and therefore does not
have the same dimensions as I (i=1,2,3) (Watts/sterad).

Now expressions for cos?y, sin?yxcos 20 and sin®xsin 2y in terms of
a,B,Y and € can be found from spherical triangle ZPE (Figure 3). These

are:

cos?y = cos2a cos?y + sin2o sin2y cos2(e-B) + % sin 2a sin 2y cos(e-B)

sin?y cos 2y = -sin?y+ sinZa[sin?y+ sin?(e-B) -cos?ycos2(e-B) ]

+ % sin 20 sin 2y cos (e-B) (3)

2

sin?y sin 2y = sin 2a sinysin (e-8) - sin?a cos y sin 2(e-B)

Since the origin lies within the source, the integration limits are
0 < B <2mand 0 £ o < £f(B) where f(B) is some function of B that describes
the boundary of the source as seen from the electron. In general, £(B)
will depend on the position of the electron. Substituting equations (3) in

equations (2), and using the above limits gives, after some manipulation

I; = (1 + cos2y) Ay + % (1 - 3 cos? y) Ay + % sin? y(A3 cos 2¢ +
+ Ay sin 2¢) + sin 2y(As cos € + Ag sine)
I, = -sin?y(4; - % Ay) + % (1 + cos?y)(A3 cos 2¢ + A, sin 2¢) (4)
+ sin 2y (A5 cos € + Ag sine)
I3 = 2sin y(Ag sine - Ag cose) - cosy (A3 sin 2e - Ay cos 2¢)
where
rZ‘n’ rf(B)
Ay =0 I(a,B) sina do dB
)
‘o Yo
(2 [£(B)
Ay =0 I(a,B) sin3a dodB
° ) )
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’ 2 (£(B)
A3 = 0, J 1(a,B) sinda cos 28 do dB
o o
e2m £(B) 3
Ay =0 I(a,B) sin” asin 28 da dB
lo
o ‘o (5)
rl‘ﬂ' rf(B)
As =g I1(a,B) sin? a cos a cos B do dB
‘o Yo
p2m rf(B)
Ag = 0 I(a,B) sin? a cos asin B da dB
Jo o

For sources with some degree of symmetry, the axes can sometimes
be chosen to take advantage of that symmetry, depending on the positon
of the electron, This will impose some conditions on f(B) and I(a,B).
For example, for a source with mirror symmetry about some plane and an
electron in that plane, then by choosing the x-axis such that it also
lies in the symmetry plane, we find that £(B) = f(-B) and I(a,B) = I(a,-B),
For any source we have f(2m+8) = £(B) and I(a,27+B8) = I(2,B8),

Conditions on f(B) and I(2,B) simplify equations (5) as follows:

(a) if f(-B) = f(B) and 1(a,-B) = 1(a,B) then Ay = Ag = 0

(b) if f(n-B) = f(B) and I(o,m-B) = I(a,B) then As = 0

(¢) if f(m/2-B) = £(B) and I(a,m/2-B) = I(®,B) then A3 = 0.
We will refer to these conditions as the 'symmetry conditiomns'.

A uniform spherical source satisfies all the above conditions for
any electron, but a plane ellipse can never satisfy all three conditions
even for an electron on the normal to the centre of the ellipse. A
uniform thin disk will satisfy the symmetry conditions only for electrons

on the disc axis.

For sources of uniform surface intensity I(a,B) = I a constant.
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Hence equations (5) become

r2m
Ay =0, 1{ 27 - cos f(B) dB
jo
r2m
4
Ay =0 1{ §E+ [ % cos® £(B) - cos £(B)] dB}
Jo
VAl

Ay = g I [% cos® £(B) - cos £(B) ] cos 28dB

o
(6)
r2m
1
Ay =0 1| [3cos® £(B) - cos £(B)] sin 28 dB
‘o
r2m
As = o 1 sin3 £(B) cos B dB
‘o
2w
Ag =0, II sin3 £(B) sinBdB
o
and if the source satisfies the symmetry conditions above then, using
(6), equations (4) reduce to
8 1 2m
I, =<%6_ I+-0_TI(1-3 cosy) cos3 £(8)d8-
3 7o 6 o
)
1 2w
- 50, 1(3 - cos?y) f cos f(B) dB
o (7)
1 27
I = 50,1 SiﬂZYJ [cos3 £(B) - cos £(B)] dB
o
I3 =0

1f, however, the source has rotational symmetry about the z-axis
then I(a,B) =I(a) and f(B) = @, a constant. Such a source satisfies the

symmetry conditions and, with u = cos o, equations (4) become
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r r1
I =mo_ J I(u) [3-p2]ap o, cosZy | T(u) [3u? -1ldu
u Jug
1
= .2 f 2
I, = -mo_ sin YJ I(u) [3p2 -1] au (8)
u
Fo

I3=0

where H = cos a . 1In this situation o is the angular radius of the

source as seen from the electron.

3.4 Depolarisation Factor

We define the depolarisation factor, D, to be the ratio of the value
of I2 for the extended source to the value of I2 for an isotropic point
source of the same total luminosity as the extended source, denoted by
Izp. Note that I3p = 0 because of the choice of observer's axes and so
a similar definition using Iy is not possible for these particular axes.

Suppose, however, we measure the Stokes Parameters with respect to

axes rotated clockwise from the X-axis through angle 8, and denote these

by Ji’ Jip(i=2,3) for extended and point source respectively. Then we

can define D26= Jz/szand D36= J3 /J3p. Now.
= - i y = § -1 in 26
J2 I2 cos 26 13 sin 29 DI2p cos 2 3 sin )
J3 = 12 sin 268 + 13 cos 26 = DI2P sin 2 + I3 cos 26

from the definition of D, and, since I3p =0

- : = in 26 | (10)
sz I2p cos 26 : J3p I2p sin 26
i.e. from (9) and (10) J. =DJ, + I, sin 26
2 2p 3 (11)
= 2§
J3 DJ3p + 13 cos
Clearly, in general, D ¢'D26 + D3(g + D, However, when the source

satisfies the symmetry conditions, I3 = 0, and it can be seen from

equations (11) that D = DZG = D36 . Therefore, in the case when the
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source satisfies the symmetry conditions, the second and third Stokes
Parameters, with respect to any observer's axes, can be found by multi-
plying the theoretical point source expressions, referred to the same
axes, by the depolarisation factor D = IZ/IZp' No such general factor
can be found for an arbitrary source that applies to any observer's

axes and both the second and third Stokes Parameters.

3.4.1 Depolarising factor for a spherically symmetric source

For a uniform spherically symmetric source, the intensity is a
constant, I, and there is a simple relation between I and the luminosity,
L, of the sphere, viz,

I = L/4n? r2 for u_ < w <1 (12)
where L is the radius of the source,u_ = cos a_, where o is the
angular radius of the source as seen from the electron. If the centre
of the sphere is the origin and r is the distance of the electron from

the origin, then f(B) = o and cos a_ = 1 - rg/rz. Hence equations

(7) and (12) give

Lo r§ X rz 2 % )
I, = {8[1-(1'-1_7)]"‘-172(1-?) (3 cos? y-1)}

127 r

- 2 %
I, = Lo, (1 - Ts )2 sin® Y _ (13)
27 4mr 2z

S -

I3 = 0

Now the polarisation from a point source of luminosity L scattering

from a electron at distance r, with respect to the same observer's axes,

is
Loo 2.)
I, = (1 + cos?y
lp  4m x? (14)
-LO
I = ° 2 Sinz'Y H 13 =0

2p 4t T
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Defining C = IZ/I2p , from (13) and (14) we get, therefore,

P
8r2[1 - (1 - r:/rz)zj (1- rﬁ/rz)%(3 cosZy-1)

C = +
3r§ (1 + cos?y) 3(1 + cos?y)
N (15)
D = (1 - r§/r2)2
_ _ 8
When r—rs, C = and D = 0
3(1+cos?y)
r2(3 cos?y-1)
When rS/r is small Cn~n 1 - -2 +1 as r /r—0
6r2(1 + cosZY) S
Dnl - r§/2r2 — 1 as rs/r — 0

Note that D is precisely Cassinelli et al's depolarisation factor and

— 0 as rs/r —1.

that I.—I_ and I,— I, as rs/r —0, while I,

1 1p 2 2p

3.4.2 Depolarising factor for an electron on the axis of a uniform

thin disc
If Ty is the radius of the disc and r is the distance of the
electron from the origin at the centre of a uniform thin disc, then again
_I(a,B) =1 and f(B) = o, where this time cos o, = (1 + rg/rz)-%.
Similarly to the previous example I = L/2ﬂ2r§ , where L is the luminosity

of the disc. Then, following the previous example, we find
2

% 2).2y"% Td 2,.2y-3% 2-1)
I, = g;—;g {8 [1- (1 +x3/r?) 1+ — (1+ ri/r?) 7903 cosy-1 }
-Lo 3 B
= - 24¢r2)" 7% sin? (16
I, 2;—;3 (1+ rdfr ) sin“y )
13 =0
2/.2)% 2,.2y"2 2
16 r2[1 - (1 + r2/r2)?] 201 + r%/r?) (3 cos?y -1)
and C = d + d
3r2 (1 + cos?y) 3(1 + cos2y)
d §2 (17)
D= 2(1+r4/r)
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As r—0 C =

16r2[1-1/(r2+¢2)k
dr )] 2r3(3 cos?y-1)
3201 7 cos Ty~ * 0
9 cos<y 3(r§+r2)§§(1+c082¥)

o
]

3
21‘3/(r§+r2)/2 — 0
rg(B cos2y-1)

When r /r is small C -
d Y Aoy T2 e Tfr— 0

Dn2 - 3rc2]/r2 —>2 as rd/r — 0

Here as rd/r-—+0, I1 and I2 tend to twice the value predicted by
the unmodified point source expressions, while in the case of the sphere,
I1 and 12 are always less than the point source theoretical value. This
is because the flux emitted by a uniform thin disc is not isotropic
but is proportional to the cosine of the angle between the line of sight
and the normal to the disc. Hence, when the disc is observed edge on the
flux is zero; when it is observed face on, the flux is a maximum. Since
the luminosity is the flux integrated over 4m steradians, a disc will
emit normal to the plane of the disc twice the flux emitted by a point
source of the same luminosity. Care must, therefore, be taken in estimating
the luminosity of a non-spherical source from the observed flux.

Figure 4 shows the behaviour of the depolarisation factor in these

two cases.

3.5 Normalised Stokes Parameters for an electron orbiting a

spherically symmetric source

For an electron orbiting a spherically symmetric source, we define
a corotating reference frame as follows (see Figure 5a):
Let the origin be at the centre of the source, and let the polar

axis be the normal to the orbit of the electron. Define the inclination
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of the orbit, i, as the angle between the line of sight and the polar
axis and let X be the azimuthal angle of the line of sight. A will be
a function of time depending on the angular velocity of the electron.
Let (r,0,9) be the polar coordinates of the electron (constant for a
circular orbit).

Now, the normalised Stokes Parameters are Q = 12/(10;11) and
U= I3/(Io+11), where I is the total direct light. Since I, is small

compared with Io’ we can approximate Q and U by 12/I0 and I3/Io.

Therefore
DOO )
Q= 572 sin® X cos 2y
Doo (18)
U= P sin? y sin 2y
- 2.2 % X
where D = (1 - rs/r ), r, = radius of sphere

and where angles x and ¢ can be found from figure 5b, viz.

sin ¥ sin y = cos O sin i - sin O cosi cos (A+9)
sin X cos ¥ = sin O sin (A+9)

Hence equations (18) become

Do
Q = E—g {(1-3c0s20)sin2i+sin 2i sin 20 cos(A+d)
r

-(1+cos?i)sin?0cos 2(A+9) }

Do (19)

-22 {sin i sin 26 sin(A+®)- cosi sin2 0sin 2 (A+d) } ;
T

Lo
1]

Note that (A+®)/2m 1is the phase of the orbit.

As can be seen by inspection of equations (19), the effect of the
extended source is merely to reduce the magnitude of Q and U in

proportion (i.e. by the same factor D). Hence the shape of the Q,U locus

is unchanged from the point source case. Figures 6-9 show the Q,U loci,

for ome electron in a circular orbit, swept out during one orbital period
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for four values of 0 and i. When ©

(]

i, the line of sight is tangential

to the orbit giving a cusp at phase

0 (See eg. Figure 7). When O = 90°

. _ 0 o
or 1 = 0" or 907, the Q,U locus is described twice.

For an electron in an equatorial orbit of eccentricity e, 0 = 90°

and equations (19) become

Do
o . )
57 {sin? i -(1 + cos2?i)cos 2(A+d) }

o
1]

(20)
-Do

U cosi sin 2(A+¢)

o

r

where now r is time dependent. If Aois the angle between the major
axis and the projection of the line of sight on the plane of the orbit

then A +0 - Xo is the true anomaly of the electron. Hence

- L
tan |222720 = ke |3 tan =
2 l-e. 2

(21)

r = a(l-e cos E)
where E is the eccentric anomaly and a is the semi-major axis. However,
E is not a linear function of time, but the mean anomaly M = E-esin E is.
Now, the phase of the orbit is defined by @ = (t-to)/P where P is the
period of the orbit and £, is the time of zero phase, and § = 0,0.25,0.5
and .75 have been marked on the Q,U loci in Figures 13-16, where these
are equivalent to M=0, m/2,m, 3m/2. As can be seen from Figures 13-16,
when i=90°, U=0 and when O > i, the Q,U locus crosses itself. When e=0

and 0=90° the locus is a double ellipse.

3.6 Normalised Stokes Parameters for one electron corotating

in a binary system

Suppose the binary system consists of two spherically symmetric

sources of radii a; and a, respectively, and that the orbits are circular.
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We define a corotating reference frame such that the polar axis is normal

to the plane of the orbit and the x-axis is the radius vector of source 1
with respect to source 2 (see Figure 17). Let i and A be the inclination
and phase of the orbit respectively and let the coordinates of an arbitrary
electron be (r),0,0) with respect to source 1 and (r,,8,¢) with respect to
source 2, where all lengths are measured in units of the separation of

the sources. Then the normalised Stokes Parameters for light emitted by
source 1 and scattered by the electron are

g a) 11
- O .
Q i;%— [1 - (;T)Z 2 {(1-3co0s20)sin?i + sin 2i sin 20cos(A+®)

-(1+cos?i)sin?0cos 2(A+d) }

(22)
% [ ! 21%
Uy = o) [.1 - (r—) {sin i sin 20sin (A+®) - cosi sinZ0sin 2(\+2)}
1 1 -
and for scattered light from source 2.
_ f
o a, 2712
Q, = 'E;cz)" 1- (-I-_-g) ] {(1-3c0s20)sin?i + sin 2i sin 20cos(A+®)
2 - 2
-(1+cos?i)sin?0cos 2(A+0) 1}
oo [ a, 27% , (23)
Uy, = ) 1 - (-;—) ] { sin i sin 26sin(A+¢)-cos i sin28sin 2(A+¢)}
2
2
Hence, the total Stokes parameters for an arbitrary electron are
Q=£fQ + (1-6)Q, ; U=£fU +(1-0)U; (24)
where £ 1is the fraction of the total luminosity emitted by source 1.
Now, from Figure 17 we have
r% = r% + 1+ 2ry sin © cos ¢
(25)

cos 6 = rl/r2 cos 6

sinfsin¢ = r1/r2 sin®sin @

sin 6 cos ¢ = rl/r2 sin©®sind + 1/1:2

sin 26 cos ¢, sin 28 sin ¢,

. . 2
We require expressions for cos“6,

sin26 cos 2¢ and sin26sin 2¢. These are
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cos?g (rl/rz)z cos? @

sin 20 cos ¢

it

(r1/r3)2 sin 20 cos ¢ + 2r1/r§ cos O

sin 26 sin ¢ = (ryfr,)?2 sin 20 sin o (26)

) .
sin“ 0 cos 2¢ (r1/r3)? sin20 cos 20 + 2r1/r§ sin © cos ¢+-1/r§

sin? 0 sin2¢ (r1/r3)? sin 0-sin 29 + 2r1/r§ sin @ sin ¢

As in the previous section, equations (22) - (26) are for ome electron
only. However the Stokes Parameters of an optically thin cloud of N electrons
can be approximated by multiplying the relevant equations (i.e. (19) or (20)
for one source or (24) for a corotating cloud in a binary) by N and using
the coordinates of the centre of the cloud as long as the 'size' of the
cloud is small compared to the distance of the cloud from the source. The
case of scattering off an extended spatial distribution of electrons is
dealt with more fully in the next section.

Figures 18-20 show Q,U loci and Q,U against phase (A) for a variety of
parameter values, Figures 21-29 show Q,U loci for a matrix of 1,0 values.
For each locus a; = a; = 0.2 and r;,f and ¢ are constant for each matrix
of loci. Figures 30-32 show Q,U loci for a range of f values for 3 sets of
parameters. However, the loci for f = 0.8 and f=1 have been scaled down

by a factor 2 compared to the others since the size of the shape generally

increases with f, the electron being closer to source 1 than to source 2 for

the parameter sets chosen. Finally, Figures 33 and 34 show Q,U loci for 2

parameters sets and a range of ¢ values. Equal phase intervals of 0.25

have been marked on all loci in Figures 21-34, except on those loci which are

Here the phase is equivalent to A/2n . For all parameter

too small,

. @ =0an°
sets, when i=0Cor 0 = 90° the locus is a double ellipse and when i=@=90",

U=0. When f£=1 or 0, the equations reduce to those of the previous case.

Also, as r; increases the difference in the angles of incidence of the
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light from the two sources at the electron decreases. As a result, the

Stokes Parameters for the binary tend to those of a single source at the
centre of mass of the system with the same luminosity as the two binary
sources as the distance of the electron from the binary increases,

(assuming no eclipses of the sources as seen from the electron).

3.7 Extended Scattering Regions

So far we have dealt with an extended light source scattering off
only one electron, or two extended sources still scattering off one electron.
We now consider the more realistic situation of an extended light source
scattering off an extended spatial distribution of electrons, still in the
optically thin limit.

Suppose the light source is centred on origin 0 and that the electrons
have number density n(r,0,¢) at the point with spherical polar coordinates
centred on 0, with ¢ measured from the plane containing the line of sight,
which is at angle 1 to QZ(Figure 35). Then the equations of the previous
sections apply to an elementary scattering volume dV when multiplied by the
number of electrons in dV viz. ndV. Now, for scattering volume at S, we
measure I,(or Q) in the plane OSE, perpendicular to OE. For the total
Stokes Parameters we wish to integrate the relevant equations over all V.
In general, this requires a return to equations (4) and (5) and a simul-

taneous integration over both a and B and V. since a source which satisfies

the symmetry conditions from a particular dV need not satisfy them for all dv.

In fact, it can only satisfy the symmetry conditions from all dV for general

extended scattering volumesif the source is spherically symmetric, though

possibly limb darkened, or if the scattering volume extends only along an

axis of symmetry such as an accretionm disk illuminating a narrow coaxial jet.



54

Here we will restrict ourselves to those cases where the source is axially
symmetric for all scattering volumes dv,

Some of the scattering material will be occulted by the finite light
source and the corresponding AV should be omitted from the integral (cf.
Milgrom, 1978). However, the material concerned is that which backscatters
light, and so it contributes little to the polarisation. Therefore, we will
not consider this further.

The direction of the scattering polarisation will vary with the direction
T of the scattering element dV at S, as also will the value of y (the angle
between the line of sight and £ ). To obtain the Stokes Parameters from the
entire volume V we must therefore integrate the local contributions AI,
along a common polarimetric reference (Qo’ Uo) with the local y value.

We define Q0 to be in the plane OEZ, Since the source is axially symmetric,

the contributions to Ij, I, and I3 from volume dV are, by equations (8)

) [ (1 1
d1, [ I(w [3-u2ldy + cos?y| I(yw) [3u2-1] du
%o
0
1
dIQ = 7o n(r)dvx sin?ycos 2Q J I(u) [3u2-1] du (27)
0 ) "
1o
dIU sinzysin 29 [ I(w) [3u2 -1]du
o { "
o

i i i i to the axis. Here
where Q is the rotation of the I, axis with respect Q0

Y and 2 depend on i, 6and ¢ in a way determined by the geometry of Figures

35 and 36.

Now, for an isotropic point source at the origin, of the same total

luminosity as the extended source, the corresponding contributions to

I;, I, and I3 are

N\

dI, (1+cos?y)
Lo n(1)dV sin?y cos 29 (28)
d1 _ Lotz
Q, = —
4m r )
d1 sin?y sin 2Q
Ug \

0
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Hence, from the definitions of Section 3.4 of C and D we get from

equations (27) and (28)

4m2e2] 1 T (3-12) du+cos ' 3u2
L ue)dutcosy . I(u)(3u2-1)du ]
0

c(r,y) = 0 (29)
: L(1 + cosZy)
1
L 2 .2
D(r) = =1_T T(p)(3u2-1)dy (30)
u
(o}

Note that D depends on r only, while C depends on r and vy. For a uniform

spherically symmetric source D reduces to (1 - rz/rz)% gcf. equations (15)),
i.e. Cassinelli et al's depolarisation factor, now extended to arbitrary
spatially extended distributions of electrons. Hence, on integrating
equations (27) over V with dV = r2 sind dr d6 d¢, and using equations (29)

and (30), we get

3\
I o T e [ ¢(r,y)(1+cos?y)
Lo

IQ = Z;E n(r,6,¢)sin6drdéd¢x| D(r)sinycos 29 (31

o o o r .

min

IU D(r)sin?ysin 2Q

OJ

where expressions for coszy, sin?ycos2Q and sin?ysin29 can be found from

Figure 36

cos2y= cos?i cos26+sin?i sin%6cos?¢+ % sin 21 sin 26 cos ¢

sin?ycos2Q = -sin?i +sin26[sin2i+sin2¢-cos?i cos?¢]+%sin2i sin 26 cos ¢ (32)

sinZysin29 = sin i sin 20 sin¢ - cosi sin26 sin 2¢
These expressions are essentially identical to equations (3) since

we are now integrating over emergent ray paths in precisely the same way

as we did before over incident ray paths.

We have shown that, provided we are dealing with a situation where the

source looks axisymmetric from all scattering points then D is a function of
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r only. Since D appears in the equations for both IQ and IU we can
o o
then calculate these quantities for any spatial distribution of

scatterers using the point light source equations if we replace the real

number density distribution by a weighted function n = D(r)n(r,6,0).
e

ff
For example, equations (22)-(26), when multiplied by n(r)dV and integrated
over the volume V of a corotating Thomson scattering envelope, give

equations (7) of Brown et al. 1978 on replacing the number density distri-

bution by N_egs provided the scattered light can be neglected.
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scattering plane

NS

)

line of sight

line of sight

point source

for a point source and an electron at P with

Figure 1: Scattering geometry
e that LX0'Y=45°). n_ is the

observer's reference frame (X,Y) (not
normal to the scattering plane.
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Figure 2: Scattering geometry for a surface element, dS, of an arbitrary source
scattering from an electron at P, distance r from origin 0. o is the

position vector of the electron with respect to the source element,
defined by angles (a,B) with respect to the (x,y,z) cartesian
coordinate system. OE is the line of sight, defined by (y,e€). n is

the normal to the scattering plane; 1 is perpendicular to OE and lies
in the same plane as OE and Oz.
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Figure 3: Spherical triangle from Figure 2 for the transformation from (X,¥) to

(a,B).
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Figure 4: Depolarisation factor against ratio of radius of
source to electron distance for
a) a spherically symmetric source
b) an electron on axis of uniform thin disc
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Figure 5: (a) Scattering geometry for an electron in a circular orbit about a
spherical light source. OE is the line of sight. The (x,y,z)

coordinate system corotates with the electron.
(b) Spherical triangle from (a) for transformation from (X,¥) to

(r,0,%) coordinates.
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Figure 13: Stokes Parameters for an electron in an eccentric
orbit, of eccentricity, e = 0.2 and longitude of

periastron, A = 0°, about a spherically
symmetric, uniform source for a range of
inclination angles, i.
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orbit, of eccentricity e = 0.2 and inclination

i = 70°, about a spherically symmetric, uniform
source, for a range of values of the longitude of
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line of sight

SOURCE 2

SOURCE |

Figure 17: Scattering geometry for an electron corotating in a binary system.
The electron has coordinates (rl,e,é) with respect to source 1 and

(r2,9,¢) with respect to source 2 in a corotating reference frame.

The line of sight is defined by angles i (inclination) and A (phase
of orbit). Note that the z-axis is perpendicular to the orbital

plane of the binary.
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Stokes Parameters for one electron corotating in
a circular binary system of unit radius and
inclination, i = 70°. The spherically symmetric
sources have radii, a, = 0.1 and a, = 0.8 and the

fraction of the total luminosity emitted by source 1,
f = 0.1, The position o

f the electron with respect to
source 1 (r , © ,0 ) is (2,20°,45°%).




0.6 |
0.4 }
0.2 }

0.0 °

-0.6 } 4
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

) Q v phase of orbit
(-===-- ) U v phase of orbit

ig : Figure 18 for i = 20°, a; =
Figure 19: As g e = 0.2, e - 51 %




0.8 }

0.6

0.4 }
0.2 ¢

0.0

-0.2 }
-0.4 ¢
-0.6 |
-0.8 ¢

-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8

0.8 F
0.6
0.4
0.2

0.0
-0.2
-0.4
-0.6
-0.8

0.0

( ) Q v phase of orbit
(-===-- ) U v phase of orbit
27
4
, -
7/
/
’ .
’
/// ]
= N
0.2 0.4 0.6 0.8
. . i = 45°, a, = 0.1, a, = 0.2
Figure 20: As Figure 1? 508.2, ' =’2,1 0 = 4§o,2¢ = 120°

76




e
e

o{} n‘@—% n"{ G

NV \: C g — ° :
yan % Dk
NTARN <
SN s L
NNV =

Figure 21: Matrix of Stokes Parameter loci for one electron

corotating in a cicular binary system of unit
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the fraction of the total luminosity emitted by
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Figure 30: Set of Stokes Parameter loci for one electron
corotating in a circular binary system of unit radius

and inclination i = 60°. The spherically symmetric
sources have radii, a, and a, = 0.2 and the fraction
of the total luminosi%y emit%ed by source 1 is f. The
position of the electron with respect to source 1,
(r,, 0 , ®) is (0.5, 30°, 60°). Fiduciary marks are
shown at quarter orbital phase intervals. Note that
the scale on the loci for f = 0.8 and £ = 1.0 has

been halved.
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Figure 33: Set of Stokes Parameter loci for one electron

corotating in a circular binary system of unit radius
and inclination i = 45°. The spherically symmetric

sources have radii, a; and a, = 0.2 and the fraction

of the total luminosity emitted by source 1, £ = 0.5.

The position of the electron with respect to source 1
Fiduciary

is (rl, @ , &) where r, = 0.5 and © = 45°,
marks are shown at quarter orbital phase intervals.
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Y

Figure 35: Scattering geometry for an extended source centred on O and
scattering element dV at S. OE, in the x,z plane, is the line of
sight. (QO,UO) define the observer's reference plane, Qo being

perpendicular to OE in the plane OZE. I2 is also perpendicular to OE
but lies in the plane OSE. The y-axis has been omitted for clarity.

Figure 36: Spherical triangle from Figure 35 for the transformation from (y,Q)
to (6,9).
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ANALYTIC THEORY OF THE POLARISATION OF $S433

4,1 Introduction

We now apply the equations derived in Chapter 3 to $S433. To do
so, we use a much simplified model of SS433 (see Figure 1). The orbit
is assumed to be circular (the estimated eccentricity is <0.05, Collins
and Newsom, 1986), of radius a, and the companion star is approximated
by a sphere of radius r,. Another spherical source of radius T, (where
r < rs) is used to approximate the light emitted by the compact object
and the inner region of the disc. For ease of integration, the narrow
jets (opening angle < 30) are approximated by a line of constant number
density, nj, normal to a two-dimensional optically and geometrically
thin disc of constant number density per unit area, n,. The jets and
disc are taken to precess as a unit (cf. further discussion in Section
4.5), The inclination, i, of the orbit is the angle between the line
of sight and the normal to the orbital plane, and the precession cone
angle, ©, is the angle between the jets and the normal to the orbital
plane. Both these angles are assumed to be constant. The reference
frame used in the calculation of the Stokes Parameters has polar axis
normal to the orbital plane and corotates with the orbit such that the
x-axis is the radius vector of the compact object with respect to the
centre of the companion star (Figure 2). We define A to he the longitude
of the orbit, i.e. the angle between the x-axis and the projection of
the line of sight on the orbital plane, and Q is similarly defined to be

the longitude of precession. Note that @ is negative for retrograde

precession.
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In the following two sections, the polarisation of light from
each source is treated separately, After the limitations of the
model have been discussed (Section 4.5), the absolute value of the

polarisation is estimared in relation to mass loss rates and the

disc mass.

4,2 Polarisation due to 1ight from source at centre of disc

The jet is symmetrical about the central plane of the disc, but
not about the orbital plane, in general. Hence, the Stokes Parameters

for scattering from the jet are

Q

¥ J [ Q(r,0,%) + Q(r,m-0,7+3)] dr
r

c (1

(e}
Il

¢ nj Jm [ U(r,0,0) + U(r,m-0,7+8)] dr
r

c
where Q(r,0,%) and U(r,0,¢) are given by equations 3.19 with
) L
D= (1- rzc-/r2>2. Now Q(r,m-0,7+d) = Q(r,0,%), Ulr,m-0,m+d) =

U(r,0,%) and

4r

Yyl 2,295 dr _m
Jr (1 rs/r ) pov ] (2)
C

Hence equations (1) become

25 9% ™ [€1-3c6s20)sin?i + sin 2i sin 20 cos(A+d)
ch 4r 2. )
c | -(1+cos?i)sin? © cos 2(\+3)
(3)
n.oc_w ¢ ,
U, = L2 | sini sin20 sin(A+®)-cosi sinzesinZ(A+¢)J
J 2r
c \

where from Figure2 XM+ = Q .

Note that, because of precession ¢ is now time dependent.
To find the Stokes Parameters due to scattering from the disc,

we first define a as follows (see Figure 3.
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Let OR be the intersection of the plane containing the z-axis
and the jet with the disc. Let (r,6,4) be the polar coordinates of an
arbitrary point P in the disc. Then a is defined to be the angle

between OR and OP. Hence, the Stokes Parameters for the disc are

2™ fry
ch nd ] J Q(r,e,q))rdr do
(o] r (4)

d
Uog = 1y l [ U(r,0,¢)rdr do
)

where rd is the effective outer radius of the disc and Q(r,e,¢),
U(r,0,4) are again found from equations (3.19).

We now substitute for ¢ and ¢ in terms of 9, and a . From
Figure 4 we find

cos © = - sin O cos o

sin 6 sin ¢ = cos ® sin o + sin ¢ cos © cos a (5)

sin 6 cos ¢ =-sin ® sin a + cos ¢ cos O cos a

r 2 2
d o % _ / cos“x dx
Also [1 - ri/r 1° dr/r = I T sima
“ sin " —
c d
-1 Te . -1 T¢
= -log [tan % (sin = —)]-cos(sin =~ — )
Ta Td

Hence, from equations (5), (6) and (3.19), equations (&) become

Tn, o r
S | . -1 "¢
Qq = ———g——g {1log[tan %(sin ;i)]+cos(51n ;;) }
(1-3co0s20)sin2i+sin 2i sin 20cos(\+0) )
{-(1+cos?i)sin“Ocos2(rA+d) J n
U ,=wn_0 {log [tan Y(sin ! —=)1 + cos (sin ! e )}
cd do rd rd

{sini sin20 sin(A+%)-cosi sin20sin2(A+0) }

(6
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It can be seen from equations (3) and (7) that the polarisation
of scattered light emitted by the source at the centre of the disc
(hereafter called the central source) does not depend on the orbital
phase of the object.

Now, log [tan % (sin-lx)] + cos (sin~1x)

=0 forx=1
d - - -x2
and = {log [tan % (sin 'x)] + cos(sin ! 0} =L1X50 for 0 < x < 1
v1-x2

-1 o
Therefore, log [tan %(sin rC/rd)] + cos(sin rc/rd)< Osince r <14

Hence a comparison of equations (3) and (7) shows that

ch -om ch and Ucd =-m ch (8)

where m > 0, So the Q,U locus has the same shape with precessional
phase for jet or disc scattering of light emitted by a spherically
symmetric central source, but with a 90° rotation on the sky or 180°
in the Q,U plane.

The Stokes Parameters for disc and jet scattering from the central
source are found from summing equations (3) and (7). The scattering

will be jet or disc dominated according as

n.
+ =1
r

. -1 . -1
L
n, {log ltan %(sin rc/rd)] + cos(sin rc/rd)} .

is positive or negative. Figure 5 and 6 show the Q,U loci for a matrix
of i and © values for (5) jet dominated and (6) disc dominated scattering.
When © = i, the cusp occurs at precession phase = 0 for then the jet

lies along the line of sight and the disc is normal to the line of sight.
The polarisation is zero at the cusp since the scattering region is

symmetrical about the line of sight.
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4.3 Polarisation due to light from the companion star

1f (r,0,¢) are the polar coordinates of an arbitrary electron in
jet or disc with respect to the centre of the disc and r; is its distance
from the centre of the companion star then the Stokes Parameters due to
light from the companion star scattered by this electron is (cf.
equations (3.23, 26).

2. % f
(r%-rs)2 L-3(= )Zcoszelginzi—sinZi sin ¥(Z )2sin26sing]
Qs(r,6,¢) = s @ 1 rl

T 2ry3 o

2
+sin 2i cos (£ ) sin 29008¢+22£2COS 6]
r r}

2ar
1
2 . r 2 +.2- o . 2ar . . ]
+(1+cos 1)51n2l[(;1) sin2 0 sin2¢+ ;¥ sinfsing¢
(2
r,-r
1 e . r 2 . 2ar
9 = o} - ] + 6]
JURS ,$) —3— 9, | sin i 31nk[(r1) sin 20cos¢ ;3 cos

)

nw N

+sini cosk[(f )2sin 26singl
1

-cosi sin2Al(Z )zsin26c052¢+ zé% sin 8 cos¢+(E )21
1'1 rl r1

-cosi cos2x[(§1)2sih2 Bsin2¢+g%§ sin 0 sin 9]

\ 1

where r% =r2 + a2 + 2ar sinfcos ¢ .

Note that ¢ 1s now time dependent, as ® was in equations (3), because of

precession.

Now, the Stokes parameters for scattering from the jet will be

(cf. equations (1)).

QSJ’ " L [Qs(r,e,m + Qg (r,m-0,m+0)] dr
Cc

L}

n

u_. . [ U (r,0,8) +U_ (r,m0,r+d) ldr’
8] J s '

Te

2. r 2 2. . a
-1+ A= 20+ + —?
(l+cos®i)cos 2 [krl) sin“ Ocos 2¢ 7 singcosg (rl;

(114

(11b
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i.e. using equations (11)

{ 3\
n.o
_ o . 2. . .. .
Qsj = —%;— [J°-3J1cos26]s1n21-31n 21 31nA[J131n 260s1nd!
+ sinZi cosk[Jlsin 20cos d+ 2J2 cosO ]
(12a)
-(1+cos?i)cos ZA[Jlsin‘Ocos 2¢>+2J2 sin® cosd + J3 ]
L +(1+cos?i)sin 2)\[J1 sin20sin 20 + 2J2 sin® sin?) )
U . =159 ’ sini sinA[J, sin 209cos®+ 2J 0] ‘
sj i [ , sin 206cos 5 cos
+sini cosA[J1 sin 20sin® ]
(12b)
-cosi sinZA[JlsinZOCOSZQ + 2J2 sin@cos¢+J3 1
{ -cosi cosZA[Jlsinzesin 20 + ZJ2 sin®sin ¢] )
” ( £(-R)
where J = ( 2R R gk » R = rc/a
° Jr, [P [g(-R)]3
3, =J ER o+ ECR) ypagp
R, [g®)]°  [g(-R)]°
- (13)
I = J ( £®)_ £CR) RdR
2 R, [g(R)15  [g(-R)]®
5, - J (BB ECR) g
R [g(R)]1®  [gt-R)]®
and £(R) = (R2+1+2R sin©O cos ¢ - Rg)!i » R = r,/a
g(R) = (R2+1+ZR sinWcos ¢ )%
For scattering from the disc, we have (cf. equationms (4))
27 rd
Qsd =, J j Qs(r,6,¢)rdn»da
o 'r
2 ¢ (14)
T rr
U, = n [ [ d U (r,6,4)rdr da
o Jr

c
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where we use equations (5) to substitute for 6 and ¢ in terms of

0, ® and o , and Qs’ US are again given by equations (11), Hence

equations (14) become

]
n.g
Q = "d-o . 2. 3 .
d et 2
s 7 sin?i [B1 2(52+B3)31n 0]
-sin 21 cos A[%(BZ+B3)sin 26cos¢-BasinUsin¢+2B6sin@ ]
+sin 21 sinA[%(B2+B3)sin ZGsin¢+B4sianos¢ ]
-( 1+ 1 1 0 ) - 22 _ . 28
(Ll+cos i)cos 2%[2(B3(1+cos G)'3251n O)cos 29 Bacos031n 2 (15a)
+B5 + 2B6 cosBcosd- 2B731n¢ ]
+(1+coszi)sin2>\[%(B3(1+cos29)-B2 sin20)s1n 2<1>+B4 cosOcos2®
i + ®
L +2B6 cos® sind zB7 cos® ] )
U,g = 09, [ sin i sinA[-%(By+B3)sin 20cos®+B,sinOsin®-2B.sin © ]
-s1n i cosA[%(By+B3)sin 20sin®+B,sinOcose ]
-cos i sin 2A[%(B3(1+c0s20)-Bysin? 0 )cos2¢- Bycos® sin 20
. (15b)
+ Bg+ 2BgcosO cos® - 2Bsing |
- cos i cos 2A[%(B3(1+c0520)-stin29)éinZ¢ + By,cosO cos 2¢
L + 2Bg cos® sin¢ + 2B7 cos? ] J
L
2n (R 2_p2Y)%
where B = [2m [ Ry }QZ_ RR do , R_= rc/a, R, = rs/a,'
/0 'Rc R? Rd = rd/a
(2T Ry (r2-R2)" :
= dR
By - M d
‘0 ‘B 1
c
r2m R, kR%-RZ)%'
By = -——isg— cos 2a R3dR da
o |JR I
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2™ Ry (R%-R’-)%
s
B, = J [ - sin 20 R3dR dg
o Rc R1 (16)
16
2m (Ry (R%-Es)%
By = J J : RdR da
o 'R R1
Cc
R

%
om  d (R2-R2)?
B = 1 s
6 Jo JR R
c 1
5, J

2_p2)%
o JRd (R1 Rs)

cos a R2dR do

sin a R2dR da

5
R Ry
(]

)
and R:;' =1+ R%+ 2R(- sin®sina+ cos O cos ®cosa ).
Note that the lengths in the integrandsof equations (13) and (16)
have been normalised by the orbital radius so that they are dimensionless.
Figures 7-13 show the Stokes Parameters for scattered light emitted
by the companion star. In the integral (equations (13) and(16)), R, =0.001

for all loci, while R, = 0.2 and Rs = 0.7 (cf. van den Heuval et al., 1980)

d
for Figures 7,8,10 and 11 and R, = RS = 0.45 (cf. Wagner, 1986 and

d

references therein) for Figures 9,12 and 13. Figures 7-9 are for jet
only scattering while Figures 10-12 are for disc only scattering. If

e 3 45° (depending on RS), the jet 'intersects' the companion star and
[£(R)]2, in the integrands of equations (13),is negative. There is no
similar geometrical restriction on the range of © for the disc. When

@ = 0 (Figures 7 and 10), Rs’Rd and RC affect the scale, but not the shape
of the locus, which is an ellipse, whose eccentricity dependson the
inclination, that is described twice per orbit. For both jet and disc,
when © = 0%and i = 90° then U = 0. The loci in all these figures are

not smooth because the integrals were calculated in intervals of A = n/10

. . . ~ 12, . - 54
over thirteen orbital periods and Pprec IZ‘SPorb (cf Pprec 162.5 days
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and Porb = 13.1 days for SS433 eg. Kemp 1986). In Figures 8,9 and
11-13, the basic ellipse due to the orbital motion of the scattering
region, is both modified and displaced by the precession of the jet

or disc. The appearance of the locus over one precession period is
determined primarily by © and i, although in the case of disc scattering,
as Rd increases the precessional modification of the orbital double

ellipse is more marked. (Note that R, + R < 1). 1In general, however,
s

d
the precessional effect in the case of the disc is smaller than for the
jet. The scale of the ellipse changes with precessional phase as does
the centre of the ellipse, which remains on, or close to, the Q-axis.
The shape of the double ellipse changes noticeably only when 0 # 0
and i is large (See Figure 12 and 13b for i=90°). Although the changing
aspect of the disc with respect to the companion star does change the
degree of polarisation, the disc can always be approximated by a localised
scattering region of slightly varying optical depth in the orbital plane.
This cannot be done for the jet when 0 # 00, since, because of pre-
cession, the position of the segment of the jet which produces most of
the polarisation moves along the jet, being (mostly) in the half of the
jet which is tilted towards the companion star. Therefore the 'altitude'
of the effective scattering region varies with the precession phase and,
hence the changes, with precession phase, in the Q,U locus for the jet
for one orbital period. Also, the degree of polarisation given by disc
scattering is much less than that given by jet scattering (Figure 13)
n.o .m0,

since Ei_— ) effectively measure the optical depths of jet and

disc respectively.

4.4 Stokes Parameters for the whole system

Let the fraction of the total luminosity of the system emitted by
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the central source be f. Then the Stokes Parameters for the whole

system are given by

]

Q f(Qcd + ch) + (1 - f)(Qsd + Qsj)

total
(17)

Utotal

f(u + U . -
( od CJ) + (1 f)(USd + Usj)

Figures 14, 15 and 16 show matrices of Q,U loci for a range of
i and f values. The constant A can be found from equations (3), (7)

and (17) and is equal to

o £ T T n.
5 {nd(log [tan 3(sin " =S)] + cos(sin = =5)) + =L }
Ty L) 2rc

As can be seen from these figures, f must be small, in some cases less
than 0.25, before the shape of the Q,U locus does not clearly show the
precession variation.

The Stokes Parameters in equations (17) are referred to axes which
have Q-axis normal to the orbital plane. When observations are made,
this need not be the case. Suppose the angle between an observer's
Q-axis and the normal to the orbit is 8 , measured anticlockwise from
the orbit normal to the observer's axis. Then the Stokes Parameters
referred to the observer's axes, Q(B), U(B), are given by

Q(B) cos 28 sin 28 Qtotal

- (18)

U(B) -sin 28 cos ZBJ Usoral

Figures 17 and 18 show the effect of rotating the observer's axes for

o
2 sets of parameters., The pattern repeats for B8 > 180",

4,5 Limitations of the model

The simple model of S8433 used in the previous sections does not

allow for many of the effects known to be present in the system. These
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include eclipses of both light sources and scattering regions, and non-
sphericity of the sources. Moreover, the jets do not precess as a rigid
rod, for only the inner region is constrained to follow the disc normal,
hence the observed 'corkscrew' at radio wavelengths. The disc height
may be as much as two-thirds the radius, while the opening angle of the
jet is thought to be ~2°, Both disc and jets are likely to exhibit
fluctuations of density that are both position and time dependent, and,
certainly close to the compact object, the assumption of optically

thin scattering may not hold. SS433 is observed torbe variable on many
time scales over and above the periodic variations identified with the
precession or the orbital period, and such luminosity fluctuations could
well change the proportion of the total luminosity emitted by each source
(i.e.f). There may be some polarisation due to scattering in the atmosphere
of the companion star, which has not been included in the model (but this
should mimick that of the companion's light on the jet/disc system) and
the eccentricity of the orbit is not well known. Finally, the effects of
a magnetic field which may well be present in the enviroms of the compact
object, such as Faraday Rotation, are ignored. These are likely to be
small at optical wavelengths.

The chosen geometry of the scattering regions gives the maximum
percentage polarisation, P = (Q2+U2)% , per electron. A thick disc or
expanding jet will not change the shape of the Q,U locus although the
magnitude will decrease as the scattering regions tend to spherical
symmetry. Multiple scattering, which will occur if the scattering regions
are not optically thin, will also reduce the magnitude of Q and U, and
will also give some circular polarisation. However, the temporal and

angular polarimetric properties of such a disc/jet which concern us here
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can be accurately replaced (cf. Dolan 1984) by an equivalent uniform thin
disc/jet.

Polarisation from the jets is proportional to 1/r2 for a thin jet
and will decrease even faster for an expanding jet. Only the inner
regions of the jet give significant polarisation and hence the jet 'cork-
screw' will have a negligible effect, particularly if the disc is the
dominant scattering region. Density fluctuations in the jet or disc will
affect the shape of the Q,U locus only if they are axisymmetric. Even
so, observations over a long period of time should average out such
effects. The same is true for non-periodic variations in f.

Many models of SS433 have the companion star filling its Roche Lobe.
The central source in this model includes the light emitted by the inner
regions of the disc. Hence, both sources are non-spherical. However,
the effect of the departure from spherical symmetry of the sources is
expected to be less than the effect of replacing a point source with an
extended spherical source.

Since the angular size, as seen from the disc, of the companion
star is large, any polarisation due to scattering in its atmosphere is
likely to be small. Such polarisation will depend only on the orbital
period, unless the companion star is singificantly non-spherical and
also precesses. If the Q,U variation at the precession phase is dominant,
i.e. scattering from the central source is dominant (see Sectiom 4.6), the
shape of the precession variation and hence such parameters as i, ©and B
could still be determined. The same is true for non-zero orbital eccen-
tricity, since only the polarisation due to the companion star would be

affected.

The major source of inaccuracy in the model lies in the lack of
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eclipsing and occultation effects. However, some of these effects
depend only on the orbital phase, such as eclipses of the sources and
occultation of the disc by the companion star, whereas some depend on
the precession phase, such as occultation of part of the jets by the
disc. Since the precession and orbit are not phase locked, and since
the precession period is much longer than the orbital period, the variation
of the polarisation with precession phase can be studied by omitting data
taken during eclipses, if the precession is dominant. Then the precession
variation can be subtracted from the data and the resultant values
analysed.

In general, if the polarisation due to scattering of light from the

central source is dominant then the model developed in this chapter
should provide values for ©, i and B8, particularly if data taken during
eclipses is omitted from analysis, even if SS433 departs significantly

from the simple geometrical model shown in figure 1.

4.6 Predicted Characteristics of the Model

In this section we investigate the Stokes Parameters predicted by

this model for SS433. If we define

n.g
1. = _Jo
] a
(19)
Ta T ™%
then 1, and T4 are measures of the optical depth in the jet and the disc

respectively. (Note that both Tj and T4 are dimensionless since nj

and n, have dimensions L-1 and L-2 respectively). Now, if M is the

mass loss rate in the jet, M is the mass transfer rate from companion
T
star to disc, A, is the area of the disc and t is the time taken by a

proton to spiral in from the outer rim of the disc to the inner radius

(in seconds), then
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(20)

n =
d
Ad m
and A, = a?q(R%2 - R?
4= a ﬂ(Rd RY )
mass of proton and 0.26c is the velocity of the jet. Hence,

where m =
P
[ V > .
measuring M and M_ in solar masses per year and a in astronomical units
(21a)

(21b)

T.
J
T,=2.14 1003 ¢ ¥

d : T

a2(R2-R2)
d ¢
R R )
in 1 )1 + cos (sin 1 —S)]J (22)
Rq

T,
A = 1 L -
e A=g | gty [log [tan 5 (sin ~ o

R, d
Then, (see equations (3) and (7)), the Stokes Parameters for scattering

ISH

|

Let
of light from the central source off the disc and jet are
QC = Af {(1-3cos20)sin?i + sin 2i sin 20 cos (A+d)
(23a)
-(1+cos?i) sin?0cos 2(A+®) }

U, = 2Af {sin i sin 20 sin (A+®) - cosi sin“Osin 2(A+®) } (23b)
while the Stokes Parameters for scattering of light from the companion
star are

(1-f)t, (1-f)7
i ; ()
2 2 )
(24)
{1}

Qs
LI (l—f)Tj [ ] + (1-f)1
where the terms in [ Jand { } are the bracketed terms of equations

(12) and (15) respectively.
The value of a depends on the masses of the compact object and
It is, however, rather insensitive and for the sum
Since the central source approximates

the companion star.
of the masses = 50 MO’ a =~ 0.4 AU,
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the light from the inner regions of the disc which is considered to be
the more luminous of the two light sources (Kemp et al., 1986), optically

-3

)

and geometrically thick (half-height = 2/3 radius,Margon 1984) Rcs 10
seems unjustifiable, ﬁT must be greater than M. 1In fact, since the
conversion of matter to energy in the environs of a black hole or neutron
star is highly inefficient, and since the jet material has such a high

kinetic energy, MT.is probably at least two orders of magnitude greater
than M. M itself cannot be much greater than 10-6 ﬁo yr-l otherwise the
necessary mass loss rate from the companion star (3 ﬁT) becomes so large

that SS433 must be less than a few thousand years old - which is the

minimum age required to explain the size of W50 (Margon, 1984). Hence,

. . -7 -1 -3 . :
for M =10"" Mg yr *, a = 0.4 AU, R_ 107", Ry = 0.45, M= 100 M
equations (21) and (22) become

T. = 3.225 x 107°

b
T, = 6.605 x 1077 ¢
_ . -3 -6

and A = 2.533%x10 ~ - 6.02 x 10 ~ t (25)

(Note that t is still measured in seconds).

Therefore, unless t g 400 s, A will be negative i.e. the disc will
dominate the polarisation of light from the central source. However,
the spiral time, t, of the disc is likely to be of the order of days
. 5
i.e. 10” seconds.

Even if the jet dominates the polarisation from the central source,
the disc will still dominate the scattering from the companion (cf.
equations 24) since 42> T: unles t g 103 (E—) and t = 10 1is
J MT S

completely unreasonable, since the time taken to travel 0.2 AU at the

speed of light is 100 s. So for a disc of radius 0.45a , even radial infall

at the speed of light could not give t < 50 seconds.
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However, these conclusions depend on the assumption that the disc
and jet are optically thin. This is unlikely to be true, particularly
in the disc. As a result the estimates for the disc density (and hence
t) found from data using this model will be many times smaller than the
true value, The‘maximum percentage polarisation predicted by this model
for light emitted by the central source and scattered offthe disc/jet
system is ~ 2 |a] %.

The contribution to the polarisation of the whole system made by
the scattering of light from the companion star will be at least an order
of ﬁagnitude smaller than that from the central source since the terms
in [ ] and { } in equations (24) are less than or of the order of 1.

IA] will be greater than ’\:10-3 even if the effective disc mass (and
hence t in equation 25) is reduced by " 102 compared to its true mass
as a result of the optical thickness of the jet and Ty 102 Tj = 10_4.
Hence, unless f is very small, we expect the central source, i.e., the
precession period, to be dominant.

If the effect of the companion star is strong enough to show above
the noise on the data, it should appear at half the orbital period since
the disc will contribute more than the jet (see section 4.3 and above).
The precession of the disc will change the shape of the scattering retion,
and hence the shape of the Q,U locus on the synodic period. This effect is

unlikely to be detected even if the half-orbital period is seen clearly

(cf., Figures 10-13),



108

normal to orbit

jet scatterer
(rectilinear)

no, density n

spherical source (per unit "length)
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Figure 1: Simple geometrical model for SS433
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Figure 2: Scattering geometry for an arbitrary point P on the jet. A is the
phase of the orbit, § is the phase of precession. P has coordinates
(r,0,%) with respect to O, the centre of the compact object. 0' is the
centre of the companion star. a is the separation of the sources.
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Figure 3: Scatteéring geometry for an arbitrary point P in the disc. P has
coordinates (r,0,¢) with respect to O, the compact object. O' is the
centre of the companion star. ON is the normal to the disc, the
direction of the jet. 0Q is the projection of OP on the x,y plane. OS
is the projection of OR on the x,y plane. O'L is the projection of the
line of sight on the x,y plane.
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Figure 4: Spherical triangle from Figure 3 for the transformation from (r,9,¢)
to (r,a), coordinates in the plane of the disc.
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Figure 5: Matrix of Q,U loci for a precessing disc and jet
scattering from a central spherically symmetric

source.
scattering.

precession phase intervals.

These loci are for jet dominated
Fiduciary marks are shown at quarter
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i =0° i = 30°

i = 60° i = 90°

Figure 7: Set of Q,U loci for a precessing jet in a binary
system, scattering from a spherically symmetric
companion star of radius, RS = 0.7. The binary
orbit is circular, of unit radius. The half angle
of the precession cone, 0 = 0°.
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[vs

Figure 10:

Set of Q,U loci for a precessing disc of outer
radius, R, = 0.2 in a binary system, scattering
from a spﬂerically symmetric companion star of
radius, R_ = 0.7. The binary orbit is circular,
of unit radius. The half angle of the precession

cone, 0 = 0°,
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1=0° i = 30°

ARY
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Figure 11: As Figure 10 for ©O= 60°.
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i = 60° i = 90°

Figure 12: As Figure 10 for Rd Rs = 0.45 and g = 60°.
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i = 30°
u'
Q'
i = 90°
U‘
'

a) jet contribution b) disc contribution

Figure 13: Set of Q,U loci to compare the contributions of a
precessing jet or disc to the Stokes Parameters of

SS433 due to light scattered from the companion star.
The binary orbit is circular, of unit radius and the
star has radius 0.45, as has the disc. The half angle
of the pfecession 6 = 30°.

a) U (=Usj/Tj) v Q (=Qsj/Tj) where Ty~ njgo/a

b) U'(=Usd/Td) v Q'(=Qsd/1d) where 4= M40,
(see equations 19 and 20)
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1=30° 1=60° 1=90°

£=0.75 u u u

Figure 14: Matrix of Q,U loci for the full model of SS433,
where the radii of the disc and the companion star
are 0.45 (in units of the orbital radius), the
precession cone angle, 0 = 20°, the inclination of
the orbit is i, the fraction of the total luminosity
emitted by the central source is f, Tj = 0,02

Td/'g = 1 and A = 0.2 (Tj, T, and A, are given by

equations 19 and 23 respectively).
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Figure 15: As Figure 14 for O = 45°
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Figure 16: As Figure 14 for © = 70° and Tj =0
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0° v 20° U 40° U

Figure 17: Set of Q,U loci for the full model of SS433
showing the effect of rotating the observer's axes.
The radii of the disc and the companion star are 0.45
(in units of the orbital radius), the precession cone
angle, © = 20°, the inclination of the orbit,
i = 120° and Af = -0.65, where f is the fraction of
the total luminosity emitted by the central source

and A is given by equation 23. (l—f)Tj/Z = 0,02 and
Td/T. = 10. Since the observer's axes rotate through

angle B anticlockwise the locus appears to move
through 28 clockwise.
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Figure 18: As Figure 17 for o = 45°, 1 = 30° and Af = 0.65
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APPLICATION TO DATA

5.1 Introduction

At present, the data available on the optical polarisation of SS433
consists of 84 broadband observations made during the period April 1979
to May 1981 (McLean and Tapia, 1981, McLean, private communication) and
35 multiple waveband observations made during the period June 1979 to
October 1982 (Efimov et al., 1984). Of the latter, the 25 R-band
measurements are compatible with the McLean and Tapia data giving 109
points spanning 3% years. A real-time plot of Q and U is shown in Figure
1 and 2. The typical quoted measurement errors are ~ 0.06% for the
McLean and Tapia data and ™~ 0.12% for the Efimov et al., data. However,
inspection of Figures 1 and 2 leads to the conclusion that the scatter
of the data points is larger than these typical errors, particularly in
Q. This is not unexpected, since SS433 exhibits large aperiodic fluc-
tuations at all wavelengths so far observed. Both the radio observations
of the jets and high resolution spectral analysis of the doppler-shifted
lines from the jets indicates that the jets are more like a series of
'blobs' than a continuous stream., Since the Thomson scattered polari-
sation depends on the density distribution of electrons,clumping in the
jets and, perhaps, large corresponding fluctuations in the density dis-
tribution in the disc, may well account for some of the scatter. Mutual
eclipses of the light sources and variable occultation of the scattering
regions, particularly the disc, should account for some of the scatter
also but these effects should be periodic, depending on the orbital

period.

In this chapter, we first investigate the periods present in the
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raw data, and the qualitative conclusions that can be drawn from the
data. An analytic optimisation procedure is then developed for the

precession variation (Section 5.3) and used to obtain the best-fit

precession curve. The residuals are analysed for any periods remaining

in the data once the best-fit precession curve has been subtracted.

Finally, using the best-fit parameters an attempt is made to fit the full

theoretical model developed in chapter 4 to the data.

5.2 Power Spectrum and Qualitative Results

The power spectra of the Q and U data of SS433 are shown in Figure 3.

They were computed by the Fourier summation method in which first
3

¢ |)] -2

viU N

)

is computed, where t; is the time of the ith observation (Qi,Ui), and

Qi
cos (ZWVti)

u.
1

(1)

i

AN
Ntz 1 m=
(o)

U.

[ )

[Qi) sin (2mvt.)
1 1
b

then the spectral power, Av’ where
2 - 02 4 g2 .
AS = CZ + 82 (2)
Here N is the number of data points and the frequency,v, is the reci-
procal of the period. In Figure 3, 1000 search frequencies out to a

minimum period of 5 days were used.

In the power spectrum for Q, the highest peak is at v = 0. This
indicates the presence of a strong constant component, part, or all,
of which may be due to interstellar polarisation. Apart from this,
the highest peak in both the Q aﬁd U spectra has a period of 162.5
days. This corresponds to the precession period of SS433 (cf. eg.

Margon 1984, Kemp et al., 1986). The U spectrum also shows a strong

peak at half the precession period, although this is not clearly seen
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above the general noise in Q. The orbital period (n 13.1 days) is
conspicuous by its absence particularly in U. Neither is there any
sign of the (orbital/precessional) synodic period or its second harmonic
for either direct or retrograde precession. (14.28 and 12.12 days resp.).
There is some evidence of a peak at half the orbital period in U only,
but it is not statistically significant (cf. also Section 5.5).

These results are as expected from the model developed in Chapter 4
(cf. section 4.6). It was predicted that the precession period would
be dominantrin the data, and that the orbital period and its 2nd harmonic
would have a much smaller amplitude, if detected at all.

Since the precession period is dominant, we have plotted in Figure
4 the data folded on a period of 162.5 days over two precession cycles.

We have defined the precession phase to be zero when the separation of

the Doppler shifts of the moving lines is a maximum. This corresponds

to a phase of 0.5 by Kemp et al's definition (1986). Hence, we have
chosen to use the ephemeris of Kemp et al., 1986 displaced by 0.5 in
phase. A quasi-sinusoidal dependence of the U parameter on the precession
phase shows clearly in Figure 4. The dependence of the Q parameter on

the precession phase is not as clear since the 'noise', particularly

in phase interval 0.2 - 0.6 is of the same order as the amplitude of the
precession variation.

In the model developed in chapter 4, the precession period and its
2nd harmonic both appear in the expressions for Q and U. (See equations
4.3, 4.7). By inspection of these equations we find that the lst harmonic
is dominant in Q if |sin 2i sin 20(> (1+cos?i)sin?0 (3)
and in U if |sin i sin 20| > |cos i sin?20| (4)

If the inequalities (3) and/or (4) are reversed then the 2nd harmonic is
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dominant inQand/or U. The regions in the i,0 plane where one of the
harmonics is dominant in both Q and U are shown in Figure 5. Since

the 1st harmonic is dominant in both Q and U (Figures 3 and 4) lo| < 550,
depending on i. (Note that -0 =w- © Figure 4.1).

There is a further restriction on the range of the precession cone
angle © from the geometry of the model of SS433 developed in Chapter 4,
namely that precession angles so large that the jets 'collide' with the
companion star are proscribed since they result in imaginary integrands
in Equations 4.13. Physically such an event should produce clearly
observable 'flaring' on half the synodic period. Whether such 'flaring'
is observable or not will depend on the column density of the atmosphere
of the companion star along the path of the jet., Generally, as O increases,
the brightness and duration of the 'flare' will increase. Let the minimum
distance of the jet from the centre of the companion star such that the
column density along the jet path is too low for observable 'flaring'
be Rc (measured in units of the orbital radius). Then the maximum
permissable precession cone angle such that 'flaring' does not occur
is cos-1 Re' For [Olmax = 55° Re < 0.57. In general, Re is greater than
Rs, since RS is the radius of the photosphere of the companion.

§S433 does exhibit flaring at most wavelengths (eg. radio Bonsignori-
Facondi et al., 1986; X-rays Band and Grindley, 1984) but, so far, there
is no reported dependence of these flares on the synodic period. In
those models where R_ > 0.8 (cf. van den Heuval et al., 1980), it is
hard to see how there could not be 'flares' since |0| must be non-zero

to give any precession variation at all.
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5.3 Optimisation procedure for data at unequal phase intervals

This treatment is based on that developed by C. Aspin (1981),
which extends that of Simmons et al., (1980) dealing with noisy data
binned at equal phase intervals., Such a treatment for the polarisation
of 58433 is required because of the present small data set and since
$S433 is an eclipsing binary.

As the precession is the dominant frequency in the data (Section
5.2), a model depending on the precession phase only can be used as a

first approximation. We use equations 4.3 and 4.7 to give

A {(1-3co0s20)sin?i + sin 2i sin 20 cos 2 - (l+cos?i)sin?0cos 20}
(5)

o
fl

U 2A{ sin i sin 20 sinQ - cosisin?@sin 20 }

where A is a constant which depends on the optical depth in the disc and
jet.

The Stokes Parameters of equations (5) are referred to the natural
frame of the system, i.e. Q-axis normal to the orbital plame. With
respect to this reference frame, the interstellar polarisation has

U ). Hence, the theoretical polarisation of SS433 is

components (Q. .
P ant’ int

Q Q+Q,

t int

U

U + U,
t in

t
let (Qob’Uob) be the observed Stokes Parameters of SS433 with respect
to the natural frame. Then, with respect to an arbitrary observer's

reference frame, rotated with respect to the natural frame by angle B

(measured anticlockwise from natural to observer's frame), the observed

Stokes Parameters are:

Q'b cos28 -sin 2B Qob

o (6)

. s
Uob sin 2B cos 28 UOb
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where the prime denotes the observer's reference frame.
Following the analysis of C. Aspin (1981), we can write the
theoretical Stokes Parameters in the natural frame as follows:

Q B + cos @ +
p Pl os r P, cos ZQr

o 2

(7

(o)
1]

u + v, sin Q + in 2
t,r o 1 r v, sin AQr

where there are certain relationships between the coefficients viz.

v, = pi/c081

<
()
|

= -tan® p1/2 sini (8)

(1+cos?i) tan® P;

4 sinl cosi

We wish to find the minimum of the x2 function where

N 1 - ] 2 Ul - U' 2
20 [Qob,r Q t,r ] +[ obJro t,r] (9)
1

X T .
r

r=
where N is the number of data points.

o; is the error on the rth measurement

(Q;b,r,Uéb,r) is the rth measurement and phase Qr/2w

(Qé’ ,Ué’ ) are the theoretical Stokes Parameters evaluated at
phase Qr/2n

Since this model does not take account of any orbital effects,
such as the contribution of the companion star, and since for S$S433
the orbit and precession are not phase locked, then the error on‘each
measurement will be 0 , which will include the characteristic size

of the orbital modulation and the stochastic variations in the jets., Now,

because of the properties of Stokes Parameters,
N
1 Yall
E [(Qob,r Q t
r=1
is rotationally invarient i.e. independent of the observer's reference

2 ' 17! 2
,r) * (Uob,r Ut,r) ]

frame. Hence the problem reduces to minimising the function
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F(p;0) = g2 2 = 3 -
p 0% X z [(Qob,r Q,

2 - 2
L S (Uob . Ut r) ] (10)

? I b

where p = (po,pl,pz,uo,ul,uz) and 8 = 28 .
We rewrite the constraints (8) in the form 8, =8 =8y = 0
which gives
g1 TPV
L
= -c2)2
g, tpy + 2(1-c?) v, (11)
L
gy = (!Ltp:L + 2(1-¢2)* Py
where ¢ = cosi , t = tan O

(1+c2)/2¢c (12)

and o

Using the method of Lagrange multipliers, we obtain 9 additional

Lagrange equations, viz:

JF 3 o8,
EMEA S TR P=Po1P1sPysYga V0 Y,y (13
Jg

5F 3 2

3F 2 - 14
" Mo 70 (14)
- 3 g

F oz 2L-o (15)
TS S T:

3 ag

R (16)
ac =1 2 3¢

Note that JdF _ JF
ot dc

Since we wish to obtain confidence intervals for i and @ , we will

use only equations (13) and (14) in the following analysis.

oF
Equations (12) and (13) give -gz =s2=0 (17)
pO uO
x +A+ttatatAis= 0 (18)
3P1
L, a1-e)Ery =0 (19)
sz
B ey =0 (20)
ov
1
F 4+ 2(1-¢2)%x, = 0 (21)
v
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N
3F _
Now Y 2E (Qob,r-Qt,r) (from equation (10))
o r=1
N
=2 I ( + 2 -
r=1 po P cossr * p, cos 29r Qob,r)
N N N
=2Np + 2p. I cos _+ 2p, I cos 22 -2 I Q
° 1 r=1 r 2 r=1 T r=1 ob,r
1 N
Let C = N LI cos er k=1,2,3,4
r=1
1 N
a s = = i =
an K N rgl sin er k=1,2
N N
- 1 - 1
and p = = I u == I U
a N =1 Qob,r o N =1 ob,r
Then <& = 2N(p + p.C, + p,C, - p_)
3, Po " P71 T Po%p T P
. OF _ . _ -
Sim 33; = 2N(uo + Vlbl + VZS2 uo) .
Hence equations (17) become
po = po - plcl - pzcz (22)
U =u_ - v.S -v38 (23)

o o 171 272

Substituting for A;, A, and A; from equations (19), (20) and (21)

into equation (18) gives

% 3F X 5F oF 3F _
2¢(1-¢)? = + 2(1-c ) - ctg=-act g~ =0 (24)
Py vy V2 P2
Defining p, = 2 g Q cos ki k=1,2
k N - ob,r r
r=1
= _2 N . Q
Ve TR z Uob,r sin k r
r=1
gives  3F _ \[2p C.+p.(14C)+p (C +C.) - p. ]
Bpl o 171 2 21 3 1
3F =N [2p_ C.+p,(C ,+C)+p (1+C,)) - p, ]
3P, o "2 P1YITV TP Ty 2
OF o~ N[2u S,+v (1-C )+v (C.-C.) - v_ ]
8v1 o 1 1 2 21 "2 .1
E -~ N[2us, +v (C,-C+v (1-C,) - v, ]
v o 2 171 3 2 4 2
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Hence equation (24) becomes
2c[2(1-c2)%C -at-C, Ip +2[2(1-c2)%8 -ctS, Ju +[2(1- 2)%(1+C )
1 27Pg 17672 1Y% € 27"

-at(Cl+C3)]cp1 +[2(1-c2)%(cl+c3)-at(1+C4)]cp2+[2(1-c2)%(1—02)-
-et(C -C) v, +[2(1-02)%+(C1-CB)-ct(l-Ch)]vz = 2(1-c2)%(c31+vl)-
-ct(a52+32)

Substituting for p, and u_ from equations (22) and (23) gives

L i
2(1-c2)2 - ) -c2y)2c -
[2(1-c?) (1+cz) dt(Cl+C3) 2€,(2(1-c%) c utCz)] cp,
i i
-02)% - - ~c2y3c -
+[2(1-¢c?) (cl+c3) at(L+Ca) 2€,02(1-c*)*c, atCz)] cp, (25)
L 5
-e2)%(1-¢ )- C 1-25 (2(1-02)28 -ct &
+[2(1-c2)?1 C,)-et(C, -C4)-28, (2(1-c?)*s -ct 52)]v1

. _.2 _ _ _ _ .2 %. _
+[2(1-c )xc1 Cypet(l Ca) 252(2(1 c“) s -ct sz)] v,

r - - - - - L - 1
= _~2V\2 _ _ 2%~ _ - _.2v%q
2(1-¢c?) &cp1+v1) ct(ap2+v2) 2cp0[2(1 c?) c, atCZ] 2u0[2(1 c9) 8, ctSZ]

Since none of the constraints depend on 6 , equation (14) becomes

oF  _
35 - 0
s = 0! - ' .
and since Qob,r Qob,r cos Uob,r sin 6,
(26)
- ] . Ul e
Uob,r Qob,r siny ob,r cos :
N 3Q U
oF _ ob,r _ __ob,r
36 2 I [(Qob T Qt,r) EL) * (Uob,r Ut,r) a0 ]
r=1 ’
1 i fo.
(Qt,r’Ut,r) being independent o
Now, from equations (26)
U
ESob,r - .U and E_Ob,r = Q
96 ob,r 38 ob,r
3F N
Therefore rvi 2 rzl (Uob,r Qt,r Qob,rut,r
2 3
If we define qk = ¥ - Q b, sin kgr
| N k=1,2
’ - _ 2
and uw = § z Uob, cos er
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then we find that

u - v- =
2 2 272 0

and, again, substituting for P, and u from equations (22) and (23)

2pu_-2up +opu q -
Ps% “oPo P14 TP v1q1 (27)

gives

u, -2u C:)p:+(u_-2u Jp S.-q p S -q.)v. =
(u, -2u_ I)pr (u2 2uoCZ)p2+(1pos1 q,)v,+(2p S, q2)v2 0 (28)
Now, using equations (8) to substitute for vy,V, and p, in equation (25)
gives
Py
[4(1-¢2)0y+c2t20,-4ct(1-¢2)2041p,
L - -
= he2(1-02)2 , Ty _e2 = LGl o) (en 430
4e4(1-c?) t(aCZPO+SzuO) 8c(1-c )(cClpo+bluo)+4c(1 c )(Cpl+V1) (29)

1 - -
- 2¢(1-c2)* tlap,+v,)

where
01 = c2(14Cy) + (1-Cp) - 2(c%cd + sD)
0 = a2(1+Cy) + (1-Cy) - 2(a?C3+82) (30)
03 = ac(C +C ) + (C - Cy) - 2(acC,Cy+ §,5,)

and, similarly, equation (28) becomes

L - - r - - - - - -
4(1—c2)2(51p0-c C1u0)+2(1-c2)z(cul-ql)-2ct(52po-a02uo)-ct(auz-q2)=0

(31)
- 2 N
= - Q =1,2
Now, we had Py TN rzl Qob,r cos k r k=1,
Substituting for Qob " from equations (26) gives
- b
2 N 2 N
- (s ' -(£ ' Q in &
Py (N z QQb,r cos k@ )cos 8 (N E_ Uob,r cos kil ) sin
r=1 r=1
i.e.-ﬁk = 5& cos 0 - aﬁ sin © k =1,2
similarly q, = q' cos® - v' sin © k=1,2
k K k
ﬁk = ﬁé sing + ﬁé cos 6 k=1,2
-k = aé sin 6 + -i cos 6 k=1,2 (32)
b = p! - u' sin ¢
P, = P, cos ul sin
u =p' sin6+ u' cos ©
o o o /
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h 1 T . . = -

where I etc are defined in the same way as Pps U etc., using
the observed data.

Hence, we can solve equation (31) for tan to give

0(1-n2)% -
2(1-¢2) (2A3+Bl) ct(2Aq+Bz)

B T ) (N TR ET S (T (33)
| 173 2 Ty
where A; = c§i+§i By = cﬁi-ii
A, = apy*vy B, = auj-qy (34)
Ay = slﬁé—cclaé B, = 0015;+S155
A, = Szﬁé-aczﬁé B, = aczﬁé+szﬁé
Also, we can solve equation (29) for pj, viz,
Zc(l—cz)%{[Z(l-cz)%(A1-2B3)-ct(Az-ZBu)]cose-
-[2(1-c2)%(2A3+B1)-ct(2Au+B2)]sin 6 }
(35)

p:
%
4(1-c2)0y+ c2t20,- 4ct (1-c2)” 04

and hence pj, vy, v, from equations (8) and Pys U, from equations

(22) and (23).

From equations (1) and (3) it can be seen that

A = py/sin 2i sin 20
. (1-3 cos?0)sin i
Qint = po ! i (36)
2 cosl sin 20
Uint = uo

Hence, from a set of data of known phase, for each O and i,

Q. ) A, and tan O can be found using equations 33-36. Since

U
int’

int
b = 28, there will be two possible values of # in the range 0 to T
differing by 7/2. This reflects the basic ambiguity between jet and
disc scattering (cf. discussion in section 4.2). There will be two sets

of parameters, one for each value ofﬁ,ninceihesign of p; will change

depending on which value of 8 is used. One set will have A positive
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and will correspond to a jet dominated solution, the other, having A
negative, will correspond to a disc dominated solution (see section
4.2).
The function 52x2 can then be found for each © and i . It will
be the same for both sets of parameters. By grid-searching through
the range of possible values of O and i the minimum of the function

and confidence intervals can be found.

5.4 Special Cases of the Filting Procedure

5.4.1 Equal Phase Intervals

Should it become possible to bin the data into equal precession
phase bins, then considerable simplification of equatioms (22), (23),(30),

(33), (34) and (35) result. For equally spaced, binned data

_ 2m(r-1)
Qr - N
N-1 N-1
2
Hence C = Ly cos Zrkm and S8, = i 3 sin Tkm (k=1,...,4)
k N kN ° N
m=0 m=o
and so C_ =85 =0 (k=1,...,4).

from the orthogonality relations for sine and cosine. Therefore,

equations (22) and (23) become

PO Po
u =u -
o o

equations (30) become

= 2
0, = I+c
0, = l+a?
0, =0

and, from equations (34) A; =4, = B3 =B, =0,
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Hence equation (33) becomes

2(1-c2)%,B1-ct By
tan 6 =

-
-2(1-¢2)? Aj+ct A,

and equation (35) becomes

L 5
2c(1-c2)?{[2(1-c2)?A1-ct.A2]cose[2(1fc2)%Bl-ct Bylsin6
p =
1

4(1-c*) + c2t2(1+a2)

5.4.2 Special Cases of the constraints

a) 1i=0. The theoretical Stokes Parameters are given by

= + cos 2Q
Qt,r P, * P2 r
U =u_+ vy sin 2
t,r o 2 8t Qr
where p, = v,= - 2A sinZ0 . Hence the constraints reduce to

g =P2 - V2

Following a similar analysis as in 5.4, we find that

P, = p; cos 6 - Gé sin 6 - p,C,
u, = ;; sin 6 + ﬁ; cos 6 - p,5,
I, vy -2(C,p_+5,0!) Jcoso+[a3a)-2(5,p)=C,0;)] sin 6
2 1 - 2c3 - 253
and tan 0= (q)-u') - Z(SZP' - Czué ) '
(5é+éé) - Z(Czpé +8ul)

b) i=90°. The theoretical Stokes Parameters are given by

= + s 2Q
Qob,r pO p2co
U = u_+ visin §.
t,r o
where p, = -A sin20 and v; = 2A sin 20 . Hence the constraints reduce to

g = 4p2 + tvy where t = tan O
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Again following the analysis in 5.4, we find

po = p; cos 6 - ué sin 8 - pyCy
u, = P, sing + ua cos B - v;S5,
4[av! -tp'+ 2(tC, p'-4S qu!
v; = 1 Py ( 2po ASluo) ]

cos p[16(1-Cy)-£2(1+Cy)-325,+2¢t2C3 ]

4q} + tug- z(aslf;c', + tczﬁ:) )

tan o =
_ l#vi - tp?'_+ Z(tCZp(')'E ﬁSlu:))

5.5 Results of Optimisation

We evaluated ozxzmin for each (i,0) on a 5° grid on the i,0 plane,

where 0 < i g 180° and -90° < @ < 90° (-0 =180°-0 ). We have displayed

the results graphically in Figures 6 and 7. In Figure 6, szinin*s £(1,0)

defines a three-dimensional surface (cross-hatched) while in Figure 7

2,2

the contour levels of the 0%y surface have been projected onto the

-

min

(i,0) plane. The shaded area shows the region where 02X2' £17.64
min

(see below). By searching a smaller area including this region using a

finer mesh, the global minimum inf ( o2x?

min

) was found to be 15.746,

The 2 sets of parameter values corresponding to the minimum are

1= O = - o = = = =
1=120".0, 137,0| By =81.195, ULw 0.359, QIntB'Ols’ A 0.728 (37)

B, =-8.805, U, =-0.359, Q;33.018 , A =0.738

The precession curve corresponding to these parameter sets is superimposed
on the data and shown in Figures 1, 2 (Q,U against data), 8(folded data
against phase) and 9(U against Q). It is quite clear from Figure 8 that
the U parameter is described better by the model than Q. Figure 9 alone

is not a good indication of the quality of the fit. Plotting the raw data




140

on the Q,U plane does not give a sense of the development of the Q,U locus
with time. Sufficient data to permit binning and hence simple smoothing
of the observed locus is required before a direct comparison of model
with data on the Q,U plane can be made. Even then, close attention to
the phasing of the locus must be paid.

The root mean square deviation of the Q's and U's from the best
fit curve is 0.269. Adopting this value for o2gives a value for y? for
the best fit of 218 which, for the number of degrees of freedom (215),
has a significance of ®45%Z. The 10% significance level corresponds
to a value of x2= 242, i.e. all models with 04x2 ¢ 17.64 have a signifi-
cance 310%. An estimate of the variance of the Q and U parameters that
is quite independent of any model can be found by binning the data and
calculating the variance on the average of each bin. The root mean square
of these bin variances is thenan estimate of the spread in the data. It
should be noted that the final result of such a process does depend on
the number of bins originally used. For 20 equally spaced precession
phase bins (on the Kemp et al., 1986 ephemeris) of which, for the given
data set, 14 contains 2 or more points, the root mean square variances
on the Q and U parameters are, respectively, BQ = 0.274 and 5U=0.192.
aQ and 5U give a measure of the dispersion in the data which is a few
times the value of the quoted measurement errors (cf. Simmons et al.,
1980). If the mean of 0. and o is used for o the best fit has a signi-

Q U
ficance of only "0.1%.

Using the best-fit model defined by the parameter sets (37), the
power spectra of the Q and U residuals, (i.e. after removal of the pre-

cession variation and interstellar component) were calculated and three
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expanded sections of the spectra about vp, 2vp, v, and 2vo are shown
in Figures 10(Q) and 11(U) with the relevant sections of the power

spectra of the raw data for comparison. It is clear that the power
( —L

1n the constant terms and the peaks at v ) and 2v
p

precession
has been dramatically reduced and, in some cases, completely removed.
This success is despite the merely moderate statistical significance
of the best-fit. So we conclude that the model does describe well the
variation due to precession and allows evaluation of the interstellar
polarisation,

The significance of the peak near half the orbital period (i.e.
near 2v0) remains marginal in the Q residuals. The expanded scale
of Figures 10 and 11 also shows that if the peaks near 2vo are genuinely
due to a variation at half the orbital period they have been displaced
to higher frequencies, which may indeed be the result of the unequally
spaced data.

To estimate the errors on the best fit values of i and O , we
return to Figure 7. The shaded area shows the region of the i,0 plane
which gives model fits with confidence 2107%. From the dimensions of
this region we can derive a crude estimate of the 10% confidence interval
errors on i and ¢ namely

i = 120%# 35° o = -13% * 45° (38)

The size of the confidence interval reflects the scatter on the data.
As much of this may be caused by stochastic processes in the disc/jet
system an increased data set should decrease the relative importance

of this scatter allowing for a more precise determination of i and O .
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5.6 Comparison of Results

The optimisation procedure developed in Section 5.3 to fit the
simple precession model to the polarisation data of SS433 resulted in
2 sets of parameters corresponding to a predominantly jet (A>0) and
a . .. predominantly disc (A<Q) scattering solution. Of the six
parameters found by this method, the inclination and precession cone
angles can also be derived from the spectroscopic measurements of the
Doppler shifted emission lines from the jets and from radio VLA
observations. The position angle of the jets on the sky (related to 8,
see.below) can be found from radio and X-ray imaging and the interstellar
polarisation can be estimated from measurements of field stars near SS433.
However, this last is fraught with uncertainty since there are three
underlying assumptions namely that the stars are intrinsically unpolarised,
that they are at the same distance as SS433 and that conditions along the
different linesof sight are sufficiently similar not to invalidate the
estimate. Given that the extinction in the region of W50 is both large
and patchy (cf. Margon 19Y84), this last assumption seems very shaky.

The simple kinematic model for the Doppler shifted emission lines
(see e.g. Margon 1984) yield values for i and © of 78°82 and 1978,
but does not by itself distinguish between i and © , nor does it determine
their quadrant uniquely as 7m-i and -0 give the same solution. The
dynamic model developed by Collins and Newsom (1986) gives i=78%91
and O=19?41, where now the ambiguity lies in distinguishing between
the ascending and descending nodes. Radio observations give values for
i and 0 of 80° and 20° respectively (Hjellming and Johnstone 198la,

Fejes 1986) and that the sense of the jet rotation is clockwise.
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In the polarisation model the angles i and © are measured from the
z-axis, the normal to the orbital plane. The precession phase is
measured anticlockwise about the z-axis (i.e. the sense of the precession
of the jets can be considered to define the direction of the z-axis).
Since zero phase is defined to be when the redshifts of the two opposing
jets are at maximum separation, if i is in the first quadrant,® must be
in the first quadrant also and the sense of the jet rotation, as seen
by the observer is anticlockwise. Similarly, for i in the 2nd quadrant,
© 1is in the same quadrant and the sense of the jet rotation is clockwise.
The polarisation best fit parameter sets both have i and 6 in the 2nd
quadrant (since -0 = 7 - 0) and hence the polarisation data indicate that
the sense of the jet rotation is clockwise, in agreement with the radio
data. It can be seen that the best fit values of i and and © are in
agreement, within the errors, with those found from other observations
allowing for the ambiguity in the quadrant of i and 6 , or equivalently
the ambiguity in the sense of rotation of the jets in the optical data.

By definition, B is the angle measured anticlockwise from the normal
to the orbit to the observer's Q-axis, which is the direction to North.
The position angle of the jets has been observed in both radio and X-rays
to be ~ 100° (eg. Hjellming and Johnston 12?18’ Seward et al., 1980).

For SS433, the position angle is measureg:cigckwise from North to the
precession axis of the jets which is assumed to be the normal to the
orbital plane. Hence, the position angle is equivalent to T-g8. Since
there are two equivalent solutions there are two possible values of 8
corresponding to the best-fit model. Not surprisingly, these differ by

90° since one corresponds to a disc dominated solution and the other to

a jet dominated solution. Hence, we require the X-ray and radio obser-
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vations of the position angle of the precession axis to resolve the
ambiguity in the polarisation solution.

From (37), the value of B which more nearly corresponds to the complement
of the observed position angle is B, = 81°195.

This value of B found from the optimisation procedure is not significantly
changed by different input values of 0 and i that are within the 10%
significance region. If B8 = 819195 is the preferred solution, then,

A<0 i.e. the scattering is disc dominated as expected on the theoretical
grounds discussed in Section 4,6. Note that A = -7.38 x 10-3 (best-fit
solution (37) gives A in percent) gives from equation 4.25 a value for the
infall time in the disc of t = 1.65 xlOBS. Since the disc is not optically
thin, this value of t is a strong lower limit.

The best fit parameters give a value for the interstellar polarisation
of 3.047% at position angle 86.61° (disc dominated) or -3.39° (jet
dominated). McLean and Tapia (1980) estimate the interstellar polarisation
from field stars to be 1.5-2.7% at position angle 30°. However, this
estimate is highly uncertain. Until a more accurate independent estimate
of the interstellar polarisation is available and the errors on the

polarisation fit reduced no definitive conclusions can be drawn.

5.7 Full Model Fit to Data,

We attempted to fit the full theoretical model developed in Chapter
4 to the data using the best fit parameters found from the optimisation
procedure of Section 5.3. The same phasing of the precession period was
used and the orbital period was phased according to the ephemeris of

Kemp et al., 1986. Since i,0,8, QI’ UI and A have

been found already (37) the two remaining unknowns are (l-f)Td and
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N d

positive. Therefore, these unknowns are positive constants., However,

(l—f)rj (A incorporates f). Now, O ¢ f < 1 and both 7. and T. are
]

no reduction in o2y2below its £ = 1 value could be found for any positive
values of (l-f)rd and (l-f)rj even when an arbitrary phase constant was
added to the orbital phasing.

A second attempt to fit the data was made with a restricted model
of the form

Q =Q, +Q +acos 2\ +bsin 2)
I
N ¢ (39)

U Uu. + Uc + ¢ cos 2X + d sin 2

T I

where (QI,UI) and (QC,UC) are given by the precession best fit (37),
being the interstellar polarisation and the contribution of the central
source respectively, X/2m is the orbital phase and a,b,c,d are unknown
constants. Equations 4.12 and 4.15 indicate a relation between these
unknowns of the form

a = oc¢ s b = -ad (40)
where a = (1+cos?i)/2cosi as before (cf. Simmons et al., 1980).  This
would be the case for scattering of light from the companion star off
the disc/jet in the situation where the effect of the precession of the
disc/jet system is negligible, or for scattering of light from the central
source off the atmosphere of the companion star. Again, using the method
of Lagrange multipliers, we find

(1+02)(1-C,)D - (1-a?)S,E

a:
(1+a2)2(1-c2) - (1-a2)2 sﬁ
* (41)
b o {1-a?)suD - (1+a2)(1+Cy)E
(1+a2)2(1-C2)-(1-2)252
N . 1 .
where Cy = % y cos &Ai 3 Sy = ¥ I sin Lli
i=1 1i=1
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D= 22 Izq[u
= 22 . i )
N i=1 obs,i OLQobs,i (UI+Uc)i “(QI+Qc)i] cos 2Ai
N
E= 22 3 [y
N soq obsn o‘Qobs,i } (UI+Uc)i +a(Ql+Qc)i] sin 22,

(Q

obs,i’uobs,i) 1s the ith data poirt at orbital phase Ai/Zv
and N is the number of data points.

Using these equations, we find inf (09x2) = 14.394 for a = 0.116
and b = 0.023. The best-fit ephemeris corresponds to that given in
Kemp et al., 1986 with a possible phase shift of 0.5. To find whether
this reduction in 62y? is greater than could be expected from the
addition of two free parameters we use the F-statigticwyhich is 10.00 in
this case. For comparison, a value of only “ 4.8 would correspond to
a probability of only 1% that the reduction was due to chance. The
rms deviation from this model is 0.257. Using this value for 5 gives
x?= 218, which has a significance of 40% for 213 degrees of freedom.
The significance of this fit has been marginally reduced compared with
(37). However, if we take the bin variance ¢ = 0.233, we find that
x%= 265, which has a significance of 1%, an order of magnitude improvement.
Using the rms deviation for ¢ will always result in a significance of
less than 50% for a non zero number of fitted parameters. A model
independent estimate of ? is, therefore, required to determine if a fit
. has improved, or the F-sfatistic should be used where appropriate. The
high value of the F-statistic indicates that at least some of the peak
near 2v0 in the power spectra of U, and perhaps Q, is real and due to
scattering either of light from the companion star off the disc/jet or
of light from the central source off the atmosphere of the companion star.

However a further reduction of 02y to 12.655 is obtained if constraints
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(40) are omitted and this fit, when compared to the precession best fit
(37) has an F-statistic of 12.88 (1% level would be ~ 3.4). For

G = 0.233, X2 = 233 which has a significance of 15%. Further analysis
of an increased data base is, therefore, required to distinguish between
the possible effects causing this variation (e.g. light source eclipses)
which would seem, on the basis of the above results, to be due to more

than simple scattering.

.r-
e




Q(%)

2.8

2.4

2.0

1.6

1.2

0.8

4000 4200 4400 4600 4800 5000 5200
Date (JD-2,440,000)

U(%)

1.2

0.8

4000 4200 4400 4600 4800 5000 5200
Date (JD-2,440,000)

148

Figure 1: Real time plot of the Q and U normalised Stokes
Parameters observed from SS433. The data points

are joined by straight line segments unless there

were more than 40 days between successive
observations. The broken curve is the best~fit
precession curve (see Section 5.6).
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Figure 2: Real time plot of the Q and U normalised Stokes

Parameters observed from SS433.
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The curve is the best-fit precession curve

(see Section 5.6).
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Figure 7: Contour plot of £(i, 9) =0? X?min' The contours have been drawm

at intervals of 2 from 16 to 36. An extra level has been drawn at
17.64. The shaded region is, therefore, where £(1,0) < 17.64
(see section 5.5).
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CHAPTER 6

GAMMA-RAY LINES FROM SS433?

6.1 Introduction

$S433 is mnot an unlikely gamma ray source since, at a relative
velocity of 0.26c, each proton has a kinetic energy of 30 MeV. The
narrow gamma ray lines reported by Lamb et al. (1933) and Lamb (1984),
though unconfirmedhave stimulated a number of theoretical models.
Boyd et al., 1984 discuss mainly the lines reported by Lamb and co-
workers (1983, 1984) near 1.5 and 1.2 MeV, and propose thermonuclear
processes in the jets as their most likely source, while Kundt (1984)
argues for inverse compton boosting of Ha photons by relativistic
electron-positron pairs near the central object. Ramaty et al., (1984),(RKL)
on the other hand, consider the lines at about 1.5 and 6.7 MeV. They

identify these with nuclear transitions of 24 * and 160*,‘and claim

Mg
that their very small line widths and high intensities are compatible
only with non-thermal excitation of nuclei in solid grains present in
the jet, which are presumed to collide with protons in some ambient gas.
Helfer and Savedoff (1984) proposed a magnesium jet model for the lower
energy line. -

We will not concern ourselves here with either the details of the
nuclear transitions, nor with the controversy over the observations, but
rather with the viability of the RKL grain interpretation of the 1.5 and
6.7 MeV lines in terms of its consistency with theoretical considerations,
with data at other wavelengths, and with the most widely accepted model
for SS433. Related issues have been discussed recently by Helfer and

Savedoff (1986). In essence the RKL model is that nuclei of magnesium and
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oxygen, embedded in solid grains that are presumed to be present in

the jets of SS433 and carried along with them, collide with protons

in an ambient medium supposed to surround the jets. These collisions
excite nuclei, which transfer their recoil energy to the grains that
contain them before they emit their excitation energy by spontaneous
emission. Thus the emitted gamma rays are seen at the red- or blueshift
of the jets, and are narrow because the recoil energy has been absorbedby
Coulomb collisions in the grains(Lingenfelter and Ramaty 1977). The
absence of a !2C line, which ought to appear strongly at 4.4 MeV rest
energy but is not observed, is neatly explained by the fact that its de-
excitation time is much shorter than the Coulomb stopping time, so that
its expected line width of several hundred keV comes out too broad to be
detectable., Then RKL derive estimates of the area and mass of the grains,
for plausible grain sizes, from the gamma ray intensity and by equating
the total Coulomb loss in the jet material with the jet kinetic power,
The resulting black body temperature of the grains is then claimed by RKL
to be sufficiently low to ensure grain survival.

The possible presence of grains in the jets has implications for the
observed optical polarisation of the system. Grain scattering could add
significantly to the polarisation pFoduced by the jets, perhaps even
changing the balance between the disc and jet scattering (cf. discussion
in section 4.6). From the mass of grains required to give the observed
luminosity of the gamma ray lines, we estimate in section 6.5.2 the

optical polarisation these grains would give, assuming optically thin

scattering and using the Rayleigh scattering approximation.
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6.2 Consistency with gamma ray data

In their Table 1, RKL present fluxes of eight gamma ray lines
expected from the jet grain model to be comparable to that of the
strong 1.5 MeV line. For consistency with the few lines apparently
observed (Lamb et al. 1983, 1984) most of these are explained away by
RKL by invoking for the 4.4 MeV line of l2C an excessive line width
(cf.Section 6.Dand for the remainder, low element abundances. Thus
they concentrate on the lines at 1.495 and 6.695 MeV, and identify
these with the (rest energy) lines at 1,369 MeV from 2%Mg* and at
6.129 MeV of 150%, blueshifted by a factor 1l+z = 1.092 in energy
appropriate to the phase of SS433 at the time of observation.

We should also expect corresponding redshifted lines at 1.184 and
5.301 MeV from the receding jet, with fluxes reduced by about [(1-z)/(1+z)]1%,
which is roughly 0.9 at this phase, relative to the blueshifted components.
The former energy corresponds to a line detected with less confidence
(Lamb et al. 1983, Fig.3), while RKL make no mention of the latter, which
line would be an important check on the model. Since the jets are observed
almost at right angles to the line of sight, strong absorption of the red-
shifted gamma way lines seems unlikely (cf. RKL).

In addition to these lines, however, the model should predict features
of comparable equivalent width at the rest energies (1.369 and 6.129 MeV)
because, just as 'interstellar' protons excite nuclei in jet grainms, so
should jet protons excite nuclei in 'interstellar'grains. Let ;5 and ngi
be the number densities of the protons and the grain nuclei (averaged) in
the jet, and let n i and ngi be the corresponding 'interstellar' values;
let the volume of interaction of the jet and interstellar material be V.

Then the rates of emission of gamma ray photons, from any nuclear transitions
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in the jet and 'interstellar' grains, should be in the ratio

I,. n_.n_.QuV . ) _

Svio. Pgifpid _ [Ppi] [Pei -
I. n_.n_.QvW a .l la . 1
v 8L PJ g1 P

where v 1is the jet speed and Q is the excitation cross-section. It
follows from (1) that if the grain/proton number ratio is similar in the
jet and in the ambient medium, then the 'interstellar' grains bombarded
by the jet protons should produce observable rest energy lines, unless
either 'interstellar' grains are so small that recoiling nuclei cannot
come to rest in them, or so large that they are optically thick to gamma
rays.

These alternatives seem improbable, so that one ought to expect lines
with equivalent widths comparable to the moving lines. Again the 1.369 MeV
line falls on an instrumental feature (Lamb et al. 1983), but neither these
authors nor RKL refer to the expected line at 6.129 MeV, the occurrence
or absence of which should be an important test of the model. It is possible
that the rest energy lines are too wide to be detected. However, if the
width of the very strong H, line at rest is any indication, the gamma ray

line width ought to be about 50 keV, which seems too narrow to escape

detection.

6.3 Jet dynamics and grain survival

RKL have calculated the Coulomb energy loss rate ﬁc deposited in the

jet due to collisions of jet material with ambient gas, and find (for solar

elemental abundances)

W
cg

3.3x10° n_. M_erg s"1 (2)
PL 8

8.7x10°n . M erg 5_1 (3)
cp PL g
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for grains and the gas, respectively, where Mg and Mp are the total

masses of the grains and the protons in the jet volume ejected during

time 7T 2 4 days of the flaring episode around the time of observation.
The luminosity of the 1.369 MeV line predicted due to collisions

of jet grains with interstellar protons is (RKL)

- -1
L1.369 = 16.5 npi Mg erg s (4)

so that only a small fraction (about 5x 10-5) of the energy lost by
collisions within the grains goes into gamma rays, and the rest goes into
Coulomb heating of the grains. Substituting the reported value L1 369 =

37 -1 .. .
107" erg s ~, and eliminating nPng between (2), (3), and (4), we obtain

. 41 -1

ch 2x 10 ~ erg s : (5)

W
cp

5.8 x 104! (Mp/Mg) erg ¢1 (6)

as the heating rates for grains and gas, respectively. It should be noted
that these huge losses apply not only to the grain model but to any non-
thermal model due to the basic inefficiency of radiation from a collisional
beam (cf. Brown, 1971).

The huge power deposited collisionally, even in the grains alome,
poses several fundamental problems for the RKL jet grain model, Firstly
this loss is comparable to or greater than the estimated total kinetic
luminosity of the jets (eg. Watson et al., 1983) so that the jets would
be quickly stopped by collisions unless constantly driven so as to just
offset the losses and maintain the observed near constancy of jet speed over
large distances. RKL proposed line-locked radiation pressure (eg. Pekarevich

et al., 1984) as the possible mechanism. However, secondly, &cg and wcp

exceed the Eddington luminosity of any stellar object by a factor of at
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least 100 which would appear to exclude radiative driving as a means to
offset these losses particularly as the collisional braking in the inter-
stellar medium could not be expected to decline rapidly with distance as
the radiation pressure must. One would then have to invoke some powerful
long range mechanical or magnetic driver acting on the jet.

Nevertheless, let us assume that the Coulomb losses can somehow be
made good without loss of jet speed or collimation and consider, thirdly,
whether the necessary refractory grains could survive in the thermal
conditions resulting from the collisional heating. (Problems of how such
grains could ever be formed in the jets were discussed at length by Helfer
and'Savedoff, 1986, and are exacerbated by the recent discovery that the
innermost parts of the jets are at X-ray temperatures - Watson et al.,
1986). In addressing the question of grain survival, RKL propose that the
grains can lose the heat deposited in them by black body radiation near but
below their sublimation temperature ( ¥ 3000 K). They do so by expressing

the total grain area in terms of the grain density, size, and total mass

M

, and by adopting the identity WC = %M v.2 . This last is incorrect as

g g )
) . . 2
may be seen by noting that Mg = Mg/T whereas ch %Mgvj /Tcoll where

Teoll is the Coulomb stopping time for grain particles. Their expression
co
would only be valid, therefore, if the time T taken by the central source
i T hich must vary as 1/n_. - a conspirac
to eject mass Mg was equal to 011 VD1 y pi P y
of equality of two unrelated quantities.
It is possible, however,to arrive at the fundamental problem confronting

grain survival much more directly simply by evaluating the grain area Ag

needed to match (5) by black body radiation from optically thick grains at

T < 3000 K viz.

W
A, = G 2 4x 1071 e’ (7



165

If these grains are spherical, then their projected area along

any line of sight will be

- 31 2
Agl = Ag/4 2 10 cm (8)

which must be compared to the maximum projected area of the blue jet
segment. Assuming that the age of the segment, and the time takem to
eject it, is small compared to the precession period them the lemgth

Lj of the segment is given by
15

L.=v.T =2.,7 x10 cm 9)
] ]
Denoting the radius of the segment by Rj we therefore have
15 2
A. =L.R. =2,7%x10 R. cm 10
L 33 J (10)

where Ajl is the projected area of the jet. Consequently, either
15

Rj 2 3.6 X107 cm = 1.4 Lj or A A In the former case the jet

>
gl L
would be wider than it is long, and hardly able to exhibit jet behaviour
such as narrow gamma ray lines. In the other case, the grains become
mutually obscuring and (7) must be replaced, for an optically thick jet,

by (for total jet area Aj)

% %

T = (W /oA. (W /(ox2mR.L.))
g = Weg/® 3 cg’ i

3000 (L./R.)% K 11)
33

For Rj/Lj < 0.1, equation (11) implies '1‘g = 5300 K, well above the
ablation temperature of even the most stubborn grains.

Thus far, we have considered only &cg and not ﬁcp' Since the
geometry already demands that the jet be optically thick, addition of &cp
to the energy input simply demands still higher steady temperatures than
(11) by a factor (1+»'acp/»'acg)% = (1+2.enp/ug)", using (5) and (6) which

would give T = 7300 K for Mp = Mg and T 2 21,000 K for MP/Mg = 100.
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It is also instructive to consider the interaction of jet grains
with ambient protons in terms of the mean energy E deposited per second

per atom of mass m in each grain over the interval, namely

W m
AE = ﬁsﬁ m == x 1 x 100 eV s ! (12)
T a m . A -1
g ' P (Mg/(lO Meyr

20 for grain atoms and ﬁg < 10-4 MO yr.1 (in grains alone)

e

With ma/mp
each grain atom would thus have 2 keV s“1 delivered to it by 30 MeV protons,
resulting in rapid direct ablation unless rapid recondensation can occur.

- We, therefore, do not expect grains to survive the large collisional
heating they must experience to permit non-thermal production of the
reported gamma rays. The only way out of the dilemma would be some non-
radiative mode of grain cooling (Helfer and Savedoff 1986 point out that
there is a lack of wavelengths in which to hide a radiative loss as large
as Wc). The only such mode we can think of is conversion of thermal energy
into mechanical energy of lateral jet expansion - i.e. work done by the jet
gas pressure. (We assume that the grains could also be so cooled by being
radiatively coupled to the gas in the optically thick jet). The cooling

3 .
b ion is W < (3n_. 27R.L.) where v, is the tranverse
rate by expansion is W . % (mpjmpvl ) ( 3Ly) whe fl

proton speed. This is best compared with the jet kinetic luminosity

. 3 2 . . 3 2 .
= (%n . . W W, < )7 x (L./R,)< (R,/L.)" if
WK (mmepvJ. )(TTRJ ) so that eXp/ K < (v_’_/vJ ( J/ 38 (Ry/L,

the jet’angle is determined by free expansion. Since Rj < 0.1 Lj the

cooling rate by expansion is, therefore, << WK which we already saw was

W and we conclude that this process cannot save the grains.
cg

6.4 Restrictions on the volume of the interaction region

6.4.1 Penetration of the jet by ambient protons

We have assumed so far, following RKL, that the whole mass of the
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flaring jet volume (emitted over 1 = & days) can interact with interstellar
protons, but this is not in general the case. A proton of v = 0,26¢ is
brought to rest collisionally after traversing a hydrogen column density
along its path of N,, = 1023 em 2 (2 0.17 gm cm-z) - eg. Emslie (1978).
Assuming that the volume swept by the precessing jets can constantly refill
with gas <E£' discussion by Helfer and Savedoff 1986) then protons will
enter the jet 'slug' across both its front and side areas. Those protons
entering from the front will penetrate along the jet to longitudinal column
density N,, while those entering from the sides will penetrate a column
density in that direction NL = (vl/vj)N" where v, is the transverse jet
expansion speed, (assuming that v, >>v¥ where v, is the interstellar proton

thermal speed). Thus the masses of interacting jet material on the side

and end surfaces will be in the ratio

Ml ZTTR,L,N_L 2L. vy
T = —_—l1 = -f{]' = <2 (13)
" wR? N, Vi

where equality holds when Rj is determined by free expansion. Consequently

the maximum interacting mass of jet gas is

Mp = 3nR§ Nu mp 2 3><1O26 R? (AU) gm (14)

max

From (&) and (14) it then follows that to achieve the reported 1.369

MeV line luminosity requires a minimum interstellar density

M - 9 -3
n .z =L x é_f_%g__ﬁﬂ__ (15)
pi- M RS (AD)

which is unbelievably high for any plausible Mp/Mg. Physically this simply
means that the gamma ray production rate is at its collisional thick target
limit (cf. Brown, 1971) and can only be increased by increased incident

flux - i.e. increased n .. Any increase in the slug mass and density
p1
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(i.e. in Mp) beyond (14) for prescribed Rj will simply increase the

jet kinetic luminosity without increase in gamma ray production.

6.4.2 Doppler limit on length of the gamma ray slug

We have already noted that the jet cannot be significantly decelerated
by Coulomb collisions if the gamma ray lines are not to be broadened;
the near constancy of the jet speed is quite well documented (Margon, 1984;
Schilizzi, Romney and Spencer, 1984; Vermeulen et al,, 1987). On the other
hand, if the slug of gamma ray emi;ting material was ejected, at constant
speed, over too long a period of time, the lines would be Doppler broadened
by precessional change of the jet direction. The best-fit ephemeris to the
moving optical lines of SS433 gives

1 +2z= v(Bsinisin®cosV + B cos i cos®+ 1) (16)

(Margon 1984). By differentiating this with respect to time, we deduce that

the redshift spread Az between the two ends of the slug is, to second order,

Az -yB sin i sin 6(t siny+ 12 cos y)

© = wat (17)

where 27/w is the precessional period and At is the time elapsed between
the ejection of the head and the tail of the slug. At the epoch of the

gamma ray observations, cosy = 0.136, so that a slug length corresponding

to a time interval of four days implies |Az| = 0.0137, which means a line

width of AE = 20 keV at 1.4 MeV, and 84 keV at 6.1 MeV. The line widths
reported by Lamb et al., (1983) and used by RKL are all below 10 keV, which
is indeed the main basis on which RKL dismiss alternative models for the

gamma rays of $S433, To keep the RKL model within the limits imposed by this

'geometric Doppler width', one must require that ejection of the gamma ray

emitting slug should last less than about half a day. To achieve the thick
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target value (14) of interacting mass in 0.5 days requires

. -4 -1
M = 2
p (10 My vr )x RJ. (AU)

6.5 Inconsistency with data at other wavelengths

6.5.1 Infrared flux

It is a central consequence of the RKL model that the SS433 jet

41

grains should radiate an infrared luminosity L R " 2%X10 '~ erg s-l,

I
at a temperature below the survival value (11). If we take the value

14

Tg = 2750 K used by RKL, then the infrared flux at 10~ Hz should be

26 - -
about 5x107" erg s 1 Hz 1, On the other hand, the observed flux density

. . -23, -2 - -
at this frequency is 10 3.4 erg cm 2 s 1 Hz 1 (McAlary and McLaren 1980),

which, at a distance of 5.5 kpc, means an infrared flux of about 1022

1. - .
erg s =~ Hz 1: this is fully 50,000 times smaller than the RKL model

predicts.

6.5.2 The optical polarisation of SS433

The jet grains required by RKL should scatter optical radiation
from the central source, producing a net polarisation because of the non-
spherical geometry, which will vary with time as the system rotates (Brown

et al., 1978, Simmons, 1982). The amplitude of the variation indicates the

mass of scattering material present. Ashas been shown in Chapters 3 and 4,
the general treatment is fairly complicated, but a rough estimate can be
obtained by using the Rayleigh scattering approximation, which should be
applicable since the grain size we derived above is of the order of the

optical wavelengths. In that case, the scattering cross section is about

T 2 and the polarisation of light singly scattered at right angles is 1007%.
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Then for a rectilinear jet (cf. Brown and McLean, 1977) the nett
polarisation is roughly P =z rng/4ﬂro, where T is the number of grains per
unit jet length and r is the effective minimum distance from the light
source. Now

. 3
I'= M /(4n .
g/ {ATTg" Pey) (18)

4

n
w
o
2

X
=

r we predict P
-4 g

b, -1
/(10 My yT )/(r_4ro (AU)) where r_will be of the order of the size of

so that with Py = 3 gm cm_3, r (cm) = 10~
g

the primary light source which is certainly < 1AU. Thus the RKL model
predicts a grain scattering polarisation much larger than observed (McLean
and Tapia, 1980) unless either the grains are much larger than 10-4 cm

or multiple scattering reduces the polarisation below the optically thin
result obtained here. This latter option is equivalent to our previous
conclusion on different grounds that the jet is optically thick in grains,

which we already saw is incompatible with their survival by radiative

cooling.

6.6 Conclusions

In summary, while the RKL model for producing narrow gamma ray lines
is in itself quite ingenious, and may have applications elsewhere, closer
examination of the physical and observational constraints in the jet system of
SS433 shows that the model is untenable as an explanation for the gamma ray
lines apparently observed in that source.

Besides the unreasonable demands the model makes on jet energy and
mass output and on the interstellar demsity, the most important among these

constraints is that the required size of the radiating area is incompatible
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with the narrowness of the lines. This constraint is quite generic as

it applies not only to gamma ray emission, but should also provide con-
straints (albeit possibly weaker) on models for line emission in any
wavelength. The point is, that in order to generate the observed intensity,
the emitting slugs must be big; on the other hand, the 'geometrical
Doppler broadening' requires that the slugs be small, or else the line of
sight velocity difference between their head and tail is larger than the
observed line width,

Next, there is the fact that the radiating area that is required to
keep the grains below 3000 K or so, while they are subject to the Coulomb
heating that accompanies the gamma ray producing collisions, is inconsistent
with the jet geomtry and with the observed infrared flux. Finally, the
RKL jet grain parameters should result in an optical polarisation, due to
scattering, that is far larger than observed.

As RKL point out, other models, such as the thermonuclear mechanism
proposed by Boyd et al. (1984) are also irreconcilable with the narrow line
widths. We have no viable alternative to offer either, but believe to have
shown that the possibility of having grains present in the jets does not
provide the answer. Indeed the obstacles to any model seem so severe that

there seems little other recourse than to take refuge in the uncertainty of

the observations.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this thesis, we have shown that the optically thin treatment
of Thomson (or Rayleigh) scattering polarisation of light from a point
source can be modified, in principle, to apply to arbitrary source
shapes. In general, this requires a double integral of scattering
expressions over the surface of the source, performed at each scattering
point. Only in simple cases, such as that of a uniform sphere, does
this integral have an analytic solution, and in these cases the effect
of the extended source is a geometrical 'depolarisation' factor which
depends only on the angular size of the source as seen from the
scattering point and not on the local inclination. This factor, even
when analytic, is not always practical (see treatment of limb darkened
spherical star, Brown, Carlaw and Cassinelli, 1988). Allowing for the
effect of the extended source reduces the unreasonably high contribution
to the polarisation of those electrons close to the source, and it
removes the singularity as the distance of the electrons from the source
tends to zero that is present in the unmodified point source expressions.

The polarisation data of SS433 clearly shows a dependence on the
precession period and its first harmonic. The scatter on the points,
when folded on this period, is clearly greater than the estimated

measurement errors, indicating that effects other than precession are

present in the polarimetric data. As a first approximation, however,

a simple geometrical model time dependent only on the precession period
and its first harmonic was used to make a preliminary fit to the available
data. The optimisation procedure developed on the basis of this model

yields the best fit solution and a confidence region in the inclination,
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precession cone angle plane. The results of the optimisation are in
agreement, within the confidence region, with the values of the incli-
nation and precession cone angle derived from other observations, such

as the radio observations and the optical doppler shifted emission lines.
However, statistically the best fit has a low significance and the confi-
dence region is large so that the parameters are not well determined.

Extending the best fit model found from the optimisation by the
addition of a simple dependence on the first harmonic of the orbital
period allowed some investigation of the other possible effects present
in the data. The results of this investigation indicate that the first
harmonic of the orbital period is present in the data but the cause, or
causes, of it is uncertain.

To investigate the data further, the optimisation procedure based
on the simple model could be redone omitting those data points taken
during the orbital eclipses. In principle, this should allow for a
more accurate determination of the precession parameters. However,
the length of the eclipses is uncertain and a larger data set may be
required to determine the parameters with increased accuracy because
of the noise on the data. If all the points with orbital phase within
0.05 of phase 0 and 0.5 are omitted then the number of Q,U points is
reduced from 109 to 86 and if the length of the eclipses is doubled

then the number is further reduced to 69. Access to an extended data

set would be valuable.

A theoretical model for SS433 which includes the effects of eclipses

and occultation should be developed and fitted to the data. Although

the best fit and confidence intervals for the parameters may not be easily

determined from such a model, investigation in a localised region about



174

the best fit simple model already found here may well provide useful
information. Estimates for some of the parameters such as the disc
radius, obtained from other observations could be used to reduce the
number of free parameters.

To investigate the effects of multiple scattering, the assumption
of optically thin scattering should be relaxed and a full radiative
transfer treatment applied to the system. The circular polarisation
of the system should also be investigated since this could provide use-
ful constraints on the effects of multiple scattering and on the contri-
bution to the polarisation from processes. other than Thomson scattering
such as synchrotron polarisation.

The presence of dust grains in the jets of SS433 as proposed by
Ramaty EE_il" (1984), would have had serious implications for the
modelling of the polarisation (cf. Chapter 6). However, we have shown
that the dust grain model for the gamma-ray lines is untenable, given
the physical and observational constraints on the system. Indeed,
further observations are required to test whether SS433 is really the
source of such narrow lines and to clearly identify the transitions
responsible.

A similar treatment to that developed here could be applied to
. other binary systems where mass loss/transfer is thought to take place
and, in particular, where there may be luminous disks, for example Cyg
X-1, Her X-1, where there may be a precessing disk and HD191765 which
may be a binary system comprising a WR star and a precessing neutron
star.

Although the explanation of dust grains in the jets of SS433 for
the narrow gamma-ray lines is not tenable, dust grains may be present

in other environments such as the atmosphere of cool stars and young
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stellar, or AGN, jets, As a result, a more complete tretment of the
polarisation due to grain scattering than that in Chapter 6 should be
done for various scattering geometries. This would require the extension
of the Thomson scattering treatment to Mie scattering. Further, jets
emitting gamma-ray lines, according to the Ramaty et al., (1984) dust
grain model, may be possible if some of the conditions applicable to
85433 are relaxed or removed. For example, in SS433 the length of the
emitting region is restricted by the requirement that .the precessional
doppler broadening be less than the observed line width. Also the
narrow opening angle (<5°) and good collimation of the jets restrict
the width of the emitting region. As a result, the cross-section of
the emitting region is such that it must be optically thick in grains
if gamma-ray lines of the observed luminosity are to be produced. This
in turn implies an equilibrium grain temperature far above any plausible
sublimation point. A jet with a very long precession period, or that
does not precess at all, with a large opening angle, compared to that
of the jets in SS433, could allow an emitting region of sufficient
volume to allow the grains to radiate the waste energy deposited in
them at a temperature low enough for them to survive. Such a jet-grain
source of narrow gamma-ray lines would necessarily be an IR source.

So far the only objects other than S$S433 which may have relativistic
precessing jets are those AGN's which have 'twisted' radio jets.
Further investigation into the conditions necessary to the emission of

detectable, narrow gamma-ray lines is required.
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