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Summary

First catalogued as entry number 433 in an objective prism survey of strong Ha emission line
objects by Stephenson and Sanduleak in 1977, SS433 rose rapidly to fame in 1978 following the
observation of moving hydrogen and helium lines in its optical spectrum. It has since proved
to be an enduring astronomical puzzle. SS433 is a galactic object at a distance of some 5kpc
and is located very near the centre of the supernova remnant W50 with which it is believed to
be interacting. The consensus on the SS433 system itself is that it consists of a binary system
comprising an OB star undergoing Roche-lobe overflow onto a supercritically accreting compact
object, most probably a neutron star though possibly a black hole, leading to the formation of
a geometrically thick accretion disc. Emergent from the narrow funnels of this thick disc are
two oppositely aligned and highly collimated jets which move at a remarkably constant speed
of 0.26¢.

The purpose of this thesis is to investigate the suitability of radiative acceleration as a
mechanism for accelerating the jets to a speed of 0.26¢ and to determine whether such a mech-
anism can satisfy the stringent constraints on the constancy of the jets’ speed imposed by
observations.

In the overview of the SS433 detailed in chapter 1, an historical account of the object is
given as well as a summary of the observations and the many theotetical models that it has
inspired. Though this review is by no means comprehensive, its length reflects the complexity
of the object and the vast amount of work that has been published on it.

Chapter 2 acts as a theoretical prelude to the remaining research chapters. In the first
part of this chapter some common terms and definitions encountered in special relativity and
radiative transfer are elucidated and some useful Lorentz invariants and Lorentz transformations
are introduced. In the latter part of this chapter the general vector equation of motion of a
spherical jet fragment moving within the time independent radiation field of a blackbody emitter
is derived.

Solutions to the general vector equation of motion for a spherical jet fragment, or ‘bullet’,
moving within the radiation field of both infinite planar and infinite conical, isothermal black-
body radiators are sought in chapter 3. Terminal speeds which are dependent on the geometry
of the radiator are found to exist. The degree to which radiation pressure can aid in the process
of jet collimation is also assessed.

Continuing the analysis of chapter 3, the first topic considered in chapter 4 is the motion of
a bullet above an infinite, planar radiator for which the emergent, frequency integrated specific
intensity is given by a generalisation to the Eddington limb darkening approximation. This
is followed by an investigation of the motion of a bullet moving along the symmmetry axis

of an infinite, conical radiator for which the surface temperature decays exponentially with



i
increasing distance from the funnel apex. Applicability of this ad hoc temperature profile to
SS433 is achieved by ensuring that the e-folding distance of the temperature profile is consistent
with the observations. Brief sections on axial motion above a finite, isothermal, planar radiator
and radial motion above an isotropic, spherical radiator then ensue. The concluding research of
chapter 4 comprises an analysis of the axial equation of motion of a bullet moving within a finite
accretion funnel. The funnel is modeled first as an isothermal, conical radiator and then as a
conical radiator for which the run of temperature with distance from the funnel apex is given
by that of a polytropic gas with an index appropriate for a radiation dominated regime. The
results of the former model are found to be in surprisingly good agreement with the observations
of 55433.

Finally, in chapter 5 topics related to the work contained in this thesis and which could be
considered in any further investigation are presented. These include suggestions for improving
the ‘bullet’ model of chapters 2,3 and 4 and the possible inclusion of a phenomenon which has
been termed the ‘Compton rocket’ effect.

Alhough a small proportion of the research contained in this thesis, principally part of
chapter 3, consists of material which has previously been published by Icke (1989), the work
presented here was undertaken independently and completed prior to the publication of Icke’s

results.
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Chapter 1

SS433 : An Overview

§1.1 Introduction

The purpose of this chapter is to provide the reader with a broad understanding of the SS433
system. It is not intended to be a comprehensive review. In his anecdotal account of the ‘dis-
covery’ of SS433, Clark (1984) noted that there were 2 papers published on the object in 1978,
28 in 1979, 73 in 1980 and 122 in 1981. This exponential increase in the publication rate has,
thankfully, not been maintained to the present and has in fact become a decline in recent years.
Even so, a recent literature search on the ‘Simbad’ data base revealed 506 citations relating to
S5433. The sheer volume of published work on the system clearly makes a comprehensive review
an impossible task. For a detailed review of the first 6 years of observations the reader should
consult Margon (1984) and for a more recent perspective those of Katz (1986), Cherepashchuk
(1988) (particularly for photometry) and Zwitter et al. (1989) are recommended.

I will begin with a resumé of the early history of SS433 and the observations that prompted
the development of the kinematic model. This is followed by a summary of the observations
at all wavelengths and the many theories that have been propounded. I will conclude with a
discussion of the possible evolutionary path followed by SS433 and its suitability as an analogue

for extragalactic jets.

§1.2 The Rise to Prominence

The enigmatic object SS433 was first catalogued in an objective prism spectral survey of strong
Ha emission line objects by Stephenson and Sanduleak (1977) as entry number 433. The region
had previously been associated with prominent radio emission (Clark, Green and Caswell, 1975)
and recorded as an X-ray source in the Ariel 5 survey, catalogue entry A1909+04, (Seward et
al., 1976) and in the Uhuru satellite observatory survey (Forman et al., 1976). It was again cited
as an X-ray source in the fourth Uhuru catalogue as entry 4U1908+04 (Forman et al., 1978)
though no identification with the radio and optical observations was made due largely to the
poor accuracy with which the X-ray and radio sources could be localised. However, in 1978 the
association of these distinct observations with the optical source SS433 was made independently
by Clark and Murdin (1978) and Seaquist et al. (1979) with the former group and Ryle et al.

(1978) proposing a possible link with the supernova remnant W50. Confirmation of the common
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origin of the X-ray, optical and radio emissions was provided by an accurate determination of
the location of the X-ray source (Seaquist, 1981a). The first moderate-resolution spectral data
published (Clark and Murdin, 1978) showed a complex red continuum, resulting from strong
interstellar reddening, dominated by strong broad emission lines, including the Balmer series
(He,, HB, Hv, H$), lines from neutral helium and higher excitation features. The spectrum
bore similarities to that of the eccentric orbit X-ray binary Circinus X-1 (Clark, Parkinson
and Caswell, 1975) which was itself associated with a supernova remnant (G321.9-0.3) leading
Clark and Murdin (1978) to tentatively suggest that they were members of the same class of
object. In December 1978 at the Texas Symposium, Bruce Margon reported the presence of
moving hydrogen and helium lines in the optical spectrum; an event which marked the begining
of SS433’s ascension to its present status as an object of great astrophysical significance. The
spectroscopic observations of Margon et al. (1979a; Fig. 1.1) and Mammano et al. (1980) re-
vealed unidentified emission features flanking the stationary hydrogen and neutral helium lines
that drifted periodically, shifting smoothly by up to 1000 A through the spectrum showing
conclusively that Circinus X-1 and SS433 were different objects with SS433 being by far the
more exotic. Mammano et al. (1980) attributed the anomalous emission features to Zeeman
splitting whilst Margon et al. (1979a) considered the possibility, though seemingly implausible
on account of the enormous velocities and change in velocities implied, that they were due to
Doppler shifted satellites of the stationary Balmer and neutral helium lines. Further obser-
vations by Margon et al. (1979b; Fig. 1.2) and Liebert et al. (1979) showed unambiguously
that the moving spectral features were indeed Doppler-shifted Balmer and Hel emissions with
Liebert et al. (1979) ruling out a magnetic interpretation for the features on the basis of po-
larimetric measurements. Margon et al. (1979b) reported the velocity variations to be cyclical
and roughly sinusoidal with a period of 164+3 days and maximum positive and negative radial
velocities of +50 000 km/s and -35 000 km /s respectively symmetric about a red-shift of 2=0.04.
Detailed analysis of the ‘stationary’ lines spectra by Crampton, Cowley and Hutchings (1980)
revealed a 13.1 day periodic variation with an amplitude of K = 73km/s which they inter-
preted as representing orbital motion. The appearance and width of the profiles was similar to
those originating in the accretion disc of cataclysmic variables prompting Crampton, Cowley
and Hutchings (1980) to interpret the observations as representing a low mass binary system
not unlike Cyg X-2 (Cowley, Crampton and Hutchings 1979). An explanation and theoretical

model for these unprecedented spectral features was necessary.

§1.3 The Kinematic Model

§1.3.1 The Simple Kinematic Model

One of the earliest theoretical papers on the system was that of Milgrom (1979) in which
he proposed that the Ha emission comes from two regions, symmetrically situated about a

central object with velocities of equal constant magnitude and opposite sign. Longitudinal
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The emission lines in the jet directed towards earth are observed to be blue shifted whilst those
in its receding counterpart are red shifted. The simple kinematic model, in which the rotation

rate is constant, is specified by seven free parameters:

. B the speed of the jets in units of ¢
° ] the semi-angle of the cone formed by the precession of the jets

about the rotation cone axis

° i the inclination of the rotation cone axis to the line of sight

. By the rotation period

° to a time at which the rotation phase is zero

. X the position angle of the cone axis projected onto the plane of the
sky

. Srot the sense of the jet rotation; +1 for clock-wise and -1 for anti-
clockwise.

All but the last two of the model parameters can be derived from the moving emission line data
and for this reason it is also known as the 5-parameter model. A complete model parameter fit
and the removal of the degeneracy in the angles @ and 7 inherent in any deductions made solely
from the optical data is possible with additional radio observations. Abell and Margon (1979)
provided accurate solutions to five of the model free parameters and predicted the cross-over of
the moving features from the red to the blue and vice versa. This prediction was later verified
by observation (Bedogni et al., 1980; Margon, Grandi and Downes, 1980). From the widths
of the Doppler-shifted emission lines Milgrom, Anderson and Margon (1982) concluded that
the velocity of the jet material was very constant. Further confirmation of the validity of the
‘kinematic’ model was provided by both radio (Gilmore et al., 1981; Hjellming and Johnston,
1981 (a) and (b)) and X-ray (Seward et al., 1980; Watson et al., 1983) observations.

Quoting the best-fit model parameters for the Doppler shifts of Margon and Anderson
(1989) and the best-fit parameters for the VLA data of Hjellming and Johnston (1981b), the

seven model parameters are:

. B(units of c) 0.2602

. 6(degrees) 19.85

. i(degrees) 78.83

. Poy(days) . 162.50

. to(JD) 2443562.37
) x(degrees) 100

I Srot -1.

The VLBI observations of Spencer (1979) and Walker et al. (1981) also indicate a mean position

angle x of 100°. It should be noted in passing that all seven model parameters can in principal
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be determined from radio data; however the five model parameters derived from the optical
data are adopted on the basis of their greater accuracy.
Adopting the phase convention of Abell and Margon (1979) and Margon et al. (1979b),
the Doppler shift of either jet is given by
z= ﬁ% =(y—1)— B (sinfsinicos(2mwy) + cos b cos ©) sjet (1.1)
where sjec = +1 for the approaching jet, -1 for the receding jet, the Lorentz factor v >~ 1.036
and the precessional phase ¢ is defined as
¥(t) = vo + (_tio) with P = 1 arccos (— cot i cot §) . (1.2a,b)
Py 27
The phase convention was chosen to be similar to standard spectroscopic binary notation. The
Jjets are perpendicular to the line of sight twice in one rotation period. This happens when
the Doppler shift of either jet is identically equal to the transverse Doppler red-shift which, by
Eq. (1.1), occurs at phase values 0 and 0.342. It is evident from Eq. (1.1) that the Doppler
shift of either jet is biased by the (v — 1) term thus accounting for the symmetry observed in
the Doppler shifts about z=0.04 (Margon et al., 1979b). This is simply a manifestation of the
transverse Doppler effect and for the Ha line, wavelength 6562.8 A, corresponds to a shift of
~ 234 A into the red.

§1.3.2 Kinematic Deviations and Embellishments

General theoretical arguments indicate that the jet acceleration takes place in a rotating accre-
tion disc suggesting precession of the accretion disc (see §1.6.3) as the logical origin of the 164
day rotation period (Katz, 1980, 1981; van den Heuvel, 1980). Simple stellar rotation locked to
the beams as the underlying system clock had been ruled out (Abell and Margon, 1979; Katz,
1980) on the grounds that the inferred kinetic energy of the jets is far greater than the total
rotational energy of a feasible compact object with a 164 day period. The precession hypothesis
gained further credibility with the observations of Crampton and Hutchings (1981) who found
that the HS emission profile, the intensity of the Hel emission and the Hel and Fell absorp-
tion lines varied in a manner consistent with origin in a precessing accretion disc. Comparison
with other X-ray binaries suggested the possible existence of a substantial accretion disc as an
additional component of the SS433 system.

It is evident from the data (Fig. 1.4) that the observed moving lines do not adhere rigorously
to the predictions of the simple kinematic model. In fact the observations typically lie within
a strip of width ~ 100 A about their predicted value (Mammano et al., 1983). To date at least
three types of deviation have been detected.

The first form is manifest as two short-term periods (Katz et al., 1982; Mammano et al.,

1983; Newsom and Collins, 1981) superposed on the 164 day periodic motion of the moving
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As mentioned above, the 6.28 day and 5.83 day periods are simply synodic combinations
of the 164 day precession and 13.08 day orbital periods. As their periods are conveniently
small, these short-term periods provide an excellent means of accurately determining the binary
orbital period. The period of the binary orbit is expected to change with time as a result of
mass loss through the relativistic jets (van den Heuvel et al., 1981; Anderson, Margon and
Grandi, 1983a). Consequently, the detection of any change in the orbital period through the
analysis of the Doppler shifts of the moving lines attributable to the nodding motion provides
a means of determining the mass loss rate and thus the jet kinetic energy independently of the
observed intensity of the radiation from the jets. This technique is not dependent on knowledge
of the true form of the precession instability since 1/164 <« 1/13.08. Margon and Anderson
(1989), utilising this method, found an upper limit on any change in the orbital period of the
binary system to be |P13| < 8 x 10~®. These nutations have also been employed as a means of
investigating the structure of the accretion disc.

The second class of deviation is evident as extended periods of time during which the
predictions of the simple kinematic model are systematically shifted with respect to the data.
The reason for this discrepancy is not well understood though its presence indicates that ei-
ther the model precession period is wrong and/or unstable or that the precession clock is more
complicated than anticipated (Margon, 1984). Anderson, Margon and Grandi (1983b) investi-
gated the instability of the 164 day precessional period of the jets through several deterministic
models. Their analysis showed that the more complicated 7-parameter and sinusoidal models
were better able (though not completely successfully) to reproduce the fluctuations seen in the
observations. Further, they deduced that the amplitude of the noise was no greater than that
observed in the 35 day X-ray period of Her X-1, in which precession is also likely as the driv-
ing clock, and that it consequently contains information on how the fluid accretion disc and
companion star precess. Hjellming and Johnston (1986) discussed a model where these sys-
tematic deviations from the simple kinematic model arise from the presence of two underlying
clocks of periods of order 152 days and 175 days. The beat period of ~ 2000 days of these
sinusoidal variations is superposed on the 164 day precessional period. Margon and Anderson
(1989) point out that the two period model of Hjellming and Johnston (1986) is essentially the
same as the sinusoidal model of Anderson, Margon and Grandi (1983). In their more recent
analysis of the deterministic models, Margon and Anderson (1989) concluded that the nature
of the instability of the precessional clock is obscure and probably not increasing, that both
the 6 and 7-parameter models are almost certainly not correct and that the inferred period
of the sinusoidal model has decreased to 1299 + 24 days. However, they could not determine
whether the sinusoidal model had any physical significance or whether it simply fitted the data
on account of the large number of free parameters (9) in the model.

Even after subtraction of empirical fits to the 164 day period instability and the precession
and nodding motions from the best-fit model there still exist apparently random deviations of

several thousand kilometers per second that are variable predominantly on a time-scale of days.
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These constitute the third type of deviation. This ‘jittering’ motion shows no obvious 164 day
phase dependence so eliminating scenarios where stochastic variations of some of the model
parameters, such as the jet velocity, are responsible for the deviations. Katz and Piran (1982)
have noted that the deviations are compatible with a stochastic jitter in the beam pointing
direction of magnitude comparable to or smaller than the jet opening angle. During these
stochastic excursions, the jets show evidence of moving as a solid body (Margon and Anderson,
1989): when the red beam has insufficient red-shift, the blue beam has excess blue-shift and
vice versa. The anticorrelation is not quite exact and appears to be transmitted on time scales
of several days or less. This observation has led Margon and Anderson (1989) to suggest that
most of the collimation and pointing of the jets occurs very close to the jet source rather than
in the outer regions of a thick accretion disc as is believed to be the case in active galactic
nuclei.

The ‘kinematic’ model provides a beautiful, simplistic explanation of the moving line fea-
tures and is accepted by most (see Kundt (1985, 1987) for dissent; §1.6.6) as the canonical
scenario for SS433. However, it completely fails to address many of the perplexing physical
problems posed by the system: the characteristics of the constituent star(s), the mechanisms
that power, collimate and precess the jets and the evolutionary path that culminated in the

formation of SS433.

§1.4 Basic Information

§1.4.1 General Data

The source of the optical emission in SS433, known also as V1343 Aquilae, is located at
«(1950) = 19" 09™21.282° + 0.003%, §(1950) = 04° 53’ 54.04” £ 0.05” in the epoch of 1980
(de Veght and Gehlich, 1979; Kaplan et al., 1980) and has corresponding galactic coordinates
1 =39.7°, b = —2.2° (Margon, 1984). The compact radio and X-ray sources are coincident with
the optical source within the bounds of measurement uncertainty.

The distance to SS433 can be uniquely determined from the radio maps by comparing the
radio brightness distribution with the helical pattern expected from the twin precessing jets
though in most cases it is assumed that the radio knots are moving at the same velocity as the
optical emission line regions. This assumption is supported by the absence of a notable change
in the proper motion of the radio components (Spencer, 1984). On the basis of the more reliable
distance estimates deduced from the radio observations (VLA: Hjellming and Johnston, 1981b;
VLBI: Niell et all., 1981; MERLIN: Spencer, 1984; VLBI: Fejes, 1986; VLBI Vermeulen et al.,
1993a), the presently accepted distance to SS433 is ~ 5 kpc. The distance to the SNR remnant
W50, based on the surface-brightness diameter relation resulting from the decreasing brightness
of SNR with increasing distance from the galactic plane, has been estimated as 3.3 kpc (Caswell
and Lerche, 1979) in rough agreement with the estimates of the distance to SS433.

The apparent magnitude of SS433 is V = 14.22 + 0.04 (Margon et al., 1979a). The
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absolute magnitude is My ~ —7 and the optical continuum spectrum is similar to that of an
05-type star suffering severe interstellar absorption Ay ~ 8 mag (Murdin et al. 1980). The
bolometric luminosity of the system is ~ 4.4 x 103° erg/s and the dominant source of optical
luminosity resembles a blackbody with a mean colour temperature ~ 32500 K (Wagner, 1986).
The 2 — 10keV X-ray luminosity is ~ 1036 erg/s (Warwick et al. 1981) and typical radio flux
densities (summed over the central and extended sources) are 1Jy at 3.7 and 6 cm and 0.2 ]y

at 2cm (Hjellming and Johnston, 1981b).

§1.4.2 The System Configuration

S5433 is believed to be a binary system in which both components follow (nearly) circular
orbits (Collins and Newsom, 1986) with a period of ~ 13 days. The primary is probably an
OB star undergoing Roche-lobe overflow whilst the secondary is a compact object, perhaps a
black hole though recent evidence (D’Odorico et al., 1991; see §1.6.1) favours a neutron star.
Material from the primary is accreted at a supercritical rate (Zealy et al., 1980) onto the
compact component forming a geometrically thick accretion disc. Two highly collimated and
oppositely aligned jets moving at approximately a quarter the speed of light emerge from the
accretion disc funnels along the disc-normal which precesses in a manner consistent with the

kinematic model.

§1.5 Observations

§1.5.1 Gammma-Ray Observations

From an analysis of the data collected by the high-resolution gamma-ray spectrometer on board
the HEAO 3 satellite, Lamb et al. (1983) reported the presence of two gamma-ray lines located
at energies of about 1.5 and 1.2 MeV. Both lines exhibited fractional linewidths AE/E of ~ 1%
and varied in intensity by a factor of ~ 3 on a time scale of days. Assuming that the lines
represent isotropic emission from SS433 then the combined gamma-ray luminosity of both lines
is ~ 2 x 1037 erg/s which is of the order of 250 times greater than the 2-10 keV luminosity
(Marshall et al., 1979) and is a significant fraction of the jet kinetic energy. The gamma-ray lines
were interpreted as blue and red shifted components of the 1.369 MeV line which arises from a
nuclear transition of 2*Mg from its first excited state to its ground state. Lamb et al. (1983)
proposed that the transition was triggered by inelastic collisions of the 2Mg nuclei moving at
~ 0.26¢ (or equivalently with 33 MeV per nucleon) with ambient protons. If this identification
is correct then on the basis of solar abundances of **C and !®0 to 2*Mg, intense lines from
12C and !0 should be present. These lines are not observed indicating that either the 2*Mg
identification is wrong or that the magnesium abundance in $S433 is anomolously high relative
to carbon and oxygen. In a cautionary note, Norman and Bodansky (1984) stressed that if
the gamma-ray features were due to inelastic scattering of 2Mg nuclei on protons then lines

of similar intensity should be observed at ~ 1.4 and ~ 1.8 MeV. Such features have not been
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with the Einstein X-ray Observatory showed none of the emission lines such as Si XIII and
Si XIV expected from a thermal plasma at a temperature of a few keV (Grindlay et al., 1984)
so favouring non-thermal models for the central X-ray source (Seaquist et al., 1982; Grindlay
et al., 1984).

Better resolution spectral observations from the Exosat observatory (Watson et al., 1986)
and corroborative Tenma results (Matsuoka et al., 1986) revealed the presence of the Fe XXV
emission line of estimated luminosity Ljine > 1034 erg/s oscillating periodically across the spec-
trum over a 164 day period in a manner consistent with the kinematic model. The existence
of this line seems to suggest a thermal model for the central source. Only the blue shifted
component is observed. The red shifted counterpart is presumably obscured by the accretion
disc providing constraints on the system geometry and placing an upper limit on the length of
the jets over which the X-ray line emission arises as 10*2cm (Watson et al., 1986). This X-ray
jet length is supported by the results of Stewart et al. (1987) and requires that the jets be
accelerated to 0.26¢ within 102 cm (i.e. in about 100 seconds) and consequently constrains the
possible acceleration mechanisms (§1.6.4).

Most of the X-ray emission comes from a small region at the base of the relativistic jets
(Watson et al., 1986). When this region is eclipsed by the normal star during primary eclipse,
the duration of the eclipse is related to the relative size of the normal star and as a result to
the mass ratio ¢ (§1.6.1).

Band (1989) has pointed out that during the period of Einstein observations SS433 was
a flaring X-ray source whilst during the Exosat observations it was relatively quiescent. This
flaring behaviour would account for the disagreement in the likely model for the emissions
during the Einstein and Exosat observations.

Recent Ginga X-ray observations (Brinkmann et al., 1989; Brinkmann et al., 1991) centered
on the phases of optical primary minimum indicate that the source spectrum is extremely hard
and best fitted with a thermal bremsstrahlung law and that the jets are precessing retrograde

with respect to the orbital binary motion.

§1.5.3 Optical and Infrared Observations

The mean colour temperature (§1.4.1) indicates that the spectrum of SS433 probably peaks in
the UV part of the spectrum. However, because SS433 is located very close to the galactic plane
the UV emissions are severely attenuated making observations in this band very problematic.
In the remainder of this section I will discuss in succession the stationary spectral lines, the
moving spectral lines and, finally, the photometric observations.

The stationary spectral lines originate in the atmospheres of the normal star and the
accretion disc and in the stream of accreting matter between the two. The dominant features
in the stationary spectrum are the Balmer and He I emission lines; the equivalent width of the
Ha has exceeded 500A and was responsible for the inclusion of the object in the SS catalogue.

On occasion, both the He I and Balmer emission lines display P-Cygni absorption wings. The
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He II 24686 and 210124 emissions, typical of cataclysmic variables and galactic X-ray binaries,
are also present as well as the particularly strong C III-N III A4640-4650 emission blend
(Margon, 1984) and the O I A8446 (Mammano et al., 1980; Margon et al., 1979b) emission
feature. The emission line _proﬁles are complex and vary on time scales of less than a day. The
spectrum is particularly deficient in absorption lines with only the strong O I A7773 and some
Fe II lines being intrinsic to the source, the remainder being due to interstellar absorption.
The lines referred to as ‘stationary’ do not occur at their rest wavelengths and in fact
vary with a period of approximately 13 days (Crampton, Cowley and Hutchings, 1980). The
periodic variations of the H and He I emission lines and the Fe II lines first indicated the binary
nature of SS433. From the amplitude of these variations the projected velocity was determined
to be 7T3km/s. This velocity was incorrectly interpreted as representing the orbital motion
of the compact object (Crampton, Cowley and Hutchings, 1980). Observations of the He II
A4686, believed to be formed close to the compact object, showed a similar 13 day modulation
(Crampton and Hutchings, 1981). If this identification is correct then the modulation of the
He II A4686 line represents the binary motion of the compact object. The amplitude of this
modulation is K = 195km/s, with a lower limit of K = 150 km/s, which corresponds to a mass

function

o = (M, sin i)3
T (M, + Myx)?
=1.035x 10~7 (K/kms™!)® (Py3/day) (sini)™> Mg

= 10.6 (4.6) Mg (1.3)

where M, and Mx are the massés of the normal star and the compact object respectively,
i is the system inclination and the bracketed mass function represents the lower limit. This
would seem to indicate the presence of a massive companion. However, the He II A4686 line in
the spectra obtained by Crampton and Hutchings (1981) displayed a complex and unresolved
profile making it difficult to distinguish the true orbital motion from strength variations of the
line components. In a more recent investigation, D’Odorico et al. (1991) measured the orbital
modulation of the resolved He II A4686 line and determined the amplitude of the Doppler
modulation to be K = 112+ 5km/s corresponding to a mass function f, = 2.0 +0.3M which
is significantly lower than that derived by Crampton and Hutchings (1981). The different
velocity amplitudes observed for the He II lines and the other stationary lines can be explained
if the other stationary lines are formed in the stream of material which, because of Roche
lobe overflow, leaves the normal star and flows onto the compact object. The velocity of the
accretion flow is smaller than the orbital velocity and since the He II lines are formed near the
compact object their velocity amplitude will be greater than that of the other emission lines.
This explanation also accounts for the phase difference observed between the He II line and the

other emission lines.
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During the photometric eclipse of the accretion disc, the intensity of the He A4686 line
decreases slightly but never undergoes total eclipse. From this observation it can be deduced
that the line is formed in an extended region such as the accretion disc corona and not in some
localised hot-spot.

Spectral observations in the optical (A4674-5549) and near infra-red (A8355-8987) (Filip-
penko et al., 1988) seem to show that the stationary Paschen lines (A8755, 8670 and 8603) are
double peaked with splittings of ~ 290 km/s. The observations were made at the point in the
precessional phase just before the first crossing of the moving lines and at a point in the orbital
phase close to the secondary eclipse. If these lines occur in the outer regions of the accretion
disc then they constitute the first direct evidence of emission from the accretion disc. The
splittings may result from rotation of the accretion disc.

Analysis of the moving emission lines provided the first indication of the jets in SS433.
Extensive observations of the lines have been made by numerous authors (e.g. Margon et al.,
1980, 1981, 1982; Ciatti et al., 1981,1983; Mammano et al., 1980). These observations show
that the most dominant line is Ha with a luminosity of ~ 103erg/s. Also present in the
moving spectrum are the remaining Balmer series, He I lines and in the infrared, the Paschen
and Brackett series. The moving emission lines are unpolarized (Liebert et al., 1979) and have
typical line widths of several thousand kilometers per second from which an upper limit on the
opening angle of the jet of # =~ 0.1 radians can be inferred (Begelman et al., 1980). The range
of line profiles extends from the very complex (Margon et al., 1979a, 1980; Murdin et al., 1980)
to the Gaussian (Margon et al., 1984). Considerable changes are observed both in the profile
and intensity of the lines on a time scale of less than a day. These intensity variations include
occasions where the blue and red shifted emission lines disappear/reappear in synchronisation
with one another with a time delay between the jets of less than one day. This indicates that the
radiating regions in each jet are less than 100 AU apart. Apart from these intensity variations,
indvidual lines have been observed to brighten then fade at one particular frequency (Murdin
et al., 1980) to be replaced by a similar configuration at a slightly different frequency. This
has been termed ‘bullet’ behaviour. Each bullet takes on average ~ 10 hrs to reach maximum
brightness then dims with a typical radiative lifetime of ~ 2 days (Vermeulen et al., 1993c). As
discussed in §1.3.2, the Doppler shifted emission lines do not strictly follow the predictions of
the kinematic model, exhibiting both nodding motions and jitter. The most rapid photometric
and spectroscopic variations so far observed occurred on a timescale of 15— 20 minutes (Kopylov
et al., 1986) and appeared to be correlated with the intensity of the stationary Ha emission
(Asadullaev and Cherpashchuk, 1986) suggesting that both sets of lines are produced by the
same excitation mechanism. There is no evidence of He II lines and particularly the A4686 line
which is prominent in the stationary line system. The absence of the He II lines constrains the
temperature of the emitting material to be between about 5000 and 40000 K with the most
likely range, on the basis of the behaviour of the cooling function, being ~ 10 000 — 20 000 K.

The complexity of the moving line profiles, attributable to them being comprised of several
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components, indicates that the density of the jets is not homogeneous and instead rather clumpy.
Theoretical considerations indicate that the filling factor, f¢, of the optical line emitting material
in the jets is such that f; < 1 ( Bodo et al., 1985; Begelman et al., 1980). This is generally
much smaller than the limit f; < 0.01 deduced from line profile fitting (Borisov and Fabrika,
1987).

A lower limit for the length of the optically emitting region of the jets, lopt, can be deduced
from a Black body limit argument (Begelman et al., 1980):

lopt > 1.6 x 1012073 Ty~! (Lita )5y % cm (1.4)

where 0 is the jet opening angle, T is the thermal temperature of the region and Ly, is the
luminosity of the Ha line. The spectroscopic variations on a time scale of minutes mentioned
above indicate that the emitting region is relatively compact with lopy < 103 cm which is
in agreement with the variability observaticns of Kopylov et al. (1986) and Asadullaev and
Cherepashchuk (1986). In contrast, the spectroscopic data of Borisov and Fabrika (1987) indi-
cates that lope & 101 cm.

Brown, Cassinelli and Collins (1991) have discussed possible mechanisms for heating the
Ha bullets out to distances of 5 x 10'* cm and turning the emission off at 10!® cm. They impose
the requirements that there be sufficient heating in the observed emission region, that the
bullets be dense enough to suppress forbidden lines and to emit enough He by recombination
and that the lines are neither too broad nor display deceleration. Solutions for spherical bullets
heated radiatively by emissions from SS433 exist only for very massive (10%° g) bullets which
have an angular radius of ~ 0.03 radians at the central source and have a number density
ne ~ 101%cm™3. Such a solution is very improbable since the inferred kinetic luminosity is
~ 10*! erg/s. For heating by collisions from the wind of the companion star, solutions exist for

bullet masses ~ 1024 g, number densities n, ~ 10!'*cm~2 and an angular radius of ~ 10™3
radians. The required wind-loss rates are in the range ~ 107% — 1073 Mg /yr, the lower end of
which is appropriate for SS433. It seems therefore that collisional interaction with the stellar
wind is responsible for heating the optical bullets.

§$S433 is a relatively bright (V~14) star which is photometrically accessible to small tele-
scopes. Consequently, numerous observations of the optical continuum have been made by
means of narrowband (Anderson et al., 1983b) and broadband (Henson et al., 1983; Kemp et
al., 1986; Mazeh et al., 1987; Zwitter, Calvani and D’Odorico, 1991 and references therein). The
optical continuum spectrum resembles a blackbody of mean colour temperature ~ 32 500K and
appears hotter when the brighter precessing object is seen pole-on and cooler when seen nearest
equator-on (Wagner et al., 1986). This variation corresponds to an amplitude in the B-V colour
index of 0.08™ and may result from gravity darkening in the normal star or the thick accretion

disc, or perhaps from high temperature funnels in the accretion disc. Anderson et al. (1983b)

had previously proposed that the accretion disc is thick with a diameter-to-thickness ratio
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of ~ 3/2.

Observations in the U, B and V colour bands show the temporal behaviour of the source
to be erratic with a typical scatter from the smooth light curve of about 0.3™ in V and 0.25™
in B. The source is variable on a wide range of time scales, from hours to years though there
exists no evidence for marked variations on time scales much less than an hour (Lebedev et al.,
1981).

Both the 13 and 162 day periods are clearly observed in the photometric data. The 13
day orbital period is responsible for the two broad minima observed in the B and V bands.
The primary minimum occurs at the same phase as the maximum positive radial velocity of
the stationary Balmer emission lines and occurs half of an orbital period before the secondary
minimum. The primary and secondary minima are interpreted as eclipses of the accretion disc
by the normal star and vice versa respectively. In addition, the orbital phase difference between
this primary minimum and the zero phase of the 6.3 day nodding motions is the same as that
between the Balmer and H II emission line velocities (Crampton and Hutchings, 1981). Since
the nodding motions can only realistically originate near the compact object, the presence of
the common phase offset conclusively proves that the He II line represents the true orbital
motion of the compact object. In the U band, the primary minimum is fairly deep whilst the
secondary minimum appears not to be present.

Observations in the B and V bands (Cherespaschuk, 1981) indicate that SS433 is an eclips-
ing binary system in which the average brightness-temperature of the disc is about twice that
of the normal star. At the average brightness maximum, the accretion disc contributes at least
60% of the total optical luminosity of the system.

Long-term V band observations (Kemp et al., 1986), indicate the presence of the 162 day
precessional period. The detection of a positive ‘hump’ in the 162 day light curve at around the
secondary optical minimum, but not at the primary minimum, was interpreted as indicating
the presence of a thick accretion disc. A Fourier analysis of the same data (Mazeh et al.,
1987) reveals the presence of the 13 day binary period and a periodicity of 6.54 days which
corresponds to the first harmonic of the orbital period.

Recent observations (Zwitter et al., 1991) indicate that the photometric variability of $S433
consists of three separate classes distinguished by their characteristic time scale At: a) At > 6
hours represents orbital and precessional motion of the system components. A disc-like outflow
such as might occur in the supercritical accretion regime may also contribute; b) 30mins < At <
6hrs, possibly the result of an extended corona surrounding the jets and ¢) At < 30mins, may
be linked to the activity of the central engine which could account for the variable brightness

of the exposed funnels in the thick accretion disc.

§1.5.4 Radio Observations

This section consists of two complimentary parts: The first relates particularly to radio obser-

vations of the extended regions of emission formed by the jets of SS433 whilst the second details
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the environment of SS433, namely the supernova remnant W50.

The radio emissions from SS433 have been observed extensively by various means. These
include the VLA and MERLIN maps which have an angular resolution in excess of 0.1 arcsec
corresponding to ~ 10'®cm at 5kpc and the VLBI maps which have a resolution of ~ 0.01
arcsec. The emissions exhibit quiescent and flaring modes (Fielder et al., 1987; Bonsignori-
Facondi et al., 1986; Vermeulen et al., 1993b) with a typical quiescent flux density of ~ 0.7 Jy
at 2695 MHz, often doubling during outbursts. The total radio luminosity of the source is
~ 1032erg/s. On the basis of this rate of energy loss, Spencer (1984) has estimated that the
power source must have an energy output in excess of ~ 10*% erg/s.

The VLA maps show that the morphology of the extended structure evolves over a time
scale of days producing a ‘corkscrew’ type pattern on the plane of the sky (Hjellming and
Johnston, 1981a; Gilmore et al., 1981). These changes can be attributed to the ballistic motion
of material ejected from the jets. This is a natural extension of the optical kinematic model to
the radio regime. A superposition of the jet trajectories as predicted by the kinematic model
onto the radio maps makes possible a derivation of the model’s free parameters, an estimate
of the distance to the source and the removal of the degeneracy between the inclination of the
precession and rotation axes to the line of sight (§1.2). In addition this analysis shows the sense
of the jet rotation to be clock-wise. The precessing beams are observed to extend to a distance
~ 2 x 10} cm from the central source (Hjellming and Johnston, 1986) though no emission is
detected at greater distances as the jets impinge on the shell of W50. The emission has a
spectral index a = —0.6 (S o« v®) characteristic of optically thin synchrotron emission.

The MERLIN observations show the radio emission to lie predominately on the locus
predicted by the kinematic model. The beams do not have a uniform flux density and are
composed of discrete knots (Spencer, 1984). These knots are observed to form in pairs, their
formation coinciding with radio outbursts, and as they move away from the central source with
constant velocity, their brightness decays according to a power law with a time constant of 35
days.

The VLBI maps indicate the presence of diffuse emission (Romney et al., 1987) in addition
to the presence of many discrete features. These discrete emission features may be connected
with the flaring seen in the radio flux density (Bonsignori-Facondi et al., 1986). The radio
emissions, as in the MERLIN observations, generally lie on the locus predicted by the kinematic
model though deviations have been reported (Romney et al., 1987). The radio flux density varies
on time scales of weeks or months (Fielder et al., 1987; Johnston et al., 1981, 1984) and flares
on time scales ranging from a few hours to a few minutes (Seaquist et al., 1979; Seaquist,
1981b). The angular size of the central source is greater than about 5 mas (Geldzahler, Downes
and Shaffer, 1981) corresponding to ~ 20 AU at 5kpc. Vermeulen et al. (1993a), using a
complex VLBI system based on one north American and five European sited radio-telescopes,
have obtained high resolution observations of SS433 on 6 separate occasions at intervals of

2 days. Their radio maps (Fig. 1.6a) show a strong and variable unresolved core (< 10 marcs)
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and a series of discrete emission regions located on the predicted precession locus. Crosscuts
through these maps along the kinematic model curve (Fig. 1.6b) show a high contrast between
the knots and the intervening regions. There appears to be a ‘brightening-zone’ located at
~ 250 AU from the central source (Vermeulen et al., 1993a) which may occur when one blob
overtakes the bow-shock of its immediate predecessor. Even though the blobs move at the
same speed, this overtaking is possible since the ejection direction precesses and the bow-shock
is directed backwards at the Mach angle from the foremost face of the leading blob. Beyond
the brightening zone the blobs fade as they expand adiabatically. Assuming each blob to be
a sphere 15 marcs in diameter, a distance to SS433 of 5kpc and a spectral index of —0.65,
Vermeulen et al. (1987) have estimated the luminosity of each blob to be ~ 5 x 103%erg/s and
the energy of each blob to be ~ 7 x 10*! erg.

SS433 is located very near the centre of W50, believed by most workers to have originated
from a supernova explosion. This evolutionary path has been challenged by Kénigl (1983) who
has postulated that the shell of W50 may be an expanding interstellar bubble which is driven
by a strong stellar wind emanating from the normal star in the SS433 system. The angular
dimensions of the ellipsoidal shell of the nebula are 2° along the longer axis by 1°. The scale
of W50 is vast: material travelling in the jets at 0.26¢ takes between 1000 and 1500 years to
traverse the interior of the shell (Vermeulen, 1989).

The source of radio emission from S5433 is synchrotron radiation, suggesting the presence
of a magnetic field which must be ordered because of the high levels of polarization, up to 40%
at 2.7 GHz, in some parts of the structure (Downes et al., 1981). Protruding beyond the eastern
and western boundaries of W50 are regions of radio emission centered about a position angle
of 100°. The central location of SS433 within W50 and the close correspondence between the
position angles of the ansae and the precession cone axis (§1.3.1) clearly indicates that the jets
of SS433 are interacting with W50; puncturing the shell to form the radio ansae. The angle
subtended by the ansae at the core (Geldzahler, Pauls and Salter, 1980) is considerably less
than the angle subtended by the precession cone at the core (Niell, Lockhart and Preston, 1981)
indicating that the jets are possibly being focused by the ambient medium within W50.

§1.6 Theories

§1.6.1 The Binary System

The standard approach in modelling the binary system is to is to adopt the following geometrical
assumptions:

¢ SS433 is a binary system in which the component orbits are (almost) circular.

e The normal star is phase-locked with the orbital motion and the rotation axis of the star
is approximately perpendicular to the orbital plane.

e The normal star fills its Roche lobe.
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o The angle 7 in the kinematic model represents the inclination of the orbital plane to the
line of sight.
All that then needs be specified is the geometry of the accretion disc; a feature which obviously
makes any predictions model dependent.

On the basis of the above assumptions the mass function (Eq. 1.3) can be expressed as

MX M*

Mx
Tq(1+q9)? " (1+9)?

:M*_

where q (1.5a,d)

Jm

Once the mass ratio ¢ is known, the mass function determines the nature of the compact object.
Theoretical estimates for the mass ratio have been made by many groups. I will consider several
of these below.

Leibowitz (1984) assumed the accretion disc to be cylindrical and the normal star to be a
sphere of uniform brightness. By fitting this 10 parameter model to the observed light curve,
Leibowitz (1984) found the precession to be retrograde and ¢ > 0.8 at the 95% confidence level.
Adopting the mass function of Crampton and Hutchings (1981), this value for the mass ratio,
by Eq. (1.5a), implies that Mx > 27(12)My where the term in parentheses (as in the rest of
this section) corresponds to the lower mass function evaluation. These results indicate that the
compact object is a black hole. They do not however represent evidence for a black hole on
account of the many additional approximations made.

Antokhina and Cherepashchuk (1987) interpreted the optical light curves in a 6 parameter
model in which the accretion disc was approximated by an oblate spheroid. Their model
indicates that the normal star fills its Roche lobe with its equatorial region contacting the
Roche lobe of the compact object. They found ¢ > 0.25 at the 99% confidence corresponding to
Mx > 4.1(1.8) Mg by the mass function of Crampton and Hutchings (1981). Model predictions
for mass ratios marginally greater than this lower limit do not agree with observations. Taking
into account all the observational data Antokhina and Cherespaschuk (1987) preferred the mass
ratio ¢ = 1.2 and the resulting solution A, = 52 M and Mx = 62 M. The accretion disc was
found to be thick with an oblateness in the range 0.2 — 0.5 and a bolometric luminosity in the
range 1.4 x 10%° — 1.7 x 103! erg/s, close to or in excess of the critical Eddington limit.

An alternative approach to fitting the entire light curve to the model predictions, as in the
two cases discussed above, is to model particular aspects of the light curve such as the width
or depth of an eclipse. Such an approach requires fewer model parameters and is simpler but
does not represent the system as accurately as the first method. This alternative approach was
adopted by Leibowitz et al. (1984) in their analysis of V band light curves. The width of the
primary eclipse was estimated to be (0.30 £ 0.02) P;3. No flat bottom was detected in the light
curve indicating that the accretion disc was not completely eclipsed. The accretion disc was
assumed to be geometrically thin and its surface normal aligned along the instantaneous jet
axis. Within their model the no-totality condition and the eclipse width constrained ¢ > 0.43

corresponding to the solution Mx > 9.5(4.3) M.
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Stewart et al. (1987) analysed X-ray eclipse data obtained from the EXOSAT satellite.
The X-ray eclipse was coincident with the optical primary minimum providing strong model-
independent evidence for the primary minimum being the eclipse of the compact object by the
normal star. Their model assumed the accretion disc to be a torus with a triangular cross section
and the X-ray emission from the red shifted jet to be obscured by the accretion disc (Watson et
al., 1986). The depth and duration of the X-ray eclipse were then used in conjunction with the
model assumptions to provide constraints on the relative dimensions of the system components.
The X-ray emitting region of the jets was found to be ~ 10'2¢m long and the accretion disc
was deduced to be thick and, assuming a constant disc density, to have a mass in excess of
~ 1078 M. Combined optical and X-ray light curve data restricted the mass ratio to the
range 1.5 > ¢ > 0.8. Adopting the mass function of Crampton and Hutchings (1981), the
masses of the components for ¢ = 0.8 are M, ~ 34.3(14.9) Mg and Mx ~ 27.6 (11.9) M and
for ¢ = 1.5 the masses are M, ~ 66 (29) Mg and Mx ~ 100 (43) M. The inferred stellar radius
of ~ 3 x 10'2cm is consistent with a massive normal component. Stewart et al., (1987) noted
that a mass ratio of ¢ &~ 0.1, required for the compact component to have a mass of 1.4Mg, was
marginally allowed by the X-ray constraints but excluded by the optical data. They concluded
that all the observations were consistent with both the optical and compact components having
masses greater than 10M,.

Brinkmann et al. (1989) employed the conventional approach to analyse Ginga X-ray
observations taken during primary eclipse. With the standard assumption that the primary
fills its Roche lobe they determined the mass ratio to be ¢ = 0.1496 with corresponding masses
for the two components of the system M, = 14My and Mx = 2.1Mj. They noted that a
slightly longer duration of the eclipse, or possible obscuration of the central parts of the jets
by a thick disc, would lower the mass of the compact component making it impossible to
distinguish whether the compact object is a neutron star or a black hole. Brinkmamm et al.
(1989) concluded that two of the standard assumptions, specifically that the primary fills its
Roche lobe and that it rotates synchronously with the binary orbit, required revision.

There have been numerous other recent models not discussed here (e.g. Zwitter and Cal-
vani, 1989, 1990; Kawai et al., 1989) all of which, like those detailed above, favour a black hole
as the compact candidate but do not completely eliminate a neutron star as the alternative.

It is evident from Eq. (1.3) that the mass function is proportional to K3. The amplitude
modulation must therefore be precisely known if reliable values are to be obtained for the masses
of the components. In a recent investigation of the He II A4686 line, D’Odorico et al. (1991)
found the amplitude of the Doppler modulation to be K = 112 4+ 5km/s corresponding to the
mass function f = 2.0 £ 0.3 M. Adopting the mass ratio ¢ ~ 0.245 (Zwitter and Calvani,
1989) and the revised mass function, the corresponding masses of the compact object and the
normal star are Mx ~ 0.8+ 0.1 Mg and M, = 3.2 + 0.4 My respectively. These results imply
that the compact component is a neutron star rather than a black hole. Given the high quality

of the spectra obtained by D’Odorico et al. (1991) a significant error in their derived value of
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K seems unlikely. A higher mass ratio could be inferred if the primary is moderately flattened
or a wind-type mass flow in the system obscures the X-rays for a small fraction of the eclipse
(Brinkmann et al., 1989).

It is evident that there is no consensus on the nature of the binary components though,
if the recent Doppler modulation of D’Odorico et al. (1991) is accepted, then at present the

neutron star scenario is the marginal favourite.

§1.6.2 The Accretion Disc

The observational evidence for a geometrically thick (e.g. Anderson et al., 1983a; Kemp et
al. 1986; Wagner et al. 1986), luminous (eg. Cherespaschuck, 1981) accretion disc is very
strong. The presence of a geometrically thick accretion disc is also inferred by the results
of modelling the 162 day light curve (§1.6.1) (Leibowitz, 1984; Antokhina an Cherespaschuk,
1987). Super-critical accretion onto the compact object was realised to be the power source for
the jets (e.g. Zealy, Dopita and Malin, 1980; Martin and Rees, 1978; Begelman et al., 1980;
Sarazin, Begelman and Hatchett, 1980) largely on the basis of the large kinetic energy of the
jets and the intensity of the moving emission lines.

Wagner (1986) found the diameter to thickness ratio d/h < 1.3 indicating that the accretion
disc more closely resembles a sphere than a greatly flattened sphere or disc whilst Stewart et al.
(1987) found d/h ~ 0.4. The latter group additionaly concluded that for the accretion disc to
provide the observed degree of obscuration of the red shifted X-ray jet it must have a minimum
number density n. ~ 10!2cm~3 at a height of 5 x 10! cm above the orbital plane.

For fully ionized matter in which Thomson scattering provides the main source of opacity,

the Eddington luminosity for an object of mass M is

4rGem, M
or

LEdd = = 1.257 x 1038£ erg/s (1.6)
Mo

where m, is the proton mass and ot is the Thomson cross section. This is the maximal
luminosity of any non-rotating, stationary, electromagnetically neutral object. Rotating objects
can however have L > Lgqq. In particular objects with large shear, small vorticity and small
density can have L/Lgqq > 1. These conditions exist in thick accretion discs (Abramowicz,
Calvani and Nobili, 1980). The bolometric luminosity of the accretion disc is ~ 10%°erg/s
(Cherespaschuck, 1981). For a compact object of mass M ~ Mg such a luminosity exceeds the
Eddington limit by about one order of magnitude. If Thomson scattering is the main source
of opacity then, by equating the Eddington luminosity to the accretion luminosity it can be
deduced that the critical accretion rate, Mcrit, for accretion onto a central object of radius R,
1s
_ 4mmycR,

£ = ——P70% -8 (R
Mgic = o 1.555 x 10 (10km) Mg /yr. (1.7)

Super-Eddington luminosities are possible only if M > M.
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orbit-normal of the binary system. This precession is conventionaly interpreted as the response
of the spin angular momentum vector to the gravitational interaction of the spinning object
with the other member of the binary system. Four models were initially suggested but two of
these, namely Lens Thirring and geodetic precession, were eliminated because their predicted
precession periods were too slow. The two surviving models for the precessional motion are the
‘slaved-disc’ model and the dynamical model both of which I will discuss below.

The slaved-disc model was initially developed by Roberts (1974) to explain the 35 day
periodicity in the Her-X system and was proposed as a natural explanation of the 164 day
precession period in SS433 by Katz (1980). The model has been discussed in the context of
SS433 by van den Heuvel, Ostriker and Petterson (1980) and Whitmire and Matese (1980).
The basic scenario for the slaved-disc model is as follows: The spin axis of the normal star-
is misaligned with the orbit-normal of the binary system (as may be the case following a
supernova explosion). The gravitational torque applied by the compact object will then force
the spin axis of the secondary to precess at a rate dependent on the mass of each component
and the dynamical ellipticity parameter ¢ (Roberts, 1974). For small centrifugal distortions, the
dynamical ellipticity € = w*zR*a/GIW* where w,, R, and M, are the angular velocity, radius
and mass of the secondary respectively. If the residence time of the accreted material in the
disc is short compared to the precession and nodding periods then the accretion disc normal
will follow the precessing spin axis of the normal star. In the slaved-disc model the precession
is retrograde if the stellar rotation is prograde (Katz, 1981). Such retrograde rotation of the
precessing jets has been observed (e.g. Brinkmann, Kawai and Matsuoka, 1989). Whitmire and
Matese (1980) showed that a precession period of 164 days for the normal star was possible for
reasonable estimates of the dynamical ellipticity parameter.

The dynamical model (Collins, 1985; Collins and Newsom, 1986) describes the motion of
the jets in terms of the classical mechanics description of a distorted body undergoing driven
precession as a result of the presence of a close companion. This is the same Newtonian driven
precession as occurs in the earth-moon-sun system. It is generally accepted that the jets are
formed close to one component of the SS433 system. In the dynamical model it is assumed
that the companion exerts torques on the source component forcing it to precess. If the jets are
constrained to follow the principal axis of this component then they too will precess. The tidal
deformation that accompanies any gravitational interaction of sufficient magnitude to produce
tidal-forced precession does not affect the dynamical motion of the system except through small
changes in the moments of inertia. In the formulation of the dynamical model the components
are treated as rigid objects which they certainly are not. Such an approach however is vindicated
by the work of Papaloizou and Pringle (1982) and Mestel and Takhar (1972) who have shown
that stars will precess as if they are rigid bodies for extended periods of time. For a precession
period of 163 days, the dynamical model requires that the spin rate of the precessing object
be of the order of the orbital frequency (Collins, Newsom and Boyd, 1981). An interesting

feature of pure gravitational precession, be it either Newtonian or general relativistic geodetic
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spin-orbit coupling, is that the precession rate does not decay (DeCampli, 1980). In the case
of a precessing neutron star this means that the precession rate is not a good indicator of the
interior dynamics of the star since it is more sensitive to ‘starquakes’ and variations in accretion
or wind torques.

The choice of model remains controversial. The slaved-disc model requires that the com-
panion star has a misaligned and precessing spin. One problem with this model is that the
orbits in SS433 are nearly circular (the orbital eccentricity € ~ 0.05 (Collins and Newsom,
1986)) and binary systems that display such tidal circularisation are unlikely to show evidence
for precessional motion (Papaloizou and Pringle, 1982). A difficulty encountered with the driven
precession model is that it requires the disc to have a low viscosity (Katz, 1986). This seems
unfeasible on account of the observed precession and 6 day periods of the inner regions of the
disc (Katz et al., 1982). A possible solution to this problem is a heterogeneous model in which
the viscosity is small near the disc midplane and large near its surface layers so that the mass
averaged viscosity is low thereby permitting driven precession and the slaving of the inner disc
to the outer disc’s precession by rapid mass transfer (Katz et al., 1982). The model, however,
fails to predict the observed amplitude of one of the 6 day nodding motions (see §1.3.2).

Regardless of the adopted model it is assumed that the jets follow the motion of the disc
and remain aligned along its instantaneous axis. The best argument supporting this assumption
is that the random deviations in the jet direction are strongly anti-correlated (Katz and Piran,
1982). These minor deviations in the jet orientation are easily detectable through spectroscopy:
e.g. a 1° tilt of the jets towards the observer results in a Doppler shift of ~ 1000 km/s. If the
motions of the accretion disc can be determined from these deviations then SS433 presents an

invaluable opportunity for the study of accretion disc dynamics.

§1.6.4 Jet Energetics, Collimation and Acceleration

The kinetic luminosity of the jets in SS433 is vast. As discussed in §1.5.3 above, the major
axis of W50 1s aligned with the jets of SS433 which indicates some interaction of the jets with
the ambient medium. Estimates of the work required to expand the supernova shell against
the interstellar medium (e.g. Begelman et al., 1980; Zealy et al., 1980; Kirshner and Chevalier,
1980) typically indicate that the kinetic luminosity of the jets must be in excess of ~ 103% erg/s.
From an upper limit estimate of the change in the orbital period Margon and Anderson (1989)
have concluded that mass-loss rates exceeding 10~3 Mg /yr, corresponding to jet kinetic energies
exceeding ~ 10*2erg/s, can be excluded. Analysis of cross spectrum data indicates that the
kinetic luminosity of the jets lies in the range 103° — 10%°erg/s (Zwitter et al., 1989) which
corresponds to the Eddington luminosity (Eq. 1.6) for a 10 — 100 M, star. It is therefore
obvious that if the power source is accretion onto a compact object of mass less than ~ 10 Mg,
then the Eddington luminosity limit must be exceeded to power the jets.

The narrowness of the moving spectral lines, typically with a width no greater than 10%

of their displacement, implies that the opening angle of the jets is less than ~ 0.1 radians
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(Begelman et al., 1980). The work of Shakura and Sunyaev (1973) showed that jet collimation
by the confining pressure provided by the funnels within a thick accretion disc is possible. This
mechanism has been applied to SS433 by several authors (e.g. Davidson and McCray, 1980;
Sikora and Wilson, 1981; Calvani and Nobili, 1981; Bodo et al., 1985). Sikora and Wilson (1981)
showed that the angle of the beam produced within a thick accretion disc funnel depends on
the region in which the beam material originates and, as a rough guide, material originating
at a distance less than ~ GM/c? from the compact object of mass M is collimated with a
beam angle comparable to the opening angle of the funnel. Begelman and Rees (1984) have
proposed that the jets are collimated by passing through narrow de Lavel nozzles which are
situated just beyond the magnetopause of a magnetised neutron star. Eichler (1983) has argued
that a jet with a finite opening angle can be focused on entering a homogeneous medium. The
focal length is nearly independent of the jet opening angle if all other jet parameters remain
the same. The presence of such a process is supported by observational evidence. It has
been shown (Krautter et al., 1983; Begelman et al., 1984) that collimation of a relativistic
gas propagating in pressure equilibrium into an ambient medium will occur if the ambient
pressure decreases more slowly than »=%. Kochanek (1991) has investigated the effect of toroidal
magnetic fields embedded in a precessing jet and found that such tori could overcome the
transverse expansion and focus the jet. This mechanism is important in SS433 if Lang—l < 0.05
where L = L3310%%erg/s is the kinetic luminosity and B = 10~3B3 G is the initial toroidal
magnetic field. Another possibility, which was tentatively suggested by Davidson and McCray
(1980), is that the differential action of radiation pressure on the electrons and ions within the
Jet may generate an EMF which may be sufficient to drive a current in the jet and consequently
induce ‘pinching’ of the beamn in the manner discussed by Benford (1978). The apparent absence
of decollimating effects may be indicative of the physical environment in the jet formation region.
One such mechanism is gravity decollimation which can be induced in a jet by the strongly
curved spacetime surrounding a black hole. If the jet consists of non-interacting particles, the
decollimation can easily be obtained by comparing the opening angle of a particular geodesic
at infinity with the initial opening angle at the origin of the jet. Lu and Pineault (1988) have
investigated the effect of this decollimating mechanism in a Schwarzschild metric and found it
to be dominated by collimating effects unless the sonic point of the jets is located very close to
the black hole.

The jets are probably accelerated by radiation pressure. This is evident from consideration
of the alternative where the pressure is due to ions and electrons: in order for this pressure
to deliver a terminal speed of 0.26c¢, the initial gas sound speed would have to be comparable
to this terminal speed which would require a temperature of ~ 10*! K (Davidson and McCray,
1980). At such a temperature and for gas densities applicable in SS433, blackbody radiation
pressure would exceed the gas pressure by many orders of magnitude. For the gas pressure to be
dominant the radiation energy density would have to be well below the appropriate blackbody

density which could only occur if the optical depth was to be implausibly low. Consequently,
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radiative acceleration is the most frequently discussed mechanism for accelerating the jets in
S5S433.

The observed constancy of the jet speed over extended periods of time is a problem that
needs to be addressed by any prospective acceleration mechanism. One of the earliest attempts
was the ‘line locking’ mechanism proposed by Milgrom (1979b). A similar mechanism had pre-
viously been discussed in connection with redshifts in quasars (e.g. Strittmatter and Williams,
1976). For the mechanism to function only the following conditions need be satisfied: i) The
intensity of the underlying continuum radiation is sufficient to drive gas away from the com-
pact object; ii) Momentum transfer takes place predominately through Lyman-line absorption
by some hydrogenic ion; iii) The continuum flux falls sharply for frequencies (as determined
in the source frame) above the Lyman edge of the absorbing ion. The gas that comprises the
jet will then be accelerated up to a terminal speed B, in units of the speed of light, such that
the Lyman edge wavelength in the comoving frame is equal to the Lyman-« wavelength in that
same frame. This occurs when v, (1— ;) = Ac/Aq = 3/4 (where A is the unshifted Lyman-edge
wavelength and A, is the comoving Lyman-a wavelength) or equivalently when g; = 7/25. This
is very close to the observed terminal speed of 0.26c; in reality the agreement is even better
because the cut-off in the underlying continuum flux occurs at a slightly greater wavelength
than A. due to the accumulation of Lyman lines in the environment of the radiation source
(Shapiro, Milgrom and Rees, 1986).

The term ‘line locking’ refers to the fact that once the terminal speed 3, is reached the jet
material can neither accelerate nor decelerate: If the jet velocity were to fall below 3, absorption
of radiation emitted from below the Lyman edge in the source rest frame would recommence
so forcing the jet speed back up to B;. On the other hand, if the jet velocity were to exceed
B¢ the momentum transferred to the jet material would drop sharply because the only photons
capable of exciting the Lyman lines are those that originate from beyond the Lyman cut-off
where the continuum flux is very low. The jet velocity would then drop back down to the
terminal speed 3.

In a detailed analysis of the line locking mechanism, Shapiro, Milgrom and Rees (1986)
found the acceleration region to roughly lie in the range 10'2Lsg? Z~% cm to 1015 cm (where Z
is the nuclear charge of the hydrogenic ion and Lag is the total luminosity in units of 1038 erg/s)
indicating that the heavier the hydrogenic ion, the closer to the compact object the acceleration
can begin. If the line locking element is hydrogen then the gas must be highly clumped with a
clumping factor ((n2)/(n)?) of the order of the square of the Mach flow number whilst if the line-
locking element is iron then no clumping at all is necessary. Line locking by both hydrogen and
helium can be rejected since they require a minimum initial distance of 2 x 10!3cm and 10*? cm
respectively whilst observations indicate attainment of a terminal speed within ~ 10'2 ¢cm from
the central source. (A closer starting point results in full ionization and a complete break-down
of the line locking mechanism.) Acceleration by the line locking of hydrogenic Fe is marginally

possible within the required distance but necessitates that the abundance of Fe in the flow
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relative to hydrogen be at least ~ 200 times the solar value. The results of Watson et al.
(1986) indicate that the Fe emission in the jets has an equivalent width typical for material
with cosmic abundances so ruling out Fe as the line locking element. It is evident that the
line locking mechanism has severe problems in its application to SS433 and is probably not the
initial acceleration mechanism though it is possible that it plays some role as a ‘speed governor’
once the jet material has been accelerated to near the terminal speed.

Radiative acceleration within a thick accretion disc has been investigated as a possibility
for SS433 by several authors (e.g. Davidson and McCray, 1980; Calvani and Nobili, 1981; Bodo
et al., 1985; Nobili, Calvani and Turolla, 1985; Icke 1989; Eggum, Coroniti and Katz, 1985).
The maximum radiation pressure within the disc funnel must be comparable to the emergent
kinetic energy density of the jet corresponding to blackbody temperatures between 105 and
107*K and certainly not much higher than 103 K (Davidson and McCray, 1980). Calvani
and Nobili (1981) found that plasma beams can be accelerated to relativistic velocities and
collimated within the accretion funnel. Bodo et al. (1985) investigated a two-phase jet model
which is an adaptation of the stellar wind theory model of Ferrari et al. (1984, 1985) that had
been proposed initially as a means of modelling jet acceleration in active galactic nuclei. The
gas within the accretion disc funnels is assumed to be optically thin. The jets are accelerated
to relativistic terminal speeds which are dependent on the funnel geometry and the radiation
field within the funnel at distances less than 10° cm from the central source. The emergent
beams have a temperature > 107 K. The jets then cool and fragment, as a result of thermal
instabilities, forming condensations with a temperature < 10* K which then act as the sources
of the moving emission lines. These small clouds then evaporate at distances of ~ 10'®cm ,
in agreement with the observed length of the optical jets, due to conduction from the hotter
inter-cloud medium. The density contrast in such jets is ~ 103 and the corresponding clumping
factor is no greater than ~ 10%. However, imposing the condition that the flow within the funnel
be optically thin has the disadvantage of constraining the mass efflux rate, and efficiency, to
rather low levels (Sikora and Wilson, 1981) in contradiction to the observations. The model
adopted by Icke (1989) differs from the rest since it assumes that the jets are not continuous
but instead consist of discrete clouds or ‘bullets’. This is the approach that I have followed and
will leave a detailed analysis of this mechanism till later. One possible objection to such models
is their low efficiency: to retain the form of an accretion disc with a funnel opening angle of
~ 0.1radians, requires about 99% of the infalling energy leaving only 1% to contribute towards
the radiation and kinetic energy of the jets (Abramowicz, Calvani and Nobili, 1980).

A greater efflux rate can be achieved if the jet is dense and so capable of trapping radiation.
Begelman and Rees (1984) have suggested that this radiation may be introduced into the gas by
mechanical mixing near the surface of a neutron star which could be achieved either by highly
inhomogeneous accretion or by the magnetosphere of the neutron star driving shocks into the
gas. Adiabatic expansion of the jet subject to inertial confinement by the funnel walls utililses

the energy of the trapped photons as well as their momenta to drive the jet so increasing
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the efficiency of the process. The final jet velocity is dependent primarily on the magnetic
moment and period of the neutron star and is quite insensitive to the mass inflow rate whilst
the predicted jet kinetic energy flux is in the range ~ 10®°~%%erg/s. The drawback however is
that the lateral force exerted on the funnel walls increases the funnel aperture and decreases
their potential for collimation.

Eggum, Corranti and Katz (1985) performed a numerical simulation of the coupled dynam-
ics of the accretion disc and the jet and found the mass efflux rate to be below that occurring
in §S433. Katz (1987) has proposed that this discrepancy may be explained by an instability in
the balance between photoionization and radiative recombination inherent in flows subject to
radiation pressure. If these instabilities grow then clumping factors up to 108 may form. These
density enhancements would then be sufficient to reconcile the low mass efflux rates predicted

by supercritical accretion disc models with the strong intensity of the moving line emissions.

§1.6.5 Alternative Theories

As an alternative to the kinematic model Kundt (1985, 1987) has proposed that the moving
emission lines are emitted near the inner edge of an accretion disc at a distance of 107 cm from
the centre of a 1.4 My neutron star. The spin of the neutron star is inclined at 53° to the orbital
plane and forces the inner edge of the accretion disc into its rotational plane via its corotating
magnetosphere. The moving emission lines are then emitted in the approximate region of the
two intersections of the inner accretion disc with the outer one. The torque between the neutron
star and the accretion disc forces the neutron star to precess. Within this model the kinematic
model parameters are: i = 67°, § = 53° and 8 > 0.9999. The distance to SS433 becomes
3+ 0.5kpec.

Fabian et al. (1986) have proposed a phenomenological triple star scenario for $5433 as
an alternative to the conventional binary model. They suggested that SS433 consists of a short
period binary (~ 1.5days) orbiting a massive OB star. The close binary then precesses in a
manner similar to the Earth-Moon system. Mass transfer takes place either within or on this
close binary leading to the formation of jets. Eclipses within the close binary system should
produce a 1.5 day photometric modulation which to date has not been observed.

Manka and Bednarek (1992) have suggested a string theory interpretation of SS433 in which
a captured, precessing ellipsoidal loop of a superconducting cosmic string both modulates the
speed of the jets and collimates them.

A novel alternative to radiative acceleration has been proposed by Harrison (1990). The
jets originate in some way at the surface of a neutron star where the protons have a kinetic
energy equal to the pion mass (139.57 MeV/c?). Harrison (1990) assumes the typical escape
energy for a proton from a neutron star to be equal to the muon mass (105.66 MeV/c?). Con-
sequently, far from the neutron star the protons have an energy equal to the pion-muon mass
difference which fortuitously corresponds to a proton moving with speed 0.262c. The pion rich

condensates necessary for this process may be formed deep in the interior of the neutron star
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as a result of rapid oscillations induced by some thermodynamic instability perhaps at a par-
ticularly evolutionary stage. These condensates then rise to the surface of the neutron star,
expanding rapidly as they do so, following the path of least resistance along the rotation axis
of the neutron star and emerge from the surface as hypersonic jets. This scenario is similar to

terrestrial volcano theory where hot magma replaces the pion rich condensates.

$1.7 The Evolutionary Track

In common with the massive X-ray binaries, the SS433 system is composed of an early-type
star plus a compact object. The main discriminating factor appears to be the accretion rate:
in SS433 this is ~ 10~ — 1073 M /yr whilst in X-ray binaries the rate is typically less than
~ 1078 Mg /yr and corresponds to the Eddington limit. The possible progenitor for $S433
may have been a massive X-ray binary (van den Heuvel, 1981) with a period between that of
Vela X-1 (8.96 days) and 4U1223-62 (34.5 days). The possible sequence of evolutionary phases
has been discussed by van den Heuvel (1981) and is illustrated in Fig. 1.8. Beginning from
an unevolved system consisting of a 20M star and an 8M star (phase a) the anticipated
evolution is as follows:

The more massive component evolves faster and begins to fill its Roche lobe and transfer
matter onto the less massive component (phase b). After completion of the first phase of mass
transfer the system is a Wolf-Rayet binary and consists of a WR star and a massive OB star
(phase c). After a further period of about 5 x 10°yr, the WR star explodes as a supernova
to become a compact object. Due to the asymmetry of the supernova explosion the compact
star receives a randomly oriented ‘kick’ velocity. The impact of the SN shell on the OB star
causes a disruption but does not destroy the entire system which becomes a run-away star. The
run-away velocities of the remaining components are of similar magnitude and are less than the
initial orbital velocity of the OB star and independent of the kick velocity (De Cuyper, 1981).
If the compact object formed in the SN explosion is a pulsar, an active period of ~ 10* yr may
begin (phase d) as is observed in the Crab pulsar. Once this activity has ceased the system
will probably lie dormant for about ~ 108 yr until the OB star has evolved into a supergiant
and begins to oveflow its Roche-lobe or emit a strong stellar wind. The compact companion
now becomes an X-ray source (phase f) which is eventually quenched when the accretion occurs
on the thermal timescale of the supergiant over a period of about 3 — 10 x 10*yr . These
stages constitute the standard evolutionary scenario for an X-ray binary. The accretion rate
is now 10~% — 1072 M, /yr and far in excess of the critical accretion rate of ~ 1078 Mg /yr.
This accreted matter is expelled from the system by the super-Eddington luminosity from the
compact star in directions perpendicular to the accretion disc which may grow to fill its Roche
lobe (phase g). The matter ejected in the beams will carry angular momentum from the system
causing the orbital period to decrease which, after ~ 10* yrs, will lead to the formation of a

very close binary system comprised of the evolved core of the massive star and the compact
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from SS433 are recombination lines produced by a thermal plasma moving at 0.26c whilst the
emission from extragalactic jets is largely nonthermal synchrotron radiation from relativistic
electrons. An additional dissimilarity, noted briefly in §1.3.2, is the region in which the jets are
collimated and directed: in SS433 this seems to occur close to the jet source whilst in AGN
the same function is believed to be performed by the outer regions of a geometrically thick
accretion disc. The best evidence for any analogy between SS433 and extragalactic jets would
be the observation of jet velocities of 0.26¢; jet velocities in AGN are highly relativistic and to
date, none have been found with velocities comparable to those in SS433. It seems that $5433
may not simply represent a scaled down version of an AGN though the case is by no means
closed.

It is reasonable to conclude that, since SS433 is so distant, the galactic density of such
objects is very low and that only a few may exist in our Galaxy. It is not inconceivable that all
‘but one of these is obscured leaving SS433 as the only observable representative of its class in
the entire Galaxy.

To date, none of the galactic objects proposed as belonging to the same class as SS433 such
as the binary system Circ X-1 (Bradt and McClintock, 1983) and the bipolar nebula surrounding
HD 44179 (Webster, 1979) have displayed the spectra necessary to warrant membership. If the
high absolute magnitude estimated for SS433 (see §1.4.1) is a generic feature then it should
be possible to observe analogous objects in the Magellanic Clouds. If present in M31, such an
object would be within the spectroscopic range of large telescopes. In either case the outstanding

problem is knowing exactly where to look.
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Chapter 2

Theoretical Prelude

§2.1 Introduction

The theoretical framework for the physical mechanism of radiative acceleration is formed, prin-
cipally, by the disciplines of special relativity and radiative transfer. In Part I of this two part
chapter I will clarify some common terms and definitions encountered in special relativity and
radiative transfer. This is followed by the introduction of a couple of useful Lorentz invariants
(i.e. quantities which are the same in all Lorentz frames) and some transformations that are of
importance in Part I as well as a discussion of the physical phenomena of Doppler shift and
aberration. As will become evident in later chapters, these phenomena play a crucial role in
governing the speed of the jet. Part II begins with comment on the advantages that fragmented
jets have over their continuous counterparts and with speculation on the means of formation
of such fragmented jets. Building from the theoretical foundations laid in Part I, I conclude
Part II with a derivation of the general vector equation of motion for a spherical jet fragment
moving in the time independent radiation field of a blackbody emitter.

For a more complete analysis of the topics discussed in Part I the reader should consult:
for special relativity e.g. Rindler (1982) and for radiative transfer and special relativity e.g.
Mihalas and Mihalas (1984) and Rybicki and Lightman (1979) and for radiative transfer e.g.
Swihart (1981) and Shu (1991).

Part I

§2.2 Special Relativity

The theory of special relativity is based on two fundamental principles, both postulated by
Einstein. The first is the relativity principle which states that all inertial frames are totally
equivalent for performing all physical experiments with the implication that all the laws of
physics must have an invariant form. The second principle, commonly referred to as the uni-
versality of the speed of light, states that the speed of light is the same in any inertial frame
regardless of the motion of the source. The latter postulate is incompatible with the Galilean
transformation in which space and time are separate entities. Compatability is retained by the
coupling of space and time into one entity known as spacetime and by the introduction of the

Lorentz transformation.



§2.2.1 The Lorentz Transformation

Consider two inertial frames /S and £S’ each containing a cartesian coordinate lattice. Suppose
that £S’ is moving with uniform velocity v in the z-direction of ZS with both frames having co-
incided at ¢ =t/ = 0; the standard frame configuration. Invoking both postulates and imposing
the constraint that any transformations be linear yields the standard Lorentz transformation

equations
=z . Y=y , Z=y(-vt) , t':’y(t———) (2.1a,b,c,d)
where the Lorentz factor v is given by

1(v) = ——— . (2.2)

Suppose now that £S5’ moves with a velocity v in an arbitrary direction relative to £S with
both sets of cartesian axes aligned and having coincided at ¢t = 0 = t’. A similar but more

complex argument to that outlined above gives the general Lorentz transformation

t'=7(t‘gc'z£) : £'=£+{[7—1]%-}'2—£—7t}y (2.3, b)

which can be expressed in matrix block form as

(£)= (S0 o) () =5()

where 8 = v/c, 38 is a 3 x 3 dyadic, I is the 3 x 3 identity matrix and the Lorentz factor now

=)

has the form

7(2) _—— (25)

—
1
=
=

The 4 x 4 matrix A in Eq. (2.4) above is referred to as the general boost matrix.

§2.2.2 Four-Vectors and Relativistic Kinematics

The laws of physics when expressed as tensor equations containing four-vectors and four-tensors
are covariant under Lorentz transformation. Therefore, expressed in this form, they satisfy the
principle of relativity. Consequently, relativistic generalisations of standard non-relativistic
expressions can be derived by re-expressing them in four-tensor form.
Let X* be the contravariant four-vector generalisation of the position vector z represented
by
X = (X% z) (2.6)
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where the time-component X° is equal to ct and the conventional three-vector z consists of
the three components (X!, X2, X3). The norm of the differential of this four-vector defines the

invariant interval ds®
ds? = dX*dX, = ?dt®* —dz - dz (2.7)

which is null for all photon paths.

The proper time interval dr, for a moving particle, is identical to the time interval dt
measured by a clock attached to the particle for which, obviously, dz = 0 and ds? = c¢2dr2.
Equating this invariant interval with that of Eq. (2.7), dividing through by c2dt? and taking
the positive square root gives the useful relation

dr 1 98
dt  y(v) (28)
Since the proper time is a world scalar and X* is a contravariant four-vector, the quantity
dX*#/dr is also a contravariant four-vector and, as stated earlier, must satisfy the principle of

relativity. The appropriate expression for four-velocity is then

dx#

VH# =
dr

= f;(ct,z) =7(v) %(Ct,z) =71(2) (c,v) (2.9)

where use has been made of the relation given by Eq. (2.8). It is trivial to show from Eq. (2.9)

that the four-velocity has a constant magnitude given by
VAV, =c2. (2.10)

Continuing in a logical manner it is apparent that the appropriate definition for four-acceleration

1s

dv# d
b= — —_
At = —— =1(2) 3; {1() (e )} (2.11)
whilst that for four-momentum is
Pt =moV* = y(v) mo (c,v) = m(c,v) = (mc, p) (2.12)

where m, is the particle rest mass and m = ym, is the relativistic mass. The appropriate form
for the four-force is
dp#

d
F”E?=E(movu). (213)
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For a particle of constant rest mass m,, Eq. (2.13) can be written as

F#¥ =m,

= moA” . (2.14)

Differentiation of Eq. (2.10) with respect to proper time gives

d(V,VH) o dve
=2V =0 (2.15)

which with Eq. (2.14) gives the useful relation

V,F*=0. (2.16)

Equation (2.16) shows that the four-force for a particle of constant rest mass is orthogonal to

the four-velocity in space-time. If the four-force vector is given by

F# = (F° F) (2.17)

then Egs. (2.9) and (2.16) imply that for a particle of constant rest mass

F-
Fo==_2 (2.18)
c
If the three-vector part of the four-force is now expressed as
E=9(@)f (2.19)

where f is the conventional three-force, then it follows from Egs. (2.17) and (2.18) that the

four-force has the form
=) (B2g). (220)
Last is the null photon-propagation four-vector K# which is defined as
K¥ = (k, k) (2.21)

where the magnitude of the three-wave vector |k| = 27v/c. I shall define the raypath vector k

as being a unit three-vector in the direction of photon propagation such that

(2.22)
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§2.3 Elementary Radiative Transfer

§2.3.1 Specific Intensity

In general, a radiation field is a function of both position and time and at some given position

has a distribution in both angle and frequency. The specific intensity I, (z, &, t) of radiation at
position z and at time ¢ travelling in direction E with frequency v is a quantity which describes
the radiation field and is defined such that the amount of energy transported by the radiation

in the frequency range v to v + dv across an area element dA with unit normal 7 in the time

interval dt into the solid angle d§2 around k is
dE, = I,(z,k, 1)k -2dAdQdv dt . (2.23)

In vacuo, the monochromatic specific intensity I, is a conserved along any raypath and has the

SI units [I,] = Jm~2s~1Hz " !steradian™?.

§2.3.2 Angular Moments of the Specific Intensity

(a) Energy Density
Consider a cylinder of length cdt and end area dA within a radiation field of energy density per

unit solid angle per unit frequency U,(€2). The energy within this cylinder will be
dE, =U,(Q)cdtdAdvdQ . (2.24)

All of the energy within this cylinder will exit in a time d¢. Therefore
dE, = I,dtdAdvdQ. (2.25)

Equating Eqs. (2.24) and (2.25) gives

U, (@) = % (2.26)

which, when integrated over all solid angles, gives the monochromatic energy density

u, = / U,(Q)da = 1 / 1,dQ . (2.27)

C

The mean monochromatic specific intensity is given by

1
Jy= £ /I,, e (2.28)

Therefore,

4rJ,
= ”c . (2.29)

Uy
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(b) Energy Fluz

The monochromatic energy flux in the direction k is
F, = / I, kdQ (2.30)
and the energy flux in the direction E is
(e 0]
F= / F,dv. (231)
0
The monochromatic energy flux normal to a surface element dA with unit normal # is

F, = -L,:/L,E-ﬁdﬂ:/l,, cos0d§2, (2.32)

I3

where @ is the angle between k and #, and the energy flux normal to the surface is

[oe]
f:/ F,dv. (2.33)
0

(¢) Momentum Fluz

Since the momentum of a photon of energy E' is E/c, the momentum flux across a surface with

unit normal # in the direction k and in the frequency range v to v+ dv is

F, -
p, ="k (2.34)
The monochromatic momentum flux normal to the surface is
. 1 2
pr=p, 0= I, cos® 6 dQ2 (2.35)
and the momentum flux normal to the surface is
o0
p= / podv. (2.36)
o

In general, different components of a stress tensor denote the rate of momentum transfer across

surfaces with specific orientations. In dyadic notation the above result can be expressed as
1 PN
p=- I, kkdQdv (2.37)
c

where p is the radiation stress tensor.
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§2.3.3 The Equation of Radiative Transfer

The transport of radiation through matter is described by the equation of radiative transfer

which can be expressed in the form

%a;t" +k-VI, = %rpju — prS¥ I, — prye L, + pre / ook, k) I (E) d (2.38)
where p is the mass density, j, is the emissivity per unit mass, k3%* is the total absorption
opacity, k;°® is the total scattering opacity and ¢, (E, E) is the probability of a photon within
the solid angle d¥’ about E being scattered into the solid angle dQ about k. The sum of
each of the positive terms on the right hand side of Eq. (2.38) denotes the increase in the
specific intensity per unit length along the raypath whilst the sum of each of the negative terms

denotes the decrease in the specific intensity per unit length along the raypath. The scattering

probability satisfies normalisation and reversability constraints such that

/ ook, ) de = / ou(h,k)da=1. (2.39)

The emissivity j, consists of two distinct components; one resulting from spontaneous
emission and the other from induced emission. In the rest frame of the gas, the spontaneous
emission component is usually isotropic whilst the induced emission component exhibits the
same directional dependence as the specific intensity. For this reason the contribution from the -
induced emission component is conventionally absorbed into the —px3%* I, term. The resulting

k3% is termed the ‘true absorption corrected for stimulated emission’. The quantity
K, = K30 4 k39 (2.40)

is called the total opacity (corrected for stimulated emission) or just the opacity. If the light
travel time across an object is much less than any of its évolutionary timescales, the time

dependence in the equation of radiative transfer (Eq. 2.38) can be dropped leaving

k-VI,+pr, 1, :p(4i7rj,,+n;’,°“<l>,,) (2.41)

where @, is the specific intensity weighted by the angular phase function for scattering and is

given by

8, (k,z) = / (b, K I, (K, z)de . (2.42)

For isotropic scattering ¢ = 1/4w and ®,, by Eq. (2.28), then equals the mean intensity J,.

Defining the source function by

I. 1 v sca
Su(kz) = — (4R °) (2.43)
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and denoting some path-length along the raypath by s such that k -V = d/ds, permits
Eqn. (2.41) to be expressed as
dr,

— +pk, 1, = pK,S, . (2.44)
ds

Further simplification of Eq. (2.44) is possible by the introduction of a variable called the optical
depth defined by

Ty —=-/ PRy ds (245)

where s, is arbitrary and simply corresponds to the point at which the optical depth is zero. A

medium is termed optically thick when 7, > 1 and optically thin when 7, < 1.

§2.3.4 Thermal Radiation

Any radiation field that is in thermodynamic equilibrium and that can be characterised by
a unique distribution function that depends solely on the absolute temperature is a thermal
radiation field. A good approximation to such a state occurs in the deep interior of stars or
dense accretion discs where |[VT|/psT <« 1 and the radiation is in equilibrium with the matter
at a very uniform temperature. Thermal radiation is described by the Planck function which

can be derived by invoking Bose-Einstein quantum statistics. It takes the form

2h3/c?

B.(T) = exp(hv/kT) -1

(2.46)

and is the isotropic specific intensity of a system in thermal equilibrium. Such radiation is
usually referred to as blackbody radiation and is emitted by a blackbody or perfect radiator.

The integrated Planck function is defined by

2rtkt ,  ac T

- — IR o el 2.47
B(T) /B"(T) dv 15¢2h3 4r (247)
where a is the radiation constant and is given by
8rokt
= — 2.48
* = 15c3k3 (2.48)
This is related to the Stefan-Boltzmann constant ¢ through
ac
== 2.49
o=2 (2.49)

and thus, since the surface energy flux, F, of a sphere of uniform brightness B is simply 7B,

F = (7'T4 (250)

which is the Stefan-Boltzmann law.
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A two-component gas is in strict thermodynamic equilibrium when both components of
the gas are in statistical equilibrium. This occurs when the distribution of photons is given
by the Planck function whilst the distribution in the energy of the matter particles is given by
Maxwell-Boltzmann statistics. If the photon distribution function differs from that given by
the Planck function but the material particle distribution is still given by Maxwell-Boltzmann
statistics then the (matter component of the) gas is in local thermodynamic equilibrium. In

this case the emissivity has a thermal value which is given by Kirchhoff’s law

ju» = 472 B, (T) . (2.51)

§2.3.5 The Eddington Approximation and Limb Darkening

Integral to the above approximation are the assumptions that the radiator geometry is planar,
that radiation traversing the radiator is scattered isotropically and that the opacity of the
radiator’s atmosphere is gray, or independent of frequency. In the deep layers of the atmosphere
far from the boundary at which r = 0, the specific intensity becomes very nearly isotropic. The
Eddington approximation consists of the further assumption that this holds for all depths

leading to the following identification for the radiation pressure

4nJ

3¢

P -;—u = (2.52)

where J is the mean frequency integrated specific intensity; the mean monochromatic specific
intensity is given by Eqs. (2.28) and (2.29). By solving the equation of radiative transfer for
a static, gray atmosphere in radiative equilibrium it can readily be shown that the emergent,

frequency integrated specific intensity is
3
Ipr=0)= =F(p+7) (2:53)

Identification of the integration constant can be made by noting that the emergent, surface

energy flux is given by
1
F= 27r/ wl(p,0)du (2.54)
0

which with Eq. (2.53) leads to the deduction that 7, = 2/3. Hence the emergent specific

intensity is

11,0 = 10,0 (4 3) (2.55)
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The above equation gives the limb darkening in the Eddington approximation; the emergent
specific intensity at the limb (4 = 0) is 2/5 the value of the emergent specific intensity at the

centre (u = 1). The gas temperature varies with optical depth according to

3 2

Thus, the gas temperature and the effective temperature are identical at a continuum optical

depth of 2/3 whilst at the surface T(0) = 0.8409 T¢y;.

§2.4 Transformations, Invariants and Phenomena

§2.4.1 The Phase Space Density Function

Consider an arbitrary radiation field and some infinitesimal volume element d3z = dz dydz at
position z within the field. The average number of photons dN with wave vector k that are

within the volume element d3z at time ¢ is
dN = f(z,k,t)d%z %k (2.57)

where f(z, k,t) is the phase space density function or the distribution function. It can be proven
that the phase space volume d3z d3k is a Lorentz invariant. Since dN is a countable quantity

and, therefore, also a Lorentz invariant it can be deduced that

f(z,k,t) = Lorentz invariant . (2.58)

The energy in the volume element attributable to the photons in the solid angle dQ around &

with a wave vector of magnitude between k and k + dk where k = 27v/c is

27y - (27r1/

2
dE, = hw f(z,k,1) k* ddk &z = hw f(z, ==k, 1) ) 40 dvddz (2.59)
Cc

c

§2.4.2 The Lorentz Invariant I, /3

Comparing Eqs. (2.24) and (2.59) for identical volume elements (d3z = cdtdA) it can be seen
that the phase space density function f(z, k,t) is proportional to U, /v3. Utilising Eq. (2.26),
which relates the monochromatic energy density per unit solid angle to the specific intensity,
and the Lorentz invariance of the phase space density function (Eq. 2.58) then gives the required

result that

I—'; = Lorentz invariant . (2.60)
v
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§2.4.3 Transformation of a Raypath Vector

Let the photon-propagation four-vector in £S’, by analogy with Eq. (2.21), be given by K’ =
(k',k'). Then using the general boost matrix A given in Eq. (2.4) it is simple to show that

-k
k=vyk-8-k) k’:—7g+&+[7—1]%_. (2.61a,b)

From the definition of the raypath vector given by Eq. (2.22) it is then obvious that the raypath

vector transforms according to

/

b+ [o-n5E -] 8

k = - (2.62)
Yy(1-8 k)
§2.4.4 Doppler Shift
Recalling that k = 27v/c and using Eq. (2.22), Eq. (2.61a) can be re-expressed as
V=y(1-8-k)v (2.63)

which describes the physical phenomenon known as Doppler shift: If in the standard frame
configuration, a source at rest in ZS at an inclination # to the z-axis emits radiation at a
frequency v then the same source observed in /S’ will have a lower frequency v’ given by
v' = v (1l - fBcos@)v. If this source is located on the z-axis such that § = 0 and the primed
observer moves towards/recedes from the source with speed ¢ then the observed frequency

will be higher/lower by a factor \/i?% / \/gg . The transverse Doppler effect occurs when
the source location is perpendicular to the direction of motion. In this case § = n/2 and the
frequency of the radiation observed in the primed frame is, by Eq. (2.63), higher by a factor v
than that observed in ZS.

§2.4.5 Aberration

Let the source be located at the origin of a standard spherical coordinate system. In the standard
frame configuration one can, without loss of generality set ¢ = 0, such that the raypath vector
k = (sin#,0,cosf). Substituting this expression into Eq. (2.62), setting E = (sin#’,0, cos ')

and equating each component gives

sin 8 cosf - (3

s SRV p_ BT TP )
sin 6 = = feos?) cos @ T~ Feost (2.64a,b)

which upon further manipulation yield the aberration formula
tand = — S0 (2.65)

v(cosf —B3)
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Equation (2.65) is worthy of some discussion. In the limit 8 — 1

tang’ — —% cot (g) (2.66)

indicating that in the (standard configuration) primed frame the photons are incident in a
narrow cone in the direction of the negative 2’-axis. Consider radiation emitted in the plane
8 = n/2. Clearly, in the highly relativistic limit the perceived angle that this radiation makes
with the z’-axis when observed from the primed frame, by Eq. (2.66), approximates to the very
small angle m — 1/v; the radiation appears to come from in front of the observer. If a source
emits isotropically in ZS then half of all the photons will be emitted into the hemisphere with
6 < /2 and the rest into the hemisphere with 8§ > 7 /2. Consequently half of all the photons
incident in £S’ will have 8 > 7 — 1/v whilst very few will be incident with ¢ <« 7« — 1/4.
This effect is known as relativistic beaming and along with the phenomenon of Doppler shift
has important consequences, as will become clear later, for the relativistic motion of particles

within a radiation field.

§2.4.6 Transformation of an Element of Solid Angle

In the co-moving frame /S’ an element of solid angle has the form
dQ' =sin6’' d¢' d¢' = —du' d¢’ (2.67)

where 6’ and ¢’ are the standard spherical polar coordinates and p’ = cos@’. In the standard

frame configuration, cos @’ transforms according to Eq. (2.645) which upon differentiation gives
g g g

du vy?
dp = ———"——=1(=) d .

A -5 (V’> g (2.68)

where the last equality has been deduced using the Doppler shift formula, Eq. (2.63). It is clear
from Egs. (2.1a, b) that in the standard frame configuration the azimuthal angle ¢’ is invariant
under Lorentz transformation and that therefore d¢’ = d¢. It is then evident from Eq. (2.68)

that in the standard frame configuration

v?dp dé = Lorentz invariant . (2.69)

Equation (2.69) must also be true for a general Lorentz boost. Therefore, by Egs. (2.63), (2.67)

and (2.69), an element of solid angle transforms according to

dQ

abTry R (2.70)

daQ’
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§2.4.7 Transformation of a Three-Force

Assume for the interim, by analogy with Eq. (2.17), that the four-force vector F'# in £S' has
the form F'#* = (F'°, F'). Then from the inverse of the matrix A given in Eq. (2.4) and by
Eq. (2.20) it can easily be shown that the three-vector component of the four-force acting on a
body of constant rest mass transforms according to

/0 ' Jagy:
A comparison of the expression for F’# and Eq. (2.20) indicates that the four-force vector in
ZS' must, since » = 0 in this frame, have the form F'* = (O,f) and that therefore Eq. (2.71)

can be rewritten as

flo= '—g}+- 8 (2.72)

which is the required transformation equation for a three-force.

Part 11

§2.5 Fragmented Jets: Their Advantages and Formation

The temporal and spatial density structure of the jets in SS433 varies over several orders of
magnitude. Observational evidence for this conclusion, from both optical and radio observa-
tions, is unambiguous: The narrowness of the moving emission lines, which have a typical width
of ~ 1300 km/s (Vermeulen, 1989), indicates that the optical jets are fairly smooth on a length
scale of ~ 1013 cm, but are variable on length scales of 101 — 10!% cm, whilst VLBI radio obser-
vations (Vermeulen et al., 1987) clearly show that the jets are formed from a series of evolving
‘blobs’.

At present there exist no concrete theoretical reasons or conclusive observational evidence
to exclude the possibility that the jets are formed by the successive ejection of discrete gaseous
blobs from the vicinity of the compact object. Indeed, if the jet structure close to the jet
source is inferred from the observed jet structure of the optical and radio jets then it would
seem more probable that the jets are composed of gaseous blobs rather than from a continuous
stream of material. If such a fragmented jet were to be accelerated principally by hydrodynamic
processes, the inherent nature of which is to maintain a constant jet momentum density, the
expected jet velocity would certainly not be constant. Such an outcome would be incompatible
with observations which clearly show that the jet velocity in SS433 is constant to a very high
degree as if governed by external factors. Therefore, it would appear appropriate to investigate
the acceleration in a near constant external radiation field of such gaseous blobs or ‘bullets’

as their optical facsimiles have been termed. Such an investigation is the purpose of
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this thesis. However, before deriving the general equation of motion of such bullets, I will
discuss some of the inherent advantages that a discretely composed jet has over its continuous
counterparts and the possible sequence of events that may lead to the formation of discrete
parcels of material near the compact object. This latter topic is, by its very nature, largely
conjecture.

Continuous jets encounter severe difficulties when they impinge on density enhancements
within the medium through which they are propagating. Such interactions force the jet to
bend, though it is possible for the jets to bend through a limited angle only before a disruptive
shock forms across the jet (Icke, 1989). These shocks have a lower probability of forming in a
gaseous bullet and thus a jet formed from such entities is more likely to survive encountering
a density enhancement. For matter in a continuous jet to access the driving radiation field,
the optical depth along the jet axis to the region of interest must be less than of order unity.
Such optical depth problems do not arise in jets composed of gaseous bullets where the driving
surface of the bullet, the rear surface, is easily identifiable. Of course such bullets also have a
front surface which presumably could lead to a rapid deceleration of the bullet on impact with
the ambient medium that may exist within the funnel. This problem can be resolved if the
bullets are embedded in a comoving stream of diffuse gas as would appear to be the case in
S$S5433.

As regards the production of the bullets, consider first the case where the accreting object
is a spinning neutron star. If the pulsar is not totally buried and the magnetosphere reaches
as far out as the speed-of-light cylinder then the spin rate will decrease in the same manner as
an exposed pulsar (Davidson and McCray, 1980). Material from the outer regions of the disc
will spiral inwards as the angular momentum is conveyed outwards through viscous dissipation.
For such a cocoon-enclosed pulsar the accreted material aquires a constant angular momentum
per unit mass dependent on the neutron star spin rate (Davidson, Pacini and Salpeter, 1971)
leading to the formation of an eflective centrifugal-gravitational potential ® per unit mass. As
more matter is accreted and heats up the potential well fills up to ¢ = 0 producing an hour-
glass shaped central funnel. Accreted matter that has an abnormally low angular momentum or
high temperature may ‘evaporate’ from the inner walls of the funnel and enter the acceleration
region. The rate of in-fall will increase as the density of the material in the toroidal potential
well increases resulting eventually in the presence of a considerable amount of material within
the funnel. This matter will be confined by the pressure of the dense torus and will be driven
towards the symmetry axis of the configuration by the lateral component of the radiation force.
It will then be subject to the greatest outward driving force since the hottest part of the funnel
will be directly behind the bullet. As the gaseous bullet accelerates rapidly its leading surface
will experience a ram pressure as it impacts on the ambient medium within the funnel which,
in conjunction with the aberrated radiation pressure and the pressure provided by the funnel
walls, will confine the material as it accelerates to a locus centred on the moving bullet. If the

compact object is a black hole, then a similar centrifugal barrier to that discussed above for
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The differential momentum flux at P due to photons incident within a solid angle dQg about

ic_’ and in the frequency range v’ to v’ +dv’ is

dp, = B (T)dQ' 3 (2.73)

where B,/(T") is the specific intensity of the blackbody radiator as observed in the rest frame

of the bullet. Let the surface area element on the sphere at P be denoted

(2.74)

1

dA’ = r2dQ)p Al

where r’ is the radius of the sphere, dQp is the solid angle subtended by the area element P at

the centre of the sphere and #p is the outward normal at P. The differential force at P due to

photons incident within a solid angle dQ’Q about E and in the frequency range v’ to v/ +dv' is

Af, = —(dA -dp. )k =r 2By (T)dQ’ A (k' - 2p) ' . (2.75)

Using the Lorentz invariant B, /v (Eq. 2.60) and the Lorentz transformation v = y(1+k B)
(Eq. 2.63) where the Lorentz factor v = 1/1/1 — 2 (Eq. 2.5) this can be expressed as

( ) B”C(T) dQp d (k' _;,)E

k- o
P dQg 1— k. (2.76)

|??"> |:>

é)

Using the expression for the Doppler shift (Eq. 2.63) and that for the transformation of the
raypath vector (Eq. 2.62) it is possible to show that

dv (2.77)

dU’= ——r,— .
Y(1+k -p)

Integrating Eq. (2.76) over all frequencies v/, by Eqs. (2.47), (2.49) and (2.77), yields

2 pt *® 2 ] rlz / / E’ﬁl}’ * 2!
d°f = d f”,du = ——dQp dQg — B,(T)dvi k
4 0 = C 74 1+k é)‘i
12 . k’ -'ﬁ’ t
= -2k (K, §)) dp dp —=2P (2.78)
c T ¥ 1+.’£ é 4

where T'( k) is the temperature observed in the direction —k with the relationship between

k and & being given by Eq. (2.62). The three-force acting on the sphere, as measured in the
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The integration over Q’ is then most easily performed in the transformed basis (denoted

by a tilde) obtained by rotating the primed basis centred on the bullet such that the new z-axis,
Z, 1s aligned opposite to some direction of the incident radiation (Fig. 2.2). In this basis

Zc_l = —(0,0,1) and it = (sin  cos @, sin O sin @, cos 6) (2.81a,b)

and the integral over Q) reduces to

J

Hence on substituting Eq. (2.82) into Eq. (2.80) the three-force experienced by the sphere can

!

f25>

=

2x z
'pdQp = —/ dci)/2 cosfsinfdf = —r . (2.82)
0 0

U
P

be expressed as

Tk (£, B))k
= "_"Zé _(:_(:__Q%—_ aay (2.83)
me Y o o
e (1+k-p)

where D = wr'? is the cross-sectional area of the sphere. It now only remains to transform
Eq. (2.83) to the unprimed basis.
As detailed in Part I, (Eq. 2.62) a raypath vector E transforms according to

b+ - 058 -] 2
B ¥(1-B-k)

and the element of solid angle dQ2, (Eq. 2.70) transforms according to

o Qg
T ra-pebr

It is trivial to show from Eq. (2.62) that

~ 1
1+k f= — 2.84
thet 72 (1-8 k) (289

which, along with Egs. (2.62) and (2.70), when substituted into Eq. (2.83) yields

r=22y T4(-&>{&+[(v—l)ﬁﬂ—f—v]é}u—ébdﬂo- (285)

e o

The three-force, recalling Eq. (2.72), transforms according to

Ly gopl

H D%
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Hence, Eq. (2.89) can alternatively be written as

d d D 1 ~ - - .
px (8% E)+ E= e L r-b{E-20-g bglu-g baog Qo)

Tmec? v

where, in a cartesian coordinate basis the general velocity vector 8 (in units of the speed of

Bz
é = (ﬂy ) (2.93)
Bs

i sin @ cos ¢
k= sinfsing | . (2.94)

cos @

light) has the form

and the raypath vector kis given by

In the following chapters I will investigate solutions to this equation for various funnel
geometries and temperature profiles with particular emphasis on those with model parameters

applicable to SS433.
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Chapter 3

Motion Above an Infinite, Isothermal Radiator

§3.1 Introduction

To begin the analysis of solutions to the general vector equation of motion derived in chap-
ter 2 I will consider the simplest possible case: a bullet of constant radius moving above an
infinite isothermal planar or conical radiator in which gravitational effects are ignored. I shall
investigate axial motion above such a radiator and progress to general off-axis motion. The
correspondence of the radiator geometries is obvious: the infinite plane represents an idealised

thin accretion disc whilst the infinite cone represents an idealised thick accretion disc funnel.

§3.2 Axial Motion

§3.2.1 The Axial Equation of Motion

Let the radiator be orientated such that for the plane, the surface normal is aligned along the
z-axis of a cartesian coordinate basis, whilst for the cone, such that the axis of generation is

aligned along the z-axis. An axial velocity vector will then have the form

0
(1)
e

aad the vector equation of motion (Eq. 2.89) will be given by

ﬂ:x 2r 90
(ﬂy. ) _ b 1/0 / T4( = k(0,6)) X(8;6,6) (1 - f: cos0)sinfdodg  (3.2)
0

Tim C2 g
72 B, 0C™ Y
“here

. dg; . A sin 6 cos ¢
b= X(Bi0,8)=k-v(1-B-B)f=| sinfsing (3.3a,b)

dt - v2(cos 8 — 3;)

aid 4, corresponds to the angle of incidence which a photon emitted at infinity makes with the

prsitive z-axis. If the temperature profile of the radiator is azimuthally symmetric such that
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T(- k9, #)) = T(6) then the integral over ¢ in Eq. (3.2) is trivial and yields

éx oD 1 [%
= fut T*(0) ¥(B;0) (1 — B, cos §) sin § d8 3.4
(75%2) 7l.mocz.,/o (6) ¥(B;6) (1 — B, cos 8) sin (3.4)
where
2r 0
¥(B;0) = X(B:;6,4)d¢ = 0 . (3.5)
0 2my2%(cos 6 - 3,)

Equations (3.4) and (3.5) clearly demonstrate that if the motion of the bullet is initially axial
then it remains so for all later times, as would be expected from consideration of the symmetry
of the problem alone. If the radiator is assumed to be isothermal such that T(6) = T then

Eq. (3.4) further simplifies and, by Eq. (3.5), the axial equation of motion has the form

4 8o
20DT l / (cosg — ﬁz) (1 - ,Bz Ccos 0) sind d6 (3'6)
0

mec? ¥

ﬁ.z:

which, by means of the substitution g = cos 8, can be re-expressed as

. 0’ 4 1
B. = 2007 l/ (n = B:) (1= Bop)dp
“

mec? v
oDT* 1
moc? 3y

°

[~26:4° + 301+ B.2)u® — 6B.4] (3.7)

where p, = cosf, and the Lorentz factor y = 1/ m . The acceleration is thus dependent
on the bullet parameters, namely mass and radius, through the ratio D/m,, dependent on the
radiator geometry through the integral limit p, and, on account of the proportionality to T4,
is sensitive to the blackbody temperature of the driving radiation field. Equation (3.7) can

readily be made dimensionlesst yielding

- dg, 1
B, = E% = V1= B2 [=26.1° + 3(1+ B.°)u" — 68.4] (3.8)
where
tg =Wt and W = oDT*/moc? . (3.9a,d)

The parameter W obviously represents the ratio of the power intercepted by the bullet to its

rest mass energy and, on account of its proportionality to B, 4, Iust be large to ensure rapid

t A variable that has been made dimensionless is denoted by the subscript ‘d’.
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acceleration. Since the parameter D represents the cross-sectional area of the bullet, Eq. (3.9b)

can alternatively be expressed as

124 1274
onr'“T —oa T
W=— ~2x 107 —
C4 M, m,

(3.10)

It should be recalled from §2.6 that for an isothermal radiator, the derived equations of motion
are exact even if the size of the bullet is comparable to that of the cone. The only constraint
imposed on the bullet radius is therefore obvious: r/ must be such that the bullet fits within
the funnel. As remarked in §3.1, the bullet radius has been assumed constant and therefore, if

the bullet is initially at rest or approximately so such that » &~ r’, its radius must satisfy
r < z,sina (3.11)

where 2, is the starting height of the bullet centre above the apex and «a is the half-opening

angle of the conical radiator. Hence, by Eqs. (3.10) and (3.11),

T , .
W<2x1072—22%sin’a . (3.12)
m,
This is a general upper bound on the parameter W, the absolute upper bound occurring when
the bullet is optically thin. If the bullet is composed of fully ionized hydrogen and is optically
thin, the total cross-section that it presents to incident radiation is D = N.or where N, is the
total number of electrons within the bullet and o is the Thomson cross-section. The maximum
value of the parameter W is then given by
oot Me

Winax = T = W, ~ 2.5 x 10767 (3.13)
(me + myp)c? me + mp

where W, represents the parameter W for a single electron. A rough lower bound can be placed
on W by assuming that at formation the bullet number density is comparable to stellar central

densities; typically ne ~ 1032 m~3. For such a number density, the bullet radius is

r= [ 3 (_“11__> l} "~ 1.1 x 10~2m} (3.14)

T \m. +my ) n.

and consequently the approximate range for the parameter W is

4 4
2.4 x 10-28T—1 <W<2x 10-241:43 sina < 2.5 x 107271, (3.15)
mg m,

For SS433 in particular, physical constraints imposed on the bullets if they are to be
collisionally heated (Brown, Cassinelli and Collins, 1991) indicate that they subtend an angular
radius of ~ 0.01 radians at the central source and have a mass in the range 5 x 102° < m, <

10®! kg. VLBI observations (Vermeulen, 1989) have revealed that the blobs are produced,
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on average, every 2-5 days. Since the kinetic luminosity Lx g. = mv?/2 of the jets is 103% —
10%% erg/s, the bullets must have masses in the approximate range 6 x 102! < m, < 1023kg. The
line widths of the moving optical lines suggest that the jet opening angle is less than 0.1 radians
(Begelman et al., 1980) whilst the temperature at the base of the jets probably lies between
5x 108K and 8 x 108K (Brinkmann et al., 1991).

The neglect of gravitational effects is a justified approximation. Regardless of how the
Jjet acceleration works, the X-ray observations (§1.5.2) indicate that the emergent bullets are
already moving at the terminal speed of 0.26¢ within a distance of ~ 10'°m from the central
engine which necessitates that the driving radiation force must greatly exceed the force of
gravity. This does not, however, mean that gravity is negligible over the entire length of the
accretion funnel from the immediate vicinity of the compact object outwards. This can readily
be appreciated by comparing the resultant radiation force L_ad experienced by the bullet within
the funnel with the force of gravity igrau. By Eq. (3.8), with 8, = 0 and p, = —cos «, the

radiation force is approximately given by

2
fr0a =59x10°T8 (2—) s, (3.16)
where a_s is the constant angular radius of the bullet in units of 10~2 radians. If one ignores
any general relativistic effects and neglects the mass attributable to the accretion disc and

considers only that of the central compact object M, the gravitational force is given by

33 UWX/MG) Moy,
= —1. —nf s 2 17
Ly = =18 107 XTI o, (3.17)

where Ty = T/10® K and similarly m,,, = m,/10?! kg. For outward acceleration to be possible,

in the absence of any other forces, fraq > fyrav Or equivalently, by Egs. (3.16) and (3.17),

(A’[X/MG)) m°21]% .

1
Toos (3.18)

z/10km > 1.2 x 10* [

Thus, outward acceleration of the bullet is not possible for distances less than ~ 108 m from the
central engine which, although large, is small compared to the probable upper limit of ~ 10'®m
over which the acceleration takes place. Indeed, the derived bound of ~ 108 m will likely be
smaller in reality on account of the decrease in temperature of the funnel walls with increasing
distance from the compact object. In addition, for the system (disc) to be in equilibrium outside
the jets, the disc material must be supported against gravity by a combination of rotation and
a temperature near the surface of the compact object in excess of 108 K which will further
lower the limit on z in Eq. (3.18). This temperature constraint can be deduced by equating
the radiation pressure at the surface of the compact object to the pressure attributable to
gravitational attraction. If one neglects any contribution to the support of the disc by the

centripetal force and assumes that the accretion disc is spherical, has a radius much greater
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than that of the compact object, is of uniform density and is in hydrostatic equilibrium then,
by solving the hydrostatic equation of equilibrium it can be shown that the pressure at the

surface of the compact object P(Rx) is given by

3G M2, Mx Rad)]
N — 2 3.19
P(Rx) ~ G [1+2(Mad)( o (3.19)

where the subscripts ‘ad’ and ’ X’ refer to the accretion disc and the compact object respectively.
If this gravitational pressure is countered solely by radiation pressure then, in the limit where
Raq > Rx, the temperature at the surface of the compact object necessary to support the
thick disc is

Maa/10Mg)(Mx /Mg) :

(
Tg ~ 1.3
° RS, (Rx/10km)

(3.20)

Hence, on the basis of the comments above and by Eq. (3.15), the range of the parameter

W appropriate for SS433 is

4 T4 2 2
2.4 x 1032 < w <0.278%6%22 55 10572 (3.21)
miﬁ? - - Mo,

where, for the inner regions of the jet, Tg probably lies in the range 5 < Tz < 8. This is of
course a great over-simplification. In a more realistic representation of the acceleration funnel
the cone should be finite in size and have a surface temperature that decreases with increasing
distance from the apex. Such a model will be considered later in chapter 4.

The resultant radiation force £ .4 €xperienced by a stationary bullet located above an
infinite isothermal plane is directed along the normal to the plane and has magnitude

4
= Tp. o

If all relativistic effects are ignored then the radiation force experienced by the bullet for all
later times will be given by Eq. (3.22) and, for a bullet of constant rest mass, the time taken
to accelerate to a speed v will be simply

_ mecv 1

V=D (3.23)

Consequently, the parameter W can be regarded as denoting the time taken for the bullet to
accelerate from rest to the speed of light and as such represents a measure of the characteristic
timescale of the problem t, = 1/W. For an electron, by Eq. (3.13), t. ~ (3.8/T5)*s whilst for
a bullet of mass m, = 102! kg and number density n. = 1032m~3, by Egs. (3.10) and (3.14),

the characteristic timescale is t. ~ (4.5/Tg)*s. Note, however, that the assumptions adopted
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more forward direction of incidence, means that photons emitted from the extremities of the
radiator act dynamically to reduce the magnitude of the bullet’s velocity. Photons emitted
from the region directly below the bullet suffer negligible aberration and are therefore always
incident within some small solid angle about the z-axis. These photons will always drive a
bullet away from the planar surface and can therefore act to decelerate or accelerate the bullet
depending on the direction of its motion. From Fig. 3.4 it can be appreciated that, on account
of the Doppler shift of these photons, a bullet moving highly relativistically towards the plane
will be rapidly decelerated by photons emitted from directly below it whilst a bullet moving
highly relativistically away from the plane will be accelerated at a considerably reduced rate
by the same photons. It can be realised, therefore, that all photons emitted by the radiating
plane act to decelerate a bullet moving towards it whilst only those emitted from its extremities
decelerate a bullet moving at a super-terminal speed. This enhanced deceleration experienced
by bullets moving towards the plane and the tendency of photons emitted from the region of the
plane directly below the bullet always to drive the bullet from the plane regardless of whether
it has a super-terminal speed or not make it possible for a highly relativistic bullet directed
towards the plane to have a more rapid degree of terminal speed attainment than an identical
bullet moving with the same speed away from the plane. This tendency is manifest in Fig 3.1 by
the generally greater magnitude of the ‘negative’ deceleration region compared to the ‘positive’
deceleration region.

The zero end-points which occur at |[3,| = 1 in Fig. 3.1 are worthy of explanation. A
material particle can never attain |8, = 1 but in the limit |3,| — 1, [d8,/dt4| — 0 indicating
that a super-relativistic bullet suffers minimal deceleration. This does not mean that the
magnitude of the radiation force on the bullet also tends to zero; on the contrary, the magnitude
of the radiation force tends to infinity. The axial three-force experienced by a body of constant

rest mass m, moving at speed 3., by Eqgs. (2.11), (2.14), (2.19) and (2.87), is

dg
. =meye —= . 3.26
fo=moy e — (3.26)
Thus, by Eq. (3.24), the axial radiation force experienced by the bullet is
2 __ . 3
f, =mec sz_gﬁ.'*'_ (3.27)

3(1-52)

which, by the introduction of the dimensionless radiation force f,, = f,/mocW, can be re-
expressed as

_ 357 -88: +3

fra = —m— (3.28)

Clearly, therefore, f., — +oc as 3, — F1. The dimensionless radiaton force is, of course, zero

only at 8, = (.



63

As already mentioned, the principal driving force originates from photons emitted from
the region on the radiating plane directly below the bullet whilst the principal inhibiting force
originates from photons emitted infinitely far from the bullet. The differentiation between
driving and decelerative photons can be made more precise: In the comoving frame, all photons
incident with @ > x/2 decelerate the bullet whilst those incident with 8’ < x/2 drive the bullet.
By the aberration formula (Eq. 2.65) a photon incident at an angle ' = 7/2 in the comoving

frame is observed in the rest frame of the radiator to be incident at an angle §, where

6. = arccos 3, . (3.29)

Therefore, in the radiation source rest frame, all photons incident at an inclination 8 to the
positive z-axis in the range 0 < 8 < 8, (8. < p < 1) accelerate the bullet whilst all photons
incident in the range 6. < 6 < #/2 (0 < p < B,) decelerate the bullet. The individual
contribution made by both photon fluxes to the motion of the bullet can now be deduced. Let

the total acceleration of the bullet be given by

Bzd — [gacen _ jdecn (3.30)

24 24

where Bj,’:c” and ijc" are the contributions to the total dimensionless axial acceleration by the

accelerative and decelerative photon fluxes respectively. Then, by Eq. (3.8),
jeeen = ST B (34 8) (1 - 6. (3.31a)
and
hen = S VT- B (- BB (3310

The behaviour of B‘z’jc" and Bf:“‘ as a function of 3, are shown in Fig. 3.5. The solid angles

subtended by the two photon fluxes at the bullet in the radiation source rest frame are

arccos 3,
Qacen = 27r/ sinddf = 27 (1 - B.) (3.32a)
0
3
Qdeen = 271'/ sinf df = 27 3, (3.32b)
arccos 3,

Evidently, as the bullet accelerates from rest, §25..n decreases linearly with 3. whilst Qg.cn
increases from zero linearly with £, up to 27 8.
From the discussion above it is intuitively obvious that the terminal speed above an infinite

planar radiator with a temperature profile that decays from the centre outwards will be greater
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The kinetic energy of a bullet with (constant) rest mass m, and Lorentz factor v, in units of
the rest mass energy, is Exg, = 7 — 1. Hence, by Egs. (3.43a, b), the rate of kinetic energy loss

for a bullet moving within an isotropic radiation field is given by

bp, = 302D _ 84 ko) (3.49)
¢ dty 3 [1 = h(ta, 7))

An obvious application of Egs (3.43a,b), (3.44a,b) and (3.45) is to the motion of a bullet
through the microwave background, the spectrum of which can be fitted remarkably well by a
blackbody with a temperature of T = 2.735 & 0.06 K (Mather et al., 1990). In this context the
term ‘bullet’, rather than referring to a conglomeration of matter as it has previously, is most
applicable to a free particle such as an electron for which, by Eq. (3.13), tq ~ 2.6 x 10-21¢.
Consider now the contribution made to the total dimensionless acceleration by the accel-
erative and decelerative photon fluxes. As in the planar case, all photons incident in the range
0 <0 <6, (B, < p<1)accelerate the bullet and therefore ﬂ;’“" for an infinite, isothermal
cone is identical to that for an infinite, isothermal plane which is given by Eq. (3.31a). The
range of incidence angles for the decelerative photon flux in the conical case is 0, < 8 < 7 -

(—cosa < p < fB;) and thus, by Eq. (3.8),

qdecn 1
deen = -3 1 - B2(B. + cosa)? (B2 — 2B, cosa — 3) . (3.46)
The important point to note is that the contribution made by the driving photons is independent
of the cone semi-angle whilst the decelerative contribution increases as o decreases for a given
B,. The solid angle subtended by the driving photon flux at the bullet, as observed in the
radiation source rest frame, is also independent of a and is given by Eq. (3.32a) whilst the solid

angle subtended by the decelerative photon flux is

Qieen = 27r/"—0 sinfdf = 2#x(8; + cos ) . (3.47)
arccos f,

The behaviour of Qscen/Qrad and Qgecn/Qrad, Wwhere Qpaq = Qacen + Qdeen 1s the solid angle
subtended by the entire radiation field, as a function of « for a terminal speed bullet is shown in
Fig. 3.8. As the cone angle increases the proportion of the radiation field which contributes to
the acceleration increases whilst the proportion that contributes to the deceleration decreases.
This coincides with an increase in the terminal speed of the bullet.

Equation (3.36) can be linearised to reveal the behaviour of the bullet under small per-
turbations from the terminal speed. By Egs. (3.33) and (3.37a,}), such an analysis indicates
that

d 1 .
d_; =5 - B2)3sin® ae (3.48)
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which can be integrated to give

€(tq) = eexp {— [ﬁl(l - ﬂgo)% sin? a] td} . (3.49)

A plot of the dimensionless e-folding time for reversion back to the terminal speed as a function
of « in the range 1° < o < 90° is shown in Fig. 3.9. For small opening angles, by Egs. (3.41)
and (3.49),

€(tq) = eexp {—I—:td} . (3.50)

Thus, for narrow funnels, the dimensionless e-folding time is independent of the semi-opening

angle of the cone and is equal to 3/16.

§3.3 Non-Axial Motion

£3.3.1 The Off-Axis Equation of Motion

Let the radiator be oriented as in §3.2.1 and let the bullet move with a general velocity above
the radiator. The general velocity vector is given by Eq. (2.93) and, by Eqs. (2.92) and (2.94),

the general equation of motion of the bullet will have the form

g\ d 2 o, X
3 x (gx d—l;j) + ¥ :Ll?_i/ / T*( = k(8,)) X(5: 0, 6) C(8: 6, 6) sin 6.6 do
0 0

dt  mmec? 73

(3.51)
where
((8;0,)=1-f -k =1~pB,sin6cos¢ — Bysinfsing — B, cos b (3.52)
and
) sinf cos ¢ — v2¢(B; 6, 0)B:
X(B;0,) = k —v%¢(8;6,4)8 = (sinﬂsin ¢ —7°C(8:6,9)8, ) (3.53)
cos — v2((B; 0, 4)B.

If the temperature profile of the radiator is azimuthally symmetric such that T(, ¢) = T'(6),

the integration over ¢ can be readily performed. Making use of the results

/ch(é; 0,¢)d¢ = m {2 — 45, cos 0 + (B2 + B2)sin” 6 + 287 cos” 0} = m&(;0) (3.54a)
0

27
/ ¢(8:6,¢)d¢ = 27(1 — B, cosb) (3.54b)
0

> fcos ¢ ) _ Bz | .
/0 {sintﬁ}c(g’o’(ﬁ) d¢ = —w{ﬂy}sm@ , (3.54¢)
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integration of Eq. (3.51) over ¢ yields

Bz sin® 6 + v2£(8;6) Bx
d 2
B x (ﬂ x _Q) n %g = "D2i3 “T4(6) ( B, sin? 6 + 12€(B: 9) B, ) sin 6 df
Mo 7" Jo —2(1 — B, cos 6) cos 6 + v*£(B;6) B. )
55

where £(3; 0) is defined by Eq. (3.54a). By invoking the vector identity given by Eq. (2.91), mul-
tiplying the z and y components by 3, and S, respectively and adding the resulting equations

it is trivial to show that

8- B +ﬂ2) + %(ﬂ,z'i, +Byly) =

L i 7’4(0){(ﬂ2+ﬂ2)s1n 0+ v2E(B;0)(B2 + B2)} sinf df . (3.56)

mec? 73

If the component g3, is now defined by
= /B +8  then  f =Dl By (3.57a, b)
P+

and, if 82 + 82 # 0 as indeed they must for off-axis motion, Eq. (3.55) can be rewritten as
y

- 1. oD 1 ﬂ,sin29+72£(é;0)ﬂr ) .
B-B)B+=z=—-"—3 i T4(0)(—2(1—,@,cos&)cost9+72£(g;0),3, sinddd (3.58)

where the general velocity vector 8 has the form

_ (B ‘
B= (ﬂ> . (3.59)

The B, term now denotes the velocity component perpendicular to the z-axis whilst the 3, term
retains its original meaning. This simplification of Eq. (3.55) reflects not only the azimuthal
symmetry of the temperature profile of the radiator but also its infinite extent. For motion
above such a radiator there are only two orthogonal velocity components and any motion must
therefore be confined to a plane. The plane of the motion is determined by both the initial
velocity of the bullet and by its initial position. If the radiator is isothermal such that T'(f) =

then, by means of the substitution g = cos 8, Eq. (3.58) further simplifies to

. 1. 1 ! ﬂr(l—ﬂz)"r'yz&(ﬁ;“)ﬂr )d 3.60
(8-B)B+ =84 = _F/uo (—2(1—ﬁzu)#+72€(£;ﬂ)ﬁz # (3:60)

where

EB, )= (262 — B2 u* — 4B+ 7 +2 (3.61)
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§3.3.3 The Cone

As in §3.2.3, po = —cosa and Egs. (3.63a, b) therefore simplify to

Br, = :—t\/l — B2 — g2 {3sin’af, + (cos® a ~ Ycoso — 8)} B, (3.72a)
1— 32 — B2 {3sin® aff? — 2(cos® a + 3cos o + 4)B, + 3sin’a} . (3.72b)

As indicated earlier, the motion of the bullet is confined to the plane which is determined by
both its initial velocity and its starting position. Without resorting to a numerical integration
of the equations of motion it is possible to deduce that any bullet which is released with a non-
axial velocity component will eventually have an axial trajectory which need not necessarily
coincide with the symmetry axis of the radiator but will be coplanar with it. This follows
from the fact that ﬂrd = 0 only for 8, = 0 and Brd < 0 for all 8,. Thus, for example, the
radial velocity component of a bullet released with a non-zero radial velocity component on the
symmetry axis of the cone will decrease in magnitude and tend towards zero. The bullet will
then have a near axial trajectory which will not coincide with the symmetry axis of the cone.
This behaviour is particular to the infinite geometry of the radiator and can best be appreciated
by considering the radiation void as viewed by an observer at rest with respect to the radiation
source and located instantaneously at the centre of the bullet (assuming for the interim that
the bullet is transparent to the incident radiation). This observer, regardless of position within
the radiation field, will perceive the radiation void (since it is infinitely distant) to be circular
and to subtend a solid angle constant in time at their location. These observations will be
identical to those made on the true axis of symmetry of the radiator. Consequently, once the
radial component has been damped to near zero, the bullet trajectory will lie along one of the
infinite number of these axial vectors only one of which passes through the apex of the cone
and truly describes the symmetry axis of the cone.

In the above it is implicitly assumed that the initial conditions are such that the bullet does
not collide with the funnel walls. This need not be the case and obviously if such a collision
does take place then the ejection of the bullet will be impeded and perhaps prevented. Equa-
tions (3.72a,b) plus the simplistic constraints outlined below provide a means of determining
the initial conditions for which ejection is possible: Let the bullet be released at time t4 = 0
on the true axis of symmetry of the cone at a height zq, above the apex with a velocity éo at
an inclination fg, to the z-axis. Suppose that after some time interval ¢4 the bullet centre is
located at a height z;, above the apex and at a radial distance r;, from the true symmetry axis
and is moving with a velocity 8 at an inclination g to the z-axis. Assume that if any contact
between the bullet centre and the funnel wall is fuller than a grazing contact then the bullet is

captured. For a cone of semi-angle « it then follows that
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§3.4 Conclusions

The analysis of this chapter has revealed that the motion of a bullet above or within an infi-
nite planar or conical blackbody radiator with an azimuthally symmetric temperature profile is
confined to a plane which is determined by both the initial velocity of the bullet and its initial
location. If, at the outset, the motion is axial then it remains so for all later times. Remember
that in the context of the infinite plane, the term axial refers to any trajectory that is perpen-
dicular to the planar surface whilst in the context of an infinite cone it refers to any trajectory
that is parallel to the geometrical axis of symmetry of the cone but which need not necessarily
coincide with it. The rate of acceleration of the bullet is proportional to the parameter W
which is defined as the power intercepted by the bullet divided by its rest mass energy. The
parameter W is, on account of its proportionality to the fourth power of the temperature of
the radiator, sensitive to temperature as too, consequently, is the rate of acceleration.

There exist terminal speeds for motion above both infinite planar and conical radiator
geometries which are, in all cases, independent of the parameter W and which represent an
asympotic limit that the bullet approaches as both its journey time and distance above the
release point tend to infinity. The terminal speed above an infinite isothermal planar radiator is
approximately 0.4514c and occurs when the decelerative momentum flux of the blue-shifted and
considerably aberrated photons emitted from the extremities of the plane is exactly balanced by
the driving momentum flux of the red-shifted and minimally aberrated photons emitted from the
region of the plane directly below the bullet. The terminal speed within an infinite isothermal
conical radiator is a function of the cone opening angle and decreases from the limiting planar
value to zero for motion within an isotropic radiation field. For narrow funnels the terminal
speed is proportional to the square of the opening angle and in particular, for an half-opening
angle of 1° appropriate for SS433, the terminal speed is ~ 5 x 10~°c which is markedly less
than the value of 0.26c observed in the jets of SS433. Indeed, the half-opening angle necessary
for a terminal speed of 0.26¢ is 67.1°. Narrow, infinite, isothermal conical funnels are wholly
unsuitable for the radiative acceleration of gaseous bullets to mildly relativistic speeds. The

radiation pressure can, however, contribute significantly to the collimation of the ejected bullets.
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Chapter 4

Motion Above Non-Isothermal and
Finite Radiators

§4.1 Introduction

Continuing from the analysis completed in chapter 3, I begin this chapter with an investigation
of the motion of a bullet moving above an infinite, planar radiator for which the frequency
integrated specific intensity is given by the Eddington limb darkening approximation and in
addition by a generalisation to this approximation. Following this, the motion of a bullet
moving within an infinite, conical radiator with an exponentially decaying temperature profile
is considered. Applicability of the model to SS433 is achieved by ensuring that the e-folding
distance of the temperature profile is consistent with the observations. Attention is then turned
to the study of motion above a finite, isothermal planar radiator and then briefly to motion
above a spherical, isotropic radiator in which the applicability of Newtonian dynamics to high
speed stellar winds is considered. The concluding section consists firstly of an analysis of the
behaviour of a hullet subjected to the radiation field of a finite, isothermal funnel and latterly
to the motion of a bullet within a finite funnel for which the run of temperature with distance
from the funnel apex is given by that of a polytropic gas of index n, = 3 which is of relevence

to radiation dominated regimes.

§4.2 Motion Above an Infinite, Planar Limb Darkened Radiator

The gas temperature at all points on the surface (7 = 0) of a planar, limb darkened radiator is
the same and although the temperature increases with optical depth according to Eq. (2.56) such
that the radiator is, by definition, non-isothermal the surface of the radiator is an isothermal
plane. The emergent frequency integrated specific intensity is, however, attenuated towards the
limb according to Eq. (2.55) and therefore the contribution made to the emergent energy flux
by the outer regions of the plane is diminished. Indeed, it can be shown that half of the surface
energy flux is attributable to emergent photons with raypath vectors inclined at less than 41°
to the plane normal. It is in this restricted sense that I intend the description ‘non-isothermal’
to apply.

In the derivation of Eq. (2.92) it was assumed that the radiation field was Planckian and
that therefore, the frequency integrated specific intensity was given by Eq. (2.47). Suppose in-

stead that the radiator is subject to the constraints discussed in §2.3.5; the emergent, frequency
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integrated specific intensity will exhibit limb darkening and, in the Eddington approximation,

will be given by Eq. (2.55). Consequently, in this regime Eq. (2.92) will take the form

px@xp+i=cm [ b0 {E-Pa-g-Bela-gbas. @y

moc? v

§4.2.1 The Axial Equation of Motion

In accordance with the notation adopted in §3.2 and by Eq. (2.54), the equation of motion

(Eq. 4.1) can be expressed as

ﬁ:z 27 /2
( 3, ): D %/0 /0 21(1,0) (cos@+§) X(8,6)(1 - Bcosh) sinfdfdg  (4.2)

=
b meycC~
72ﬂz ¢

where Y(0, ¢) is given by Eq. (3.3b). As in the case of the isothermal blackbody radiator, the
only azimuthal dependence occurs in the Y(6, ¢) term which again constrains any bullet released
with zero velocity component parallel to the plane surface to have a trajectory along the normal
for all later times. Introducing the substitution u = cos ¢ and performing the integrating over

¢ yields the axial equation of motion

D 1
mec? v

. 2 !
B = T 1(1,0) /(3ﬂ+2)(u—ﬂz)(1—ﬂz#)d#
; .

- D1 oss
= 55 (1L 0) g = (2467 - 596, + 24) (4.3)

for which the terminal speed is

9— V1177
Boo = §T ~0.5144 . (4.4)

Consider now a generalisation of the Eddington limb darkening approximation given by

I(4,0) = I(1,0) (Aops + 1) . (4.5)

1
1+ A,
where A, is the limb darkening parameter. This expression represents limb brightening for
—1 < A, < 0 and limb darkening for A, > 0 with the value A, = 3/2 corresponding to limb
darkening in the Eddington approximation. If the emergent, surface energy flux is independent
of A, then, by Eq. (2.54), the frequency integrated specific intensity emergent normal to the

surface must be such that

3 A +1

I =——F.
(1,0) 724, +3

(4.6)





















































































































































































































