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Abstract

In this thesis, I present 4 new, high-resolution observations of the Galactic microquasar SS 433,

obtained from the Very Long Baseline Array (VLBA). I show that we can resolve the same ejecta

in successive observations separated by ∼ 35 d. I will demonstrate a method to uniquely determine

launch vectors of the jet bolides, and I use this unprecedented baseline in time to show that the

expansion rate of these bolides may reach 0.03c.

I also present the first scientific results from the study of the radio jets in a unique set of historic

observations of SS 433: the 39 images that comprise the 2003 VLBA movie of Mioduszewski et al.

(2004). This unmatched time sampling allows us to see daily changes in the dynamics of SS 433’s

jets. I present evidence that these observations caught SS 433 as it transitioned from quiescence

into a flare, and I show that this manifests itself as an increase in both the jet launch speed and

the brightness of the jet bolides.

Using these data, I examine the evolution of the particle energies, densities and magnetic fields

within the bolides. We see that the estimates of the mass-loss rates via the jets cannot be reconciled

with the those inferred from X-ray or optical data, if we posit equipartition of energy in synchrotron

emitting plasma. The time resolution of the 2003 data allows us to observe the flux evolution of

the jet bolides, and I show that the bolides undergo a power law decay as t−2.8.

Lastly, I examine X-ray monitoring data from the Swift/BAT satellite and the MAXI All-Sky-

Monitor. From these lightcurves, I examine the geometry of the X-ray emission from close to the

compact object itself, and I discuss SS 433’s place within the current paradigm of accretion in

microquasars.

Throughout, we will see that it is the accessible time scales of the SS 433 phenomenon that allow

us to learn about its exciting, complex physics.
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Chapter 1

Scientific Background – SS 433:

An Overview

1.1 Introduction

The Universe is shaped by the accretion of matter. This is the process by which a massive body

(a protoplanet, a star, a black hole, or a galaxy) gains mass from the surrounding medium. As

matter becomes more tightly bound, gravitational energy is released and converted into other

forms of energy: kinetic energy, thermal energy, and radiation.

Accretion, and this associated release of energy, drives many other processes in astrophysics. For

example, it is the gravitational energy released in the collapse of a protostar that ignites hydrogen

fusion. As massive stars die, the gravitational energy released in the final collapse can outshine

distant galaxies. And at the centres of galaxies, super-massive black holes accrete gas from their

surroundings, releasing energy which then shapes the evolution of their host galaxies and the

surrounding cluster (active galactic nuclei (AGN), or quasars).

In each of the above cases, accretion energy is used to drive powerful outflows. That is, some of the

energy released by matter as it falls towards the massive object is used to expel some fraction of

the accreting matter from the system, often with tremendous energy. The most dramatic examples

of this are the relativistic jets that are seen from accreting black holes and neutron stars, in which

particles are accelerated to significant fractions of the speed of light. These energetic outflows

3
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illuminate the accreting object; understanding them can allow us to study the accretion engine

itself.

There is a class of these accreting objects which is particularly helpful for astronomers: the mi-

croquasar. These are (often Galactic) compact objects (neutron stars or black holes), with masses

from a few to a few tens of solar masses. They offer the great benefit that their comparatively

small scale, their proximity, and their energetic outflows mean they can be resolved both spatially

and temporally, allowing us to study their physics in detail. In this thesis, we will study one

remarkable such object: SS 433.

1.2 SS 433

One of the most powerful probes of accretion processes available to astronomers is the Galactic

microquasar SS 433 (Stephenson and Sanduleak (1977)). This is a binary system consisting of a

black hole accreting from an optical companion star – the accretion rate exceeds the Eddington

limit (at which radiation pressure would disrupt a spherical accretion flow) by as much as 3 orders

of magnitude. Its orientation, its mildly relativistic jets, and its regular and persistent precession

combine to make this object a singularly powerful example with which to study the physics of

accreting compact bodies.

SS433’s remarkable nature was first identified in 1978 by three groups working on supernova

remnants and their progenitors. Clark and Murdin (1978), Seaquist et al. (1978), and Ryle et al.

(1978) observed a source lying near the centre of the W50 supernova remnant with peculiarly

strong radio and X-ray emission, and with an anomalous and varying optical spectrum.1 Its main

physical attributes (a binary system launching “precessing” jets) were established within the first

3 years, but 40 years, and 1000 papers later,2 there are still many questions to be answered about

SS 433’s complex physics.

A recent review of the general observational and theoretical phenomenology in SS 433 is given in

Fabrika (2004). In this Chapter, we will give a brief overview of the system’s key properties, with

an emphasis on work from the 21st Century.

Before proceeding, a brief word on observational terminology will be helpful. SS 433 is observed:

1For the history of the competition between parallel groups that lead to SS 433’s discovery, see The Quest For
SS433, by Clark (1985).

2At least 963, according to the NASA Astrophysics Data System in September 2016.
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in optical (e.g., Goranskii et al. (1998)), X-ray, (e.g., Antokhina et al. (1992)), and radio (e.g.,

Vermeulen et al. (1993a)) photometry; in optical (e.g., Eikenberry et al. (2001)), X-ray (e.g.,

Kotani et al. (1996)), and infrared (Perez and Blundell (2009)) spectroscopy; and in radio (e.g.,

Blundell and Bowler (2004)), infrared (Blundell and Hirst (2011)), and X-ray (e.g., Migliari et al.

(2002)) images. In spectroscopic observations, an individual spectral line is usually resolved into

a “stationary” line (associated with emission tied to the compact object/accretion disc (King

et al. (2000))) and two “moving” lines (emitted in the jet and counterjet, and which are red

and blueshifted depending on whether they are receding from or approaching the observer). In

images of the system, the jets lie almost East-West on the plane of the sky, rotated by about 10◦

counter-clockwise from the East-West axis. Throughout this work, we will use jet to refer to the

eastern jet, and counterjet to refer to the western jet. We will see later that the (eastern) jet

points towards the observer for most of the precession period, and the (western) counterjet points

away from the observer, but, for about a third of the precession period, the (eastern) jet passes

through the plane of the sky and points away from the observer, while the (western) counterjet

points slightly towards the observer.

1.3 The nature of the SS 433 phenomenon

1.3.1 The binary system & the W50 remnant

The determination of the orbital period of the SS 433 binary was a relatively simple task – there

is a 13.082 d periodicity that appears as a variation of radial velocity of the stationary line (e.g.,

Crampton et al. (1980), Crampton and Hutchings (1981)), and which appears as primary eclipses

(corresponding to the eclipse of the compact object by the companion star) in optical photometric

monitoring (e.g., Goranskii et al. (1998)). We will use the ephemerides of Goranskii et al. (1998)

as reported in Fabrika (2004).

Determination of the component parts of the binary system has proven less straightforward. As

discussed below (Section 1.4.2), there is little consistency between estimates of the mass ratio

of the components, hindering attempts to determine the nature of the compact object. More

recent work using observations of matter orbitting outside the binary system points to a relative

massive binary system containing a large, stellar-mass black-hole with Mbh & 16 M� (Blundell

et al. (2008), Bowler (2010b)). The same data indicate that the companion star is likely to have
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a mass M∗ & 22 M�.

The binary system sits near the centre of the W50 supernova remnant. This remnant consists of

a shell of radius 45 pc (i.e., 1.4 × 1018 m), with asymmetric lobes which lie along the axes of the

precessing jets in SS 433 (the Eastern lobe has a length of approximately 120 pc and the Western

has length 80 pc) The shell is the expanding shock from the supernova explosion that created

the black-hole in the binary system, while the lobes are relics of an earlier period of jet activity.

Hydrodynamic simulations by Goodall et al. (2011) indicate that the asymmetries in the lobes are

due to the density gradient of the ISM as a function of distance from the Galactic Plane – i.e., the

shorter, Western jet which is propagating towards the Galactic Plane has to travel through denser

matter, and so undergoes greater deceleration3 than the Eastern lobe. From their simulations,

Goodall et al. (2011) argue for at least three distinct phases of jet activity, with the supernova

remnant having an age 17, 000–20, 000 yr, and with the current phase of jet activity having gone

on for no more than 1500 yr.

1.3.2 The relativistic jets

The most striking feature of the SS 433 system is its pair of precessing, mildly relativistic jets.

These are observed at x-ray, optical and radio frequencies, with the precession (i.e., the periodic

rotation of the jet launch vector about a fixed precession axis, analogously to a spinning top)

made manifest in radio maps as the variation of the orientation of the jet on the plane of the

sky, and in optical spectra as “moving lines” whose positions appear to change as the velocity

component along the line-of-sight of freshly launched plasma increases and decreases. Both the

(ballistic) jet motions and the redshifts of emission from the jets can be described approximately

by the “kinematic model” (Abell and Margon (1979), Hjellming and Johnston (1981)), in which

they propagate freely with mean launch speeds of 0.26c. This will be discussed in much greater

detail in Chapter 2.

Here we will briefly summarise some of the characteristics and properties of the jets. The jets

begin as continual, outflows, producing thermal X-ray radiation, as well as spectral lines from iron

and silicon (e.g., Marshall et al. (1979), Watson et al. (1986); see Chapter 7 for more details).

The jets cool and fragment into discrete clouds (Brinkmann et al. (1988)). These clouds are often

referred to as “bullets” and give rise to spectral lines from the the recombination series of hydrogen

3On scales comparable with the supernova remnant – i.e., 1000 times greater than the scale of the corkscrew
jets we discuss elsewhere
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(e.g., Goranskii et al. (1998)). The jets of SS 433 are unusual among microquasar jets in that we

know that they contain baryons, as seen from the presence of these emission lines.

As well as spectral properties, the jets can be imaged directly using radio interferometers at

arcsecond scales (with, e.g., the Very Large Array (VLA; Hjellming and Johnston (1981)) or the

Multi-Element Radio Linked Interferometer Network (MERLIN; Spencer (1979), Spencer (1984))),

and at milli-arcsecond scales (with e.g., the Very Long Baseline Array(VLBA; Paragi et al. (1999),

Jeffrey et al. (2016)), MERLIN (Stirling et al. (2004)), or the European VLBI Network (Paragi

et al. (2002))). At arcsecond-scales, the precession of the jet launch vector means the jets appear

to trace out a pair of corkscrew-like structures. At milliarcsecond-scales, the jets appear as a

series of clumpy knots (often referred to as “bolides” or “plasmons”), sometimes superimposed

on a smooth flow. The exact relationship between the “bullets” (which give rise to the optical

emission lines) and the “bolides” that we can image in these high-resolution maps of the system

remains unclear. We will discuss some of the similarities between the two flows in Chapter 4, but

there are currently no simultaneous observations that allow us to unambiguously relate the two.

It is worth pausing to emphasise the length scales involved here. A jet speed of 0.26c corresponds

to a motion of 6.7 × 1012 m d−1. Models of the X-ray jets indicate that the length of the X-ray

jets is 1010–1011 m (e.g., Kotani et al. (1996), Brinkmann et al. (2005)), and that its base radius

is ∼ 106 m (Marshall et al. (2002); for reference, the Schwarzschild radius of a 16 M� black-hole

is 5× 104 m). The X-ray emission therefore occurs within the first 100–1000 seconds after launch.

The optical lines appear at a distance of ∼ 4 × 1012 m, or about 16 hours post-launch, and are

visible for typically about 2 days (Vermeulen et al. (1993b), Fabrika (2004)).

VLBI observations have detected the jet out to & 400 mas (i.e., to ∼ 3 × 1014 m, or about 50 d

post launch; e.g., Paragi et al. (1999), Stirling et al. (2002)). Vermeulen et al. (1993c) determine

that the jets reach their peak brightness at about 50 mas away from the core (∼ 4 × 1013 m, or

about 6 d after launch), before fading. With the VLA, the jets are detected out to ∼ 4′′ either

side of the core, or a distance of 3 × 1015 m (e.g., Blundell and Bowler (2004)). This allows the

jets to be resolved over almost 3 complete precession periods.

Lastly, we note that resolved X-ray images (Migliari et al. (2002)) indicate that the jets undergo

reheating at about 200 d after launch, based on resolving X-ray bremsstrahlung and Iron lines

at distances ∼ 1015 m from the jet base. Beyond this though, the jets are undetected until their

interaction with the W50 shell is observed at distances of ∼ 1018 m.
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1.3.3 Winds & the circumbinary outflow

The main mode of mass loss is through winds. Though some workers have identified these winds

with a stellar wind from the companion (e.g., Fuchs et al. (2002), Crampton and Hutchings (1981)),

Blundell et al. (2008) show that the width of the broad Hα line associated the winds (which is

related to the winds’ line-of-sight velocity components) varies both with the nutation of the jet and

with precession phase, and so establish that the winds blow polloidally from the accretion disc.

Blundell and Hirst (2011) observed that these winds are approximately poloidal and perpendicular

to the precessing accretion disc. The winds have speeds that are & 1000 km s−1, but the relativistic

jets can sweep up wind ejecta as they pass.

Recent work has supplemented this accretion disc wind with a circumbinary, equatorial outflow

(Paragi et al. (1999), Blundell et al. (2001), Paragi et al. (2002), Doolin and Blundell (2009)).

The exact nature of this remains uncertain, though certain observational details are known. The

outflow is observed as a “ruff” that appears in radio maps with an angular extent of ∼ 50 mas.

The spectral index of this emission (α = 0.12 ± 0.02 where Sν ∝ ν−α; Blundell et al. (2001)) is

consistent with the emission being due to thermal bremsstrahlung, though Blundell et al. (2001)

also find that the radio ruff’s brightness requires a rather high temperature (& 107 K). The ruff

is observed to undergo a precession with a possible periodicity of ∼ 552 d (Doolin and Blundell

(2009)).

Analysis of the optical Hα emission lines (Blundell et al. (2008)) and the Brackett-γ emission lines

in the infra-red (Perez and Blundell (2009)) reveal the presence of a circumbinary ring of matter,

orbiting the binary centre of mass at a speed of ∼ 200 km s−1 and at about twice the binary

separation. This is believed to represent the inner edge of an excretion disc, through which the

radio ruff is ultimately fed. Its dynamics are discussed in Doolin and Blundell (2011).

The source of the excretion flow remains unclear. There is some evidence (e.g., from the variation

of the intensities of the emission lines from the circumbinary disc as a function of the orbital phase;

Bowler (2010b)) that the ring is fed by overflow through the outer Lagrange points of the binary

system, though equatorial or stellar winds present possible alternatives (Fabrika (2004)).
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1.4 Determination of the system’s properties

1.4.1 Distance

We can now say with a high degree of confidence that SS 433 lies at a distance of 5.5 kpc from

Earth. This was the earliest distance measurement (Hjellming and Johnston (1981), from fitting

the kinematic model (see Chapter 2) to early VLA maps of the arcsecond-scale radio jets), but

was challenged over the subsequent decades.

There have been two approaches taken to determine SS 433’s distance. One is to measure the radial

velocity (via observations of neutral H i) to attempt to locate SS 433 and the W50 remnant within

the Galaxy rotation curves. Most notably, Dubner et al. (1998) used this method to determine

a distance of 3 kpc. Lockman et al. (2007) instead found that the distance to W50/SS 433 was

consistent with 5.5 kpc: they observed the presence of fainter neutral hydrogen in both emission

and absorption moving at a radial velocity of 75 km s−1, which when combined with the Galactic

rotation curves of Dickey et al. (1983) constrains the distance to be at least 5.5 kpc.

The second method for distance determination uses the proper motions of the jets to calculate the

distance, either assuming a fixed speed (chosen to match the speed of the optical jet), or fitting

distance and speed within the context of the kinematic model. VLBI observations using this

technique have yielded distances of e.g. 4.8± 0.35 kpc (Vermeulen et al. (1993c)), 4.61± 0.35 kpc

(Stirling et al. (2002)), or 4.5 ± 0.2 kpc (Marshall et al. (2013)). On the other hand, the angular

size of the arcsecond-scale jet constrains the jet to be at a distance of 5.5 kpc. The observed

angular separation between successive coils of the precessing jet ‘corkscrew’ fixes the combination

(βcPpre) /D, and since Ppre (the precession period) is known from the periodicity of the redshift

variations, this constrains βc/D – i.e. if the jet lies closer than 5.5 kpc, the jets must either be

slower or must decelerate.

The value we will use throughout this work is 5.5±0.2 kpc, as determined by Blundell and Bowler

(2004) from fitting the kinematic model to their deep VLA map of the system. The consistency

with the value derived from the completely independent method of Lockman et al. (2007) gives us

further confidence in this choice. We will see (Chapter 4) that this choice, together with natural

variation in launch speeds, describes the jets well.
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1.4.2 The system mass, the mass ratio, & the nature of the compact

object

The question of the determination of the masses of the binary components has proved challenging.

Fabrika (2004) (§7.2) outlines some of the challenges involved and some of the “many contradictory

reports of its mass” that have been published, but for extreme illustration we point to Lopez et al.

(2006), who claim M∗ = 35± 7 M� and Mbh = 20± 5 M� (from a model of the eclipse of a cooled

jet by a companion that does not fill its Roche lobe), and to Goranskij (2011), who argues that

“And yet, it is a neutron star”, with the compact object having a mass as low as 1.5 M� and

a A7-type companion star with mass 10 M� (based on a low estimate of the mass ratio and an

attempt to model the photometry of the companion). These are, admittedly, outliers, but they

demonstrate the wildly divergent views that exist within the community.

There are two general approaches to this problem (Cherepashchuk et al. (2013)): either (a) by

estimating the mass function4 using spectroscopy to find the orbital speeds of the companion or

the compact object; and (b) by estimating the total mass in the binary system using the properties

of the circumbinary ring.

The challenge in the first case is the determination of the mass ratio q := Mbh/M∗, where Mbh

and M∗ are the masses of the compact object (black hole) and the companion star respectively.

In principle, this can be done from the shape of the eclipses of the compact object/accretion disc

by the companion, but, as we will find in Chapter 7, the complex and uncertain geometry of

the inner binary system makes this difficult. Existing mass ratio estimates from X-ray lightcurves

(e.g., Antokhina et al. (1992): q ∼ 0.15) are generally lower than those estimated from optical light

curves (which are consistent with q & 0.4; Gies et al. (2002b)). There are, however, exceptions to

this rule: e.g., the X-ray lightcurves of Brinkmann et al. (2005) point to a mass ratio q = 0.57.

4The mass function is used to set a lower limit on the mass of an (unseen) companion in a spectroscopic binary
system where only the radial velocity can only be estimated (from absorption or emission lines) for one component
(see e.g., Carroll and Ostlie (2014), §7). If K1 is the half-amplitude of the radial velocity curve for component 1,
then the mass function for the companion m2 is:

f (m2;m1, η) :=
m2 sin3 η

(1 + (m1/m2))2
≡ Porb

2πG
K3

1

(
1− e2

)3/2
where Porb is the orbital period, e is the binary eccentricity, η is the angle between the normal to the orbital plane
and the line-of-sight, and m1 and m2 are the masses. Typically, η and m1/m2 are unknown, but as sin3 η ∈ (0, 1]
for η ∈ (0, π/2] and (1 + (m1/m2))−2 ∈ (0, 1), we can see that m2 ≤ f . This can be rewritten in a more helpful
form as:

m2

M�

sin3 η

(1 + (m1/m2))2
= 37.86

(
Porb

yr

)(
K1

100 km s−1

)3 (
1− e2

)3/2
.
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Estimating the mass function for the companion star requires the radial component of the orbital

velocity of the compact object. Estimates of the half-amplitude of the radial velocity curve for

the compact object, Kbh, are consistent at ∼ 175 km s−1. For instance, Crampton and Hutchings

(1981) find Kbh = 195 ± 19 km s−1 from singly-ionised helium recombination lines; Fabrika and

Bychkova (1990) and Gies et al. (2002b) find Kbh = 175± 20 km s−1 and Kbh = 162± 29 km s−1

from He ii and C ii emission lines respectively. The accretion disc itself is only directly observed

during flares (Blundell et al. (2011)); Bowler (2010a) finds that Hα emission seen from the disc in

a flare displays an orbital variation that is consistent with 175 km s−1. Hence, we can estimate:

f (M∗;Mbh, i0) =
M∗ sin3 i0

(1 + (Mbh/M∗))
2 = 7.3 M� (1.1)

(note that we know the angle between the binary orbital plane and the line-of-sight – i0 = 79◦

– assuming that the orbital plane is the mid-plane of the precessing jets). This implies that the

compact object is a black hole (i.e., has a mass greater than ∼ 2.5M�) if the mass ratio is greater

than 0.2.

Attempts to lift this degeneracy have been made by looking for absorption features associated with

the companion. If a value could be found for the radial component of the orbital velocity of the

companion, K∗, then the mass ratio would be uniquely determined by q = Mbh/M∗ = Kbh/K∗.

Using different candidate absorption features, estimates include: q = 0.72 (Gies et al. (2002b));

q = 0.57 (Gies et al. (2002a)); q = 0.28 (Hillwig et al. (2004)); and q = 0.35 (Hillwig and Gies

(2008); Kubota et al. (2010)). In all cases, these point to a black hole as the relativistic object, but

the mass estimates vary from Mbh = 4.3± 0.8 M� (Hillwig and Gies (2008)), to Mbh = 16± 6 M�

(Gies et al. (2002b)).

The second case was outlined by Blundell et al. (2008), who observed that the “stationary” Balmer

Hα line in SS 433’s spectrum could be decomposed into a component that varied with the orbital

period (identified tentatively with the wind outflow), and two actually stationary Hα lines, which

they identified with a circumbinary ring – a quasi-stable keplerian ring (or the inner edge of a disc)

of matter orbiting the binary system with a speed of ∼ 200 km s−1. They show that the mass ratio

is determined by the ratio of the velocity of one binary component (which is most easily supplied

by the compact object) to the speed of the circumbinary ring, and that the orbital speed of the

circumbinary ring can be related to the total mass of the binary. Hence, they estimate the total

mass of the system as 38 M�, and the mass ratio as q ' 0.7.
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The major advantage of this method is that it allows the measurement of the mass ratio without

the challenges involved in finding the orbital velocity of the companion.

1.4.3 Mass loss rates & the super-Eddington accretion rate

Estimates are available for two of the three mass-loss mechanisms. The mass loss rate in the jet

is estimated from models of the X-ray jets (Kotani et al. (1996)) as Ṁjet > 5 × 10−7 M� yr−1.

The wind loss rate is estimated to be Ṁwind ' 10−4 M� yr−1, with a final outflow speed of about

1500 km s−1. These are determined from the luminosities and the linewidths of the Brackett-γ

lines in the wind (Perez and Blundell (2009); see also Fabrika (1997), Fabrika (2004)). The mass

loss rate via the cicumbinary outflow is as yet unknown.

Importantly, these estimates place the accretion rate well in excess of the Eddington limit for such

a stellar-mass black-hole accretor (Perez and Blundell (2009), Fabrika (2004)). The Eddington

criterion says that a spherical accretion flow will be disrupted by radiation pressure if the accretion

rate exceeds the Eddington accretion rate ṀEdd, where:

ṀEdd =
4πGMbhmp

ησT c
=

2.2× 10−9

η

(
Mbh

M�

)
M� yr−1 (1.2)

where η ∼ 0.1 is the efficiency with which gravitational potential energy is converted into radiation

and σT is the Thomson cross-section (see Frank et al. (2002)). For a 16 M� black hole, this

corresponds to an accretion rate of Ṁedd ' 4 × 10−7 M� yr−1. We can see that ṀSS 433 ∼

1000ṀEdd – i.e., the accretion rate is highly super-Eddington. This is not a problem if the

accretion flow is aspherical or the radiation output is collimated. However, it does set SS 433

apart from the rest of the Galactic microquasar population, whose accretion rates are typically on

the order of 0.01 ṀEdd.

1.5 Further complexities

1.5.1 Flaring & variability

SS 433 displays variability in both optical and radio wavebands. At times, it can enter an active

state in which its radio brightness may rise by more than 50-100%. It can remain in this fluctuating
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state for as long as 90 days (Fabrika (2004)). There are also shorter radio and optical flares, in

which the system’s radio photometric brightness rises, accompanied by a massive ejection, either

through the accretion-disc wind or through the radio jets. Contemporaneous optical and radio

observations of a flare in 2004 (Blundell et al. (2011)) revealed the coupled, multi-wavelength

behaviour of the flaring phenomenon, and pointed to a picture in which flares consist of (a)

enhanced mass loss through a faster and increased accretion disc wind; (b) faster launch speeds

as determined from the optical jets; and (c) a two-part radio flare with a first peak due to the

enhanced wind, and a second due to the appearance of jet bolides. In particular, from archival

radio photometry and optical spectroscopy, Blundell et al. (2011) report that faster optical jets

always precede radio flares by a couple of days. We will return to this in Chapter 4.

1.5.2 Eccentricity

Although the orbit is generally assumed to be circular, there are several pieces of evidence for a

non-zero eccentricity. These are outlined in §3.1 of Blundell et al. (2011). For instance, Blundell

and Bowler (2005) show that the mean jet speed (determined from the sum of redshifts in the

jet and counterjet) varies sinusoidally as a function of orbital phase with an amplitude of 0.0066c

about a mean of 0.2581c. The direct observations of Hα emission from the accretion disc by

Blundell et al. (2011) allow them to determine line-of-sight velocity of the compact object over

more than an orbital period. They find that the phases of maximum and minimum speed are

not consistent with Φorb = 0.75 and Φorb = 0.25 respectively, as would be the case in a circular

orbit. Thirdly, the relatively rapid precession of the circumbinary ruff as determined by Doolin

and Blundell (2009) requires a non-zero eccentricity.

1.6 Summary

The 21st Century has seen significant advances in our understanding of the SS 433 phenomenon,

with recent determinations of distance and mass of particular relevance. The discovery of the cir-

cumbinary ring and equatorial outflow has added an important new component to our conception

of SS 433’s physical structure.

There remain many questions, especially to do with SS 433’s temporal evolution and variation,

how its outflows vary, and about the nature of flares. But it is the ability to make temporally-
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resolved (as well as spatially-resolved) studies of the system that will give us insights into the

physics of the object.

Throughout this thesis, we will exploit this ability to observe SS 433’s variations on practical time

scales: in Chapter 4, we will use time-resolved, spatially-resolved observations to determine the

dynamics of the jets; in Chapter 6, we will use time-resolved observations to explore the evolution

of the internal properties of the jet bolides; and in Chapter 7, we will use X-ray monitoring data

to examine both SS 433’s flaring behaviour and the composition of the binary system.



Chapter 2

Scientific Background – The

Kinematic Model

2.1 Introduction

SS 433’s most striking features are its twin, precessing jets. It was through observations of two

different manifestations of these jets that SS 433 first drew the attention of the astronomical

community, namely its moving emission lines, and its shape as seen in radio images. It became

clear swiftly that a precessing jet model, referred as the Kinematic Model, could explain both of

these as manifestations of the same phenomenon. It was used first by Abell and Margon (1979)

to describe the redshifts of pairs of moving emission lines that arise from hydrogen (and other)

atoms moving in the relativistic jets. The model was then developed by Hjellming and Johnston

(1981) to account for the proper motions of the jet plasma seen in early VLA maps of the system,

by properly incorporating the effect on observations of the finite speed of light.

In its simplest form, the Kinematic Model treats the jet and counterjet of SS 433 as anti-parallel

jets precessing with a period of 162 days at constant precession frequency around the surface of

cones of fixed orientation and opening angle. This basic model gives a remarkably good first-order

description of the jets’ behaviour. We will derive its various elements over the course of this

Chapter. The geometry is outlined in Section 2.2 and its observational manifestation in terms

of proper motions and the redshift of emission lines is developed in Section 2.3; and these are

15
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combined to give the Kinematic Model in Section 2.4.

It is not, however, the complete picture. There is a significant nutational component to the

motion with periodicity of ∼ 6 d (Newsom and Collins (1981)), which is believed to arise from the

interaction between the 13.08 d orbital and 162 d precessional periods (Katz et al. (1982)). There

are also other variations both in the jet launch speeds and their directions, some of which are

stochastic in nature, and some associated with flaring (Blundell and Bowler (2005), Blundell et al.

(2007), Blundell et al. (2011), Jeffrey et al. (2016)). We will discuss these briefly in Section 2.5.

2.2 Geometry and Coordinate Systems

First, we need to develop an appropriate description of the geometry of the precessing jets.

The most practical coordinate system for us to describe observations in is usually a local version

of the Equatorial Coordinate System, in which one of the basis vectors is parallel to the line of

sight, and the other two lie in the plane of the sky aligned with Right Ascension and Declination.

We will refer to this as the Observer’s Reference Frame, which we can define more rigorously as

follows:

Definition 2.2.1 (The Observer’s Reference Frame). The Observer’s Reference Frame can be

(locally) described using 3 Cartesian basis vectors, {ex̃, eỹ, ez̃}, where we set the origin in the

plane of the sky, and:

• ex̃ is the vector pointing towards the observer along the line-of-sight

• eỹ is the vector in the plane of the sky, pointing North (i.e., aligned with increasing Decli-

nation, δ)

• ez̃ is the vector in the plane of the sky, pointing East (i.e., aligned with increasing Right

Ascension, α)

Although this reference frame is the most convenient in which to make observations, it is not the

most convenient frame to describe the physics of the system. To calculate the orientation of the

vector along which the jet points at a given epoch, it is more convenient to choose a coordinate

system aligned with the precession cone of the jet.
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Definition 2.2.2 (Jet Precession Cone Coordinate System). We define the jet precession cone

coordinate system using an orthonormal, right-handed set of cartesian basis vectors, {ex, ey, ez},

such that:

• ez is the vector aligned with the axis of the jet precession cone

• ex is the vector in the plane containing ez and the line-of-sight, ex̃, and is orthogonal to ez

• ey is the vector in the plane of the sky, orthogonal to ex and ez

If χ0 is the position angle of the jet precession cone axis, and i0 is the angle between it and the

line of sight, then these two sets of basis vectors can be related by two rotations:

1. a rotation through χ0 counter-clockwise about the line-of-sight; and,

2. a rotation through π
2 − i0 counter-clockwise in the plane containing the jet precession cone

axis and the line-of-sight (i.e., about the vector ey).

These rotations can be expressed in matrix form as follows.

Result 2.2.3 (Transformation between Frames). The basis vectors of the Jet Precession Cone

coordinate system can be related to the basis vectors of the Observer’s coordinate system using:




ex

ey

ez




=




sin i0 0 − cos i0

0 1 0

cos i0 0 sin i0







1 0 0

0 cosχ0 sinχ0

0 − sinχ0 cosχ0







ex̃

eỹ

ez̃




(2.1)

⇒




ex

ey

ez




=




sin i0 cos i0 sinχ0 − cos i0 cosχ0

0 cosχ0 sinχ0

cos i0 − sin i0 sinχ0 sin i0 cosχ0







ex̃

eỹ

ez̃




(2.2)

In Figure (2.2), we sketch the Jet Coordinate System (panel (a)), and the two rotations required

to obtain the Observer’s Coordinate System (panels (b) and (c)).

2.2.1 Vector components in polar coordinates

Let us now consider the transformation between polar coordinate systems in these two reference

frames.

We can represent a vector centred on the origin using spherical polar coordinates, given by a length

and two angles with respect to this cartesian basis. Working in the Observer’s coordinates, it is

convenient to choose the angle to the line-of-sight, η, as the polar angle, and the position angle
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Figure 2.1: The angles needed to describe the precessing jet model. χ0 and i0 denote the position
angle and the angle to the line-of-sight of the axis of the jet precession cone respectively. Θ is
the opening angle of the jet precession cone, and Φ is the angle between the jet and the point
of maximum blueshift as projected onto the mid plane of the system (the x-y plane). This is
the closely related to the precession phase. The jet and counterjet are shown in blue and red
respectively, and the jet cone and equatorial coordinate systems are marked (axes {x, y, z} and
{x̃, ỹ, z̃} respectively).
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Figure 2.2: The Jet Cone Coordinate System and the sequence of rotations required to relate it to
the Observer’s Coordinate System: (a) the Jet Cone System; (b) projections onto the plane-of-sky
and line-of-sight by a rotation through angle π

2 − i0 about the y-axis; (c) projections onto N-S and
E-W by rotating through angle χ0 about the line-of-sight (i.e., x̃-axis).
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(i.e., the angle counter-clockwise from East1), χ, as the azimuthal angle. With these choices, a

vector a can be written:

a = a cos η ex̃ − a sin η sinχ eỹ + a sin η cosχ ez̃ (2.3)

where a = |a|.

Notice that the angular dependences of the basis vector ez in Result (2.2.3) are the same as in

Equation (2.3). Our rotations between coordinate frames amount to describing the vector ez

in spherical polar coordinates, and we have used χ0 and i0 as position angle and angle to the

line-of-sight in the same sense as we used χ and η in (2.3).

With respect to the jet precession cone coordinate system, we can again define spherical polar

coordinates. Now we choose to use θ and φ in their conventional uses as the polar and azimuthal

angles, measured from ez (the jet precession cone axis) and counter-clockwise from ex respectively.

We will see later how these angles correspond to the jet cone opening angle and the precession

phase.

A vector can be described in these spherical polar coordinates as:

a = a sin θ cosφ ex + a sin θ sinφ ey + a cos θ ez (2.4)

We will need to transform these to the most useful coordinates for the observer, namely {ex̃, eỹ, ez̃}.

The change of basis is Result (2.2.3).

1Note the unusual choice of convention used here, in which position angle is defined from East, not North. We
have chosen this convention to suit the particular orientation of SS 433.
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Result 2.2.4 (Vector Components in the Observer’s Reference Frame). The equatorial frame

components of the vector a that is described in the jet precession cone frame by polar coordinates

{θ, φ} are:

ax̃ = a sin θ cosφ sin i0 + a cos θ cos i0 (2.5)

aỹ = a sin θ cosφ cos i0 sinχ0 + a sin θ sinφ cosχ0 − a cos θ sin i0 sinχ0 (2.6)

az̃ = −a sin θ cosφ cos i0 cosχ0 + a sin θ sinφ sinχ0 + a cos θ sin i0 cosχ0 (2.7)

where ax̃ is the vector component along the line-of-sight, and aỹ and az̃ are the vector components

in the directions of increasing Declination and Right Ascension respectively, and angles i0 and χ0

describe the angle to the line-of-sight and the position angle of the jet precession cone axis.

Proof. We simply insert the transformation between the two bases given by Result (2.2.3) into a.

Thus:

a = a




sin θ cosφ

sin θ sinφ

cos θ




ᵀ


ex

ey

ez




(2.8)

= a




sin θ cosφ

sin θ sinφ

cos θ




ᵀ


sin i0 cos i0 sinχ0 − cos i0 cosχ0

0 cosχ0 sinχ0

cos i0 − sin i0 sinχ0 sin i0 cosχ0







ex̃

eỹ

ez̃




(2.9)

= a




sin θ cosφ sin i0 + cos θ cos i0

sin θ cosφ cos i0 sinχ0 + sin θ sinφ cosχ0 − cos θ sin i0 sinχ0

− sin θ cosφ cos i0 cosχ0 + sin θ sinφ sinχ0 + cos θ sin i0 cosχ0




ᵀ


ex̃

eỹ

ez̃




(2.10)

= ax̃ex̃ + aỹeỹ + az̃ez̃ (2.11)

from which we can read off the components in the Observer’s Reference Frame.

The inverse of this process is also useful.
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Result 2.2.5 (Vector Components in the Jet Cone Frame). The jet precession cone frame com-

ponents of a vector a that is described by an angle to the line-of-sight, η, and a position angle, χ,

are:

ax = a cos η sin i0 − a sin η cos i0 cos (χ0 − χ) (2.12)

ay = a sin η sin (χ0 − χ) (2.13)

az = a cos η cos i0 + a sin i0 sin η cos (χ0 − χ) (2.14)

where az is the vector component along jet precession cone axis, ay is the vector component in

the mid-plane of the jet system parallel to the plane of the sky, and ax is the vector component

in the mid-plane of the jet system pointing out of the plane of the sky. Angles i0 and χ0 describe

the angle to the line-of-sight and the position angle of the jet precession cone axis respectively.

Proof. We insert the inverse of the transformation between the two bases given by Result (2.2.3)

into a. Thus:

a = a




cos η

− sin η sinχ

sin η cosχ




ᵀ


ex̃

eỹ

ez̃




(2.15)

= a




cos η

− sin η sinχ

sin η cosχ




ᵀ


1 0 0

0 cosχ0 − sinχ0

0 sinχ0 cosχ0







sin i0 0 cos i0

0 1 0

− cos i0 0 sin i0







ex

ey

ez




(2.16)

= a




cos η

− sin η sinχ

sin η cosχ




ᵀ


sin i0 0 cos i0

sinχ0 cos i0 cosχ0 − sinχ0 sin i0

− cosχ0 cos i0 sinχ0 cosχ0 sin i0







ex

ey

ez




(2.17)

= a




cos η sin i0 − sin η cos i0 cos (χ0 − χ)

sin η sin (χ0 − χ)

cos η cos i0 + sin i0 sin η cos (χ0 − χ)




ᵀ


ex

ey

ez




(2.18)

= axex + ayey + azez (2.19)

To complete our geometrical results, it is helpful to identify expressions explicitly relating the
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angles {θ, φ} in the Jet Cone Frame to the angles {η, χ} in the Observer’s frame.

Result 2.2.6. A vector with polar and azimuthal angles {θ, φ} (in the Jet Cone frame) can be

written in terms of an angle to the line-of-sight, η, and a position angle, χ (measured counter-

clockwise from East), where:

cos η = sin θ cosφ sin i0 + cos θ cos i0 (2.20)

tanχ = − sin θ cosφ cos i0 sinχ0 + sin θ sinφ cosχ0 − cos θ sin i0 sinχ0

− sin θ cosφ cos i0 cosχ0 + sin θ sinφ sinχ0 + cos θ sin i0 cosχ0
(2.21)

Similarly, a vector with angle to the line-of-sight, η, and position angle, χ, can be written in terms

of polar angles θ and φ in the Jet Cone frame, where:

cos θ = cos η cos i0 + sin i0 sin η cos (χ0 − χ) (2.22)

tanφ =
sin η sin (χ0 − χ)

cos η sin i0 − sin η cos i0 cos (χ0 − χ)
(2.23)

Proof. First, we notice that, from Equation 2.3, we have

cos η =
ax̃
a

tanχ = −aỹ
az̃

(2.24)

and, from Equation 2.4, we have:

cos θ =
az
a

tanφ =
ay
ax

(2.25)

Then, using Results 2.2.4 and 2.2.5, we obtain the desired results.

2.3 Observing light from relativistic sources

2.3.1 Proper Motions & Light Travel Time Effects

Due to the finite travel time of light signals, the proper motion, µ, of a light source across the sky

(i.e., its observed change in angular displacement per unit of astronomer’s time), is a function of

the orientation of the source’s motion with respect to the observer.
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Result 2.3.1 (Proper Motion). The proper motion of a moving source is given by:

µ =
dξ

dT
=
βapparentc

D
=

c

D

β sin η

1− β cos η
(2.26)

where D is the distance to the source, c is the speed of light, η is the angle of the source’s intrinsic

velocity to line-of-sight, and v = βc is its speed. ξ is the angular displacement on the sky, and T

denotes time elapsed according to the observer’s clock (the epoch of observation).

Proof. The geometry is sketched in Figure 2.3. All times are measured in the rest frame of the

observer, but times t and t + ∆t correspond to the times at which light rays leave the source,

and times T and T + ∆T represent the times at which those light rays reach the observer on

Earth. The key insight is that the emission and observation of light are different events, related

by the light cone connecting source and observer. Hence, using the geometry of Figure 2.3, the

observation times can be written in terms of the emission times as:

T = t+

(
D − β‖ct

c

)

T + ∆T = t+ ∆t+

(
D − β‖c (t+ ∆t)

c

)

Rearranging these and subtracting the first equation from the second, we get:

∆T

∆t
=
(
1− β‖

)

The angular distance travelled between the two observations is ∆ξ = ξ (T + ∆T ) − ξ (T ) =

β⊥c∆t/D. Dividing through by ∆T , using the above relation for ∆T/∆t, and noting that

β‖ = β cos η and β⊥ = β sin η, we obtain the Result.

This is a textbook result (see e.g., Longair (2011), Mirabel and Rodŕıguez (1994) for other examples

of the derivation), and follows from the same reasoning underlying the apparent superluminal

motions seen in the jets associated with some AGN and microquasars (Rees (1966)). The apparent

speed, of the source βapparentc, will be greater than its projected intrinsic speed, βc sin η, if the

source is approaching the observer (η < π
2 ), and will be reduced if the source travels away from

the observer (η > π
2 ).

Using the Observer coordinate system set out in Definition 2.2.1, where z̃ and ỹ correspond to the

directions of Right Ascension and Declination, we can resolve the proper motion into changes of
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Figure 2.3: Schematic showing the role of light travel time effects in determining proper motions.
It shows light pulses leaving a source that moves at v = βc to be observed by a distant (D � βc∆t)
astronomer on Earth. The events corresponding to emission of a light pulse occur at coordinate
times t and t + ∆t in the observer’s rest frame, while the events corresponding to those pulses
reaching Earth occur at coordinate times T and T + ∆T respectively. From the geometry shown
here, the time steps are related by ∆T/∆t =

(
1− β‖

)
, since the second ray has to travel a shorter

distance from position at emission to observation on Earth. At these two observations, the source’s
angular displacements from the core are ξ (T ) and ξ (T + ∆T ). The proper motion measured by
the astronomer on Earth is µ = [ξ (T + ∆T )− ξ (T )] /∆T , where ξ (T + ∆T )− ξ (T ) = β⊥c∆t/D.
By eliminating ∆t, Equation 2.26 follows simply.
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RA and Dec:

Result 2.3.2. In terms of change in Right Ascension, dα, and Declination, dδ, the proper motions

in radians of relativistically moving plasma are:

dα

dT
=

c

D cos δ

βz̃
1− βx̃

(2.27)

dδ

dT
=

c

D

βỹ
1− βx̃

(2.28)

where δ is the source Declination, χ is the position angle measured from east, D is the distance

from the observer to the source, and dT is change in observer time.

We will return to the question of analysing proper motions of jet bolides in greater detail in

Chapter 4.

2.3.2 Redshifts

The highest precision probes of the SS 433 jets come from spectroscopic redshifts. As well as

emission lines from the Lyman and Balmer series of hydrogen (Clark and Murdin (1978), Blundell

and Bowler (2005)), the SS 433 jets are the almost unique examples of microquasar jets from

which X-ray emission lines of high-Z elements are observed (for instance, from silicon and iron

(e.g., Marshall et al. (1979), Watson et al. (1986), Kotani et al. (1996)); the other candidate is

4U1630-47, in which possible red and blue-shifted iron lines were detected by Dı́az Trigo et al.

(2013)).

The redshift of emission from the jet and the counterjet is determined by the component of jet

velocity along the line-of-sight.

Result 2.3.3. Suppose a source moving at v = βc radiates a photon at wavelength λem in its

rest frame. The photon is observed by a stationary, distant observer at wavelength λobs. Then,

the redshift is given by:

z :=
λobs − λem

λem
=

1− β‖√
1− β2

− 1 (2.29)

where β‖ = βx̃ = β · ex̃ is the velocity component along the line-of-sight, and ex̃ is the unit vector

pointing towards the observer along the line-of-sight.

Blundell and Bowler (2005) noted that the assumption of antisymmetric jet launch in precessing

jet models (i.e., βjet = −βcjt) allows the unique determination of the jet Lorentz factor γ, jet
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speed β, and the launch angle η with respect to the line-of-sight. They obtain these by taking the

sum and the difference of the two redshifts:

γ =
zjet + zcjt

2
+ 1 (2.30)

cos η =
zjet − zcjt

2γβ
(2.31)

where γ :=
(
1− β2

)−1/2
.

In the next section we will use the kinematic model to find a functional form for βx̃ = β · ex̃ =

β cos η. There exists a substantial archive of high precision redshift measurements, which can then

be used to determine the parameters of the model.

2.4 The Kinematic Model

In Section 2.2, we developed the geometrical machinery needed for the Kinematic Model, and in

Sections 2.3.1 and 2.3.2, we summarised the key physics needed for observational probes. Now we

consider the actual precessing jet itself.

The remaining assumptions we need to make about the jet motions are:

1. that the jet and counterjet bolides are launched simultaneously;

2. that the jet and counterjet launch vectors are anti-parallel βjet = −βcjt;

3. that the launch vector precesses at a constant rate (Φ̇ = constant) and with a fixed cone-

opening angle, Θ;

4. that, following launch, the jet ejecta proceed ballistically (i.e., without acceleration or de-

celeration).

From these, we can integrate Φ̇ = constant to get the precessional phase as a function of time:

Φ (T ) = srot
2π

P
(T − Tref) (2.32)

where srot = ±1 denotes counter-clockwise or clockwise rotation, P is the precessional period,

and Tref is a reference epoch at which the jet is maximally blue-shifted (i.e. at which Φ = 0). In

SS 433, the precession is in a left-handed sense; i.e., the jet precesses in a clockwise fashion, and
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srot = −1.

In terms of the {ex, ey, ez} basis vectors, the velocity of the jet is:

β = β sin Θ cos Φ ex + β sin Θ sin Φ ey + β cos Θ ez (2.33)

(c.f., Equation 2.4) where Θ is the cone opening angle (i.e., the angle between the jet and the

precession cone axis), and Φ = Φ (Tlaunch) is the precession phase (i.e., the angle projected onto

the midplane of the system between the jet and the vector ex) at the epoch of launch.

We can rewrite this vector in terms of components along the axes of the equatorial coordinate

system by the change of basis in Result 2.2.4.

Result 2.4.1 (Velocity Components of Mean Jet Motion). If a jet precesses around a cone of

opening angle Θ with the precession axis having angle i0 to the line-of-sight and angle projected

on the plane of the sky χ0 measured counter-clockwise from East, then in the Observer’s coordinate

frame, the components of the launch velocity vector at precession phase Φ are

βx̃ = β sin Θ cos Φ sin i0 + β cos Θ cos i0 (2.34a)

βỹ = β sin Θ cos Φ cos i0 sinχ0 + β sin Θ sin Φ cosχ0 − β cos Θ sin i0 sinχ0 (2.34b)

βz̃ = −β sin Θ cos Φ cos i0 cosχ0 + β sin Θ sin Φ sinχ0 + β cos Θ sin i0 cosχ0 (2.34c)

where βx̃ is the velocity component along the line-of-sight, and βỹ and βz̃ are the velocity compo-

nents in the directions of increasing Declination and Right Ascension respectively.

Lastly, we can write down expressions for the angular displacements of the jet and counterjet.

Result 2.4.2 (Angular Displacements in the Kinematic Model). Assuming ballistic motion and

that the jet and counterjet possess antisymmetry, the angular displacements of components

launched at Tlaunch as seen at some later time Tobs > Tlaunch are:

∆αjet =
c

D cos δ

βz̃
1− βx

(Tobs − Tlaunch)

∆δjet =
c

D

βỹ
1− βx

(Tobs − Tlaunch)

∆αcjt = − c

D cos δ

βz̃
1 + βx

(Tobs − Tlaunch)

∆δcjt = − c

D

βỹ
1 + βx

(Tobs − Tlaunch)

(2.35)

where βi = βi (Tlaunch) are the Observer’s frame components of the velocity launch vector.

These expressions are obtained by integration of the equations in Result 2.3.2, using the assump-

tion of antisymmetry to write βjet = −βcjt and the assumption of ballistic motion to write

β (T ) = β (Tlaunch) for times T > Tlaunch.
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Figure 2.5: The predicted line-of-sight velocity components derived from the kinematic model
(Equation A.11a) and their associated redshifts. The (eastern) jet and the (western) counterjet
are plotted in blue and red respectively. Note the non-zero redshift when the jets are in the plane
of the sky – this is the transverse doppler effect: zplane of sky = γ − 1.
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2.4.1 Best Fitting Parameter Values

The kinematic model well describes both the moving optical emission lines, and the characteristic

corkscrew shape of the SS 433 jets, and a number of workers have performed fits to its basic

parameters. In the simplest model, there are 7 parameters:

• the speed β0;

• the cone opening angle Θ0;

• the precession phase parameters, namely precessional period Pjet and a reference epoch Tref

corresponding to zero phase;

• the jet cone orientation parameters, i.e., the angle i0 between the jet cone axis and the

line-of-sight, and the position angle χ0 of the jet cone axis as projected onto the plane of

the sky;

• the distance D to SS 433.

As can be seen from an inspection of Result 2.3.3 and Equation A.11a for the redshift z and line-

of-sight velocity βx̃, neither position angle nor distance enter into the model when used to describe

redshifts of the moving lines. Accordingly, some workers omit these and, somewhat confusingly

refer to this as the 5 parameter model.

Note also that one should include the sense of the rotation (i.e., whether the jet precesses in

a right or left handed sense). This can be given as sjet = ±1, corresponding to right and left

handed rotations respectively, and where observationally SS 433’s precession is in the left-handed,

or negative sense (i.e., sjet = −1).2

The parameters that we will take as canonical throughout this work are presented in Table 2.1,

together with their sources.

The majority of these values were obtained by Eikenberry et al. (2001) using fits to optical spectra

over the first twenty years of observations of SS 433. It is worth noticing that, with an archive

extending over multiple decades, the precision obtained by fits to optical spectra is much greater

than that arising from fits to radio maps. Hence, the 5 parameters which appear in the model

describing redshifts β0, Θ0, i0, Pjet, and Tref are known to much greater position than the position

angle χ0, which comes only from the mean orientation of the radio maps.

2Of course, one can avoid introducing sjet if one allows for a negative precession period!
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β average bulk speed 0.2647± 0.0008
Pjet precessional period (162.375± 0.011) days
Tref reference epoch (see below) MJD (43563.23± 0.11)
Θ jet cone opening angle (20.92± 0.08) ◦

i0 angle between jet cone axis and line of sight (78.05± 0.05) ◦

χ0 orientation of jet cone on the plane of the sky 10± 2◦

Table 2.1: Best Fitting Kinematic Model Parameters. The values for β, Pjet, Tref, Θ, and i0 are
from Eikenberry et al. (2001). χ0 is taken from Hjellming and Johnston (1981). Care is needed
to ensure the correct reference epoch is chosen for the phase convention. This is discussed further
in Section 2.4.1.1.

2.4.1.1 A note on conventions

There are a number of phase conventions in use in the literature, depending on whether one

measures the jet precession from its closest point to the observer (maximal blueshift), its furthest

point from the observer (maximal redshift), or measured from the plane of the sky. This directly

affects the meaning of the reference epoch (Blundell and Bowler (2005)). For our purposes, it

is important to note that the convention used by Eikenberry et al. (2001) (namely, zero-phase

defined to be the point at which the jet passes through the plane of the sky going away from the

observer) is different from the convention we use here (namely, the maximal blueshift convention).

The conversion between these conventions is as follows.

⇒ T0 = TEik −
Pjet

2π
arccos (− cot Θ0 cot i0) (2.36)

Proof. Let TEik be the reference epoch in the Eikenberry convention, and let T0 be the reference

epoch in the maximal blueshift convention used here. i.e., at TEik, the jet is in the plane of the

sky, with η = π
2 , and at T0, the jet is at phase 0. Inserting η = π

2 into Equation 2.20, we can find

the precession phase in the maximal blueshift convention such that the jet lies in the plane of the

sky:

cos η = sin Θ0 cos Φ sin i0 + cos Θ0 cos i0 = 0

⇒ cos Φ = − cot Θ0 cot i0

⇒Φ = ± arccos (− cot Θ0 cot i0)

where Φ = − 2π
Pjet

(TEik − T0) is the precession phase in the maximal blue shift convention at the

Eikenberry reference epoch. The sign represents the fact that there are two crossings of the plane
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of the sky. We take the positive sign for a crossing above the x̃-z̃ plane, and a negative one for a

crossing below; in our case, we take the negative sign. Then,

− 2π

Pjet
(TEik − T0) = − arccos (− cot Θ0 cot i0)

⇒ T0 = TEik −
Pjet

2π
arccos (− cot Θ0 cot i0)

2.5 Deviations from the Kinematic Model

The kinematic model provides a remarkably stable description of the average behaviour of the jets.

It is not the complete picture. Careful analysis, particularly of the residuals between the observed

redshifts and those predicted by the kinematic model reveal that there are other processes at work.

We outline some of these briefly below.

2.5.1 Nodding

As well as the orbital periodicity Porb = 13.1 d and the jet precession period Pjet = 162.375 d,

the system also displays a significant periodic behaviour at about 6 d, closely associated with the

beat between the orbital and precessional periods. This was first reported by Newsom and Collins

(1980). Subsequently, models were developed identifying this period as the nutation (nodding) of

the jet due to small perturbations around its mean, driven motion in a slaved disc model (e.g.,

Katz et al. (1982), Matese and Whitmire (1982), Collins et al. (1981), Collins and Newsom (1986)).

In this work, we will adopt the formalism of Katz et al. (1982) and Vermeulen (1989). This

approach considers small perturbations about the mean precessional motion of the jet. Hence,

instead of describing the launch vector of the jet by a fixed cone opening angle Θ0 and a precession

angle Φ advancing at a fixed precession rate, we suppose that the launch vector is described by

two angles {θ, φ} which are related to the mean motions by small corrections. i.e.,

θ = Θ0 + δθ = Θ0 + εθ cos 2 (ψ − φ) (2.37a)

φ = φ̄+ δφ = φ̄+ εφ sin 2 (ψ − φ) (2.37b)
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where ψ is the orbital phase of the companion, θ and φ are the jet cone opening angle and the

precession angle (compare these to the use of polar coordinates in Figure 2.1), and the mean

precessional motion is

φ̄ = ΩpreT + φ0 = srot
2π

Ppre
(T − Tref) (2.38)

These are motivated mathematically by a slaved disc model. As formalised by Katz et al. (1982),

the disc is modelled as a rigid, rapidly rotating ring, at an angle to the orbital plane, and sitting

in the (time-dependent) gravitational potential of the orbiting companion. Tidal forces then cause

the ring to precess and nutate like a spinning top. By linearising the equations of motion for

this system, solutions of the above form are obtained (see Appendix A for a derivation using

Lagrangian mechanics). Physically, it makes sense for the functional form to be related to twice

the synodic period3, since the force exerted by the point mass on the ring will be the same twice

in each synodic period (e.g., the two occasions in each synodic period at which the companion

mass is aligned with the line along which the ring intersects the orbital plane).

By inserting Equations A.12 into Equations A.11 and expanding up to leading order in the small

quantities εθ and εφ, we obtain linearised equations for the perturbed velocity. These can be writ-

ten as β = β(0)+β(1), where the components of the mean motion β(0) are given by Equations A.11,

and the components of the linear perturbation term are:

β
(1)
x̃ = A63 cosψ63 +A58 cosψ58 (2.39a)

β
(1)
ỹ =

A63

sin i0
(cosχ0 sinψ63 + cos i0 sinχ0 cosψ63)− A58

sin i0
(cosχ0 sinψ58 − cos i0 sinχ0 cosψ58)

(2.39b)

β
(1)
z̃ =

A63

sin i0
(sinχ0 sinψ63 − cos i0 cosχ0 cosψ63)− A58

sin i0
(sinχ0 sinψ58 + cos i0 cosχ0 cosψ58)

(2.39c)

where A58 and A63 are the amplitudes of oscillations at 5.83 d and 6.28 d, and the nodding phases

Equations 2.39 are almost as given in Vermeulen (1989). Note the different conventions for posi-

tion angles – Vermeulen uses the more orthodox convention of measuring counter-clockwise from

North, where here we measure counter-clockwise from East, such that χ in Vermeulen’s equations

corresponds to π
2 +χ0 in these equations. There is also an overall sign error in Vermeulen (1989),

3The synodic period is the time interval such that the companion and the inclined disc have the same angular
relation between them, Psyn = 2π / (ωorb − Ωpre)
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which contradicts Katz et al. (1982); we agree with the Katz result. For reference, the perturbative

expansion is given in Appendix A.

The slaved-precession model of Katz et al. (1982) actually predicts contributions at 3 periodicities,

namely:

5.83 d ≡ 2π

2ωorb + 3 |ωpre|

6.06 d ≡ 2π

2ωorb + 2 |ωpre|

6.28 d ≡ 2π

2ωorb + |ωpre|
,

where we note that ωorb and ωpre evolve in counter-clockwise and clockwise senses respectively,

and hence have opposite signs. The true, physical variation is at 6.06 d, but the superposition

of this onto the 162 d precession leads to the two offset periodicities. The amplitudes predicted

by the Katz et al. (1982) model are not in agreement with observations: they predict that the

variation at 6.28 d should be the largest term, with no significant variation at 5.83 d. In fact, their

fits to the Kinematic Model residuals find no significant contribution at 6.06 d, with significant

spectral power at 5.83 d. The same result is seen by Blundell and Bowler (2005). Importantly,

their analysis of the power spectra of the sums and differences of the jet and counterjet redshifts

confirm that the nutation is purely the result of changes in angle; there is no associated variation

in the jet launch speed.

It should be noted, that no model has yet successfully predicted the amplitudes of the various

nutational components. If this could be done, it would provide a powerful insight into the dynamics

and structure of the accretion disc.

In Figure 2.6, we show the effect of this nutational motion on the cone opening angle and on the

precession angle, as well as showing the resulting line-of-sight velocity components.

2.5.2 Decay of precession period

In early observations of the precession of the SS 433 jets, several workers (e.g. Collins and New-

som (1980), Margon et al. (1981)) found tentative evidence for a substantial decay term in the

precessional period, with values of Ṗjet possibly as large as 10−2 (that is, a decay time as short as

perhaps 100 precession periods, or 40-50 years). This term was included phenomenologically in
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Figure 2.6: Nutation effects over 2 precession periods from point of zero-phase on 2011-10-13.
(a) precession angle, i.e., azimuthal angle measured counter-clockwise from the point of maximal
blueshift; (b) cone opening angle; and (c) line-of-sight velocity components for the jet (blue) and
counterjet (red).
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the precession models of Katz et al. (1982) and Newsom and Collins (1986). As the time baseline

of observations of the jet lines grew, the limit on any long-term secular evolution could be brought

down further. Anderson et al. (1983) concluded that, rather than a steady decay, the variation

was either oscillatory (i.e., a constant, non-zero second derivative, P̈jet), or the result of random

variations, while studies of the accumulated spectroscopy after 10 years (Margon and Anderson

(1989)) and 20 years (Eikenberry et al. (2001)) found the data to be consistent with both Ṗjet = 0

and P̈jet = 0. Instead, the apparent variations were explained as being due to stochastic variations

(Fabrika (2004)) in the properties of the precession cycle, which take place on timescales of up to

a few months, and after which the system returns to its average behaviour.

Eikenberry et al. (2001) placed an upper limit on the rate of precessional decay at Ṗjet < 5× 10−5

corresponding to a decay timescale on the order of 10,000 years. It is intriguing to note that, while

this is a long timescale compared to the few decades over which we have observed this object, it

is not long compared to the age of the W50 remnant.

2.5.3 Stochastic variations, flares, and other

The slaved nutation and the possiblity of a non-zero time-derivative of the precession period

described in the previous two subsections are both deviations from the Kinematic Model that are

deterministic (i.e., non-random) in character. There is evidence that the jets also display random

or stochastic variability in both their launch speeds and in the orientation of the launch vector.

In optical spectra, Katz and Piran (1982) and Margon and Anderson (1989) saw deviations of

redshifts from the model predictions at a statistically significant level, and argued that these were

due to variations in the pointing angle only. More recent work (Blundell and Bowler (2005)) has

shown that random, uncorrelated variations in the cone opening angle, precession phase angle,

and speed are indistinguishable from variations in the angles only. Indeed, using both fits to the

arcsecond scale radio jets (Blundell and Bowler (2004)) and determinations of the speed in optical

spectra (Blundell and Bowler (2005)), they show that there must be deviations in speed from the

mean value of β0c = 0.26c by as much as ±0.06c. Furthermore, these variations appear to be

anticorrelated with the jet cone opening angle – i.e., faster ejections are launched at a smaller

angle to the axis of the precession cone than slow ejections.

The other quasi-random variability is associated with flaring activity. Blundell et al. (2011) ob-

served SS 433 in the optical and radio in the weeks leading up to and including a large flare.
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Preceding the flare, the optical jet speed is observed to decline, while during the massive ejection

associated with the flare itself possesses an elevated speed. We will return to this behaviour at

greater length in Chapter 4.

Lastly, we note that the analysis of jet speeds from the red- and blueshifts of hydrogen lines by

Blundell and Bowler (2005) showed clear evidence for a variation in speed (but not in launch

pointing angle) with the 13.08 d orbital period – giving further evidence in support of an eccentric

orbit (1.5.2).

2.6 The origin of the precessional motion

There is a general consensus that the physics underlying the precessional motion in SS 433 (and

other microquasars) are due to tidal forcing of an accretion disc that is inclined at an angle to the

orbital plane of the binary system Katz (1973). The tidal gradients of the gravitational potential

from the companion star across the disc work to reduce the inclination of the disc with respect

to the orbital plane. The gyroscopic stability of the rapidly rotating disc acts to preserve its

inclination. These combine to give a stable retrograde precession. This is the basis of the slaved

disc model of Whitmire and Matese (1980).

As applied to a simple model consisting of a rapidly rotating ring in the time varying potential of

the companion star (Katz et al. (1982)), we have already seen that this model is semi-successful

in predicting the relationships between the orbital and precessional motions and the nodding

perturbation. It is not, however, able to accurately predict the amplitudes of these perturbations,

or to predict a value for the periodicity of the 163 d precessional motion.

The validity of approximating a fluid, possibly thick, accretion disc by a thin, rigid ring is also

open to question. Several workers have applied the same basic physics to more complex models.

For instance, the dynamical models of Collins and Newsom (1986) and Collins and Scher (2002)

relax the requirement that the precession be due to a ring, considering geometrically thick, but

still rigid, bodies, though their treatment seems more applicable to the case where the compact

object is a neutron star, rather than a black hole.

More interesting is the role of fluid mechanics in these models, which several workers have shown

to have complex effects. Here, the single inclined ring is replaced by a tilted (Charles et al.

(2008)) or a warped accretion disc, which can similarly precess. In particular, Papaloizou and
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Pringle (1983) demonstrate that the presence of viscosity (or equivalently, the precence of radial

communication between concentric, Keplerian rings) tends to flatten warped or inclined accretion

discs, while Ogilvie and Dubus (2001) show that this can be counteracted by radiation pressure,

which can maintain a stable warp and a stable precession rate. However, Begelman et al. (2006)

argue that these warps lie at radii much greater than the inner radius of the accretion disc, raising

questions about how nutational and precessional motions are communicated to the jets, which

must be launched from close to the black hole. The precession in these pictures can also be seen

as a wave-like propagation of a distortion in the shape of the disc (e.g., Papaloizou and Terquem

(1995) and Terquem (1998)). Thus far, however, these have not been used to explain the second

order nodding motion described by Katz et al. (1982).

Non-disc based precession models are generally discounted. For instance, Whitmire and Matese

(1980) argue that the compact object itself cannot be the cause of the precession – they argue

that both Lens-Thirring precession (an effect arising from the dragging of space-time in the Kerr

metric around a rotating black hole) and driven precession of the black hole would predict too

slow a precession rate.

In summary, though more complicated models provide a more faithful and complete physical

picture, they are unable to add much beyond the simple physical picture of Katz et al. (1982).

The general picture of a slaved disc precessing under tidal forcing from the companion remains

the most likely explanation.

2.7 Summary

In this Chapter, we have reviewed the Kinematic Model describing precessing, relativistic jets,

outlining both the geometry and the observational signatures of the problem in terms of proper

motions and redshifts. We have briefly discussed the underlying physics, using the Katz et al.

(1982) prescription to explore the nodding motions, and discussing some of the elements of tidal

mechanics and fluid dynamics that can feed into a description of the precession phenomenon.

In the coming Chapters, we will expand this machinery to allow us to use radio maps to fully

determine the velocity vectors of the jet and counterjet.
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Chapter 3

VLBA Observations of SS 433

3.1 Introduction

Our ability to make images of small or distant astrophysical objects is, ultimately, limited by

the wave nature of light and the corresponding diffraction limit. This prevents us from resolving

structures with an angular size less than ϑ ∼ λ/d, where d is the size of our instrument’s aperture,

and λ is the observing wavelength. When making observations at radio frequencies, λ is large (at

1.6 GHz, λ = 18 cm), so we need a huge aperture to obtain the resolution needed. If we wish to

make images with 10 milliarcsecond resolution at this frequency, we would need an aperture with a

size of almost 4000 km. Constructing a single such telescope is obviously impractical. However, the

techniques of aperture synthesis allow us to create an effective aperture of this size by correlating

signals from distant antennas.

In this Chapter, we present new images of SS 433 from observations with the Very Long Baseline

Array (VLBA) in 2011-12. We will first give a brief overview of the principles of Very Long Baseline

Interferometry (VLBI), before summarising the reduction process used for calibrating the data and

making images in AIPS (the Astronomical Image Processing System; Greisen (2003)).

This discussion closely follows that given in Taylor et al. (1999) (especially chapters 1, 2, 5, and 22),

and in the AIPS Cookbook (NRAO (1990); in particular chapter 9 and appendix C), to which the

reader is directed for more details.

39



40 CHAPTER 3. VLBA OBSERVATIONS OF SS 433

3.2 Principles of long-baseline radio interferometry

3.2.1 Visibilities

To make images of the sky, our aim is to determine the values of the sky brightness distribution,

Iν (s), at points on the celestial sphere denoted by the unit vector s. The brightness distribution

is also known as the specific intensity or the spectral radiance; its S.I. units are W m−2 Hz−1 sr−1.

Consider two detectors, separated by a distance vector b (the baseline). Consider a ray coming

from the point on the distant celestial sphere whose direction is given by the unit vector s.1 This

will induce a voltage at each detector. However, distance the ray must travel to reach the two

detectors will be different: consequently, there is a phase shift of 2π (b · s) /λ between the voltage

responses at the two detectors. Let us denote the voltage responses at the two detectors due only

to the rays from s by V1 (t; s) = v (s) e2πi νte2πi (b·s)/λ and V2 (t; s) = v (s) e2πi νt. We will adopt

the complex exponential notation for convenience – this allows us to omit several details regarding

the practical operation of the (complex) correlator.

How do these relate to the sky brightness at s? The brightness is the power per unit frequency per

unit unit effective collecting area per unit solid angle. The square of the voltage at each detector

is proportional to the power received. Hence,

|v (s)|2 ∝ power received ≡ Iν (s)A (s) ∆ν dΩ , (3.1)

where A (s) is the effective collecting area of the antenna (this will combine both the projected

area A · s and the response of the detector as a function of angle – this is also referred to as the

primary beam), ∆ν is the bandwidth of the detector, and dΩ is the small area of solid angle about

the vector s.

Now let’s correlate the two signals. This involves taking the time average of the product of the

1This can of course be described in terms of two angles, e.g., polar coordinate {θ, φ}, or Right Ascension and
Declination.
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two voltages. The response dR due to emission from s is

dR (b; s) = 〈V ∗1 (t; s)× V2 (t; s)〉 (3.2)

= |v (s)|2 e−2πi (b·s)/λ (3.3)

∝ Iν (s)A (s) e−2πi (b·s)/λ ∆ν dΩ (3.4)

where the asterisk denotes a complex conjugate, and 〈f (t)〉 := 1
T

∫ T
0

dt f (t), and we have used

Equation 3.1 in the last line. To obtain the total response of the correlator for the two antennas

separated by b, we must now integrate over all solid angles (i.e., over all directions, s), obtaining:

R (b) ∝ ∆ν

∫

Ω

dΩ Iν (s)A (s) e−2πi (b·s)/λ . (3.5)

(Note that we have omitted a subtlety: this integration can only be performed if the sky brightness

distribution is spatially incoherent.)

Let’s turn our generic detectors into antennas by developing the ideas of the effective collecting

area and the antenna response. In practice, the antenna response will have a central peak and

sidelobes. We will make observations by pointing our antennas (i.e., the central peak of the

antenna response) at the object we wish to observe, and then keeping the antennas tracking this

point by rotating them as the Earth turns beneath them. To represent this, let’s define the

pointing centre, s0 as a fixed point on the celestial sphere, with b as the time dependent baseline.

Let some arbitrary other point on the sky be referred to the pointing centre by s = s0 +σ. Then,

σ can replace s as our coordinates to describe Iν , and we introduce the normalised response of

the detector, A (σ) := A (σ) /A0, where A (σ) is the effective collecting area of the antenna as

introduced previously, and we normalise it to its value at the beam (pointing) centre σ = 0. Then,

we can rewrite the total correlator response (Equation 3.5) as:

R (b; s0) ∝ e−2πi (b·s0)/λA0 ∆ν

∫

Ω

dΩ Iν (σ)A (σ) e−2πi (b·σ)/λ (3.6)

and hence, we define the complex visibility :

Vν (b) :=

∫

Ω

dΩ Iν (σ)A (σ) e−2πi (b·σ)/λ (3.7)

such that R (b; s0) ∝ e−2πi (b·s0)/λA0 ∆ν Vν (b).
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3.2.2 The Fourier inversion & incomplete sampling

We now show that under certain approximations, this can be reduced to the Fourier transform

of the sky brightness distribution. Following Clark (1999), we consider the case where we only

observe a small region of the sky – i.e., |σ| � 1. In this case, we can make a local approximation of

the celestial sphere as a flat plane. Then, we introduce a coordinate system such that s0 := (0, 0, 1)

and σ := (l,m, 0), where {l,m} are direction cosines, and dΩ = dl dm. Letting b = λ (u, v, w) in

this coordinate system, we can write the visibility as:

Vν (u, v) =

∫∫
dl dmIν (l,m)A (l,m) e−2πi (ul+vm) . (3.8)

This is just a 2-dimensional Fourier transform, which can be inverted in principle to obtain the

sky brightness distribution:

Iν (l,m)A (l,m) =

∫∫
dudv Vν (u, v) e2πi (ul+vm) . (3.9)

The u-v plane is referred to as the Fourier plane.

In practice, we don’t have complete sampling of the u-v plane. We have some finite number of

antennas (N = 10, for the VLBA), giving a finite number of baselines bij (i.e., N (N − 1) /2

baselines), sampled for a finite time. As we have already noted, the Earth’s rotation means that,

in the reference (u, v, w) frame described above, the baselines are time dependent. This allows

us to fill out more of the u-v plane. However, we still only obtain finite samples of Vν . We can

represent this by a multiplying the visibility function by a sampling function S (u, v) to obtain

the sampled visibility function V̂ν . The Fourier transform of this sampled visibility function is the

dirty image. As it is the Fourier transform of a product, the convolution theorem tells us that it

can be written as the convolution of the two Fourier transforms. i.e., as the true sky brightness

distribution convolved with the Fourier transform of the sampling function (the dirty beam). The

art of radio imaging lies in deconvolving these two functions.
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3.3 Imaging VLBA data in AIPS

3.3.1 Calibration

The correlator outputs a time series Rij (t) for each baseline, representing the evolution traced by

each baseline vector b (t). From this, we can extract the observed visiblities Ṽij (t) for each base-

line as a function of time. In principle, these should be smooth, complex functions of t. However,

atmospheric, geometric, and instrumental uncertainties introduce errors into the observed visibil-

ities. These errors can be represented by a baseline-dependent complex factor Gij (t) (referred to

as the gain), such that:

Ṽij (t) = Gij (t)Vij (t) + random noise (3.10)

where Vij (t) is the true visibility.

For calibration purposes, Gij (t) can be divided into antenna-based amplitude and phase errors,

and residual baseline based errors. The calibration procedures aim to determine these values.

There are also, often, bad data that cannot be calibrated (e.g., due to radio frequency interference

(RFI) or issues at low elevations). These must be “flagged” and removed from the data set. AIPS

includes several tasks (e.g., WIPER and TVFLG) to do this interactively. Data should be flagged

where, for example, there are large deviations or dicontinuities in amplitude as a function of time

along each baseline, or clear discontinuities between different frequency bands. We have also found

it necessary to flag data at low elevations (15◦ was generally sufficient), and at the start and end

of scans (the task QUACK enables this). However, this process is highly iterative – often, a data set

will need to be flagged on more than one occasion throughout the calibration procedure.

The calibration recipe for VLBA data is set out in Appendix C of the AIPS CookBook (NRAO

(1990)). There are several steps:

1. a priori geometric calibration, to correct errors in the model of the Earth’s orientation

(procedure VLBAEOPS) and path length differences introduced by the ionosphere (procedure

VLBATECR);

2. a priori amplitude calibration, using system temperatures to correct each antenna (procedure

VLBACALA);
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3. bandpass calibration, using a bright reference source to remove degradation of amplitude at

the edge of each IF due to finite bandwidth (task BPASS);

4. a priori phase calibrations, correcting for the orientation of the antennas (procedure VLBAPANG)

and instrument phase delays (procedure VLBAPCOR);

5. fringe-fitting and phase calibration (see below); and finally

6. apply calibrations from reference source to the science data.

For VLBI, phase calibration is done using a phase reference source. This is a strong, scarcely

resolved reference source close to the faint science target. Errors in the phase calibration appear

as slopes along the frequency axis and with time, as well as an antenna-dependent phase residual.

The phase reference source is used to calculate the corrections needed to remove each of these

errors; these are then interpolated to apply the corrections to the weaker science target (see

Cotton (1995)). This is done using the procedure VLBAFRGP.

3.3.2 Deconvolution & imaging

After these calibration steps the corrections are applied to the science target (task SPLIT), and

the source is imaged. This is done using the AIPS task IMAGR, which uses the Cotton-Schwab

CLEAN algorithm (Schwab (1984)) to deconvolve the dirty beam from the dirty image. This is

described in Cornwell et al. (1999).

The key to the CLEAN algorithm is to consider the dirty image as the sum of many point sources,

each convolved with the dirty beam. CLEAN then works by identifying the brightest points in the

image plane, subtracting off some fraction of the dirty beam from that point (thereby removing the

sidelobes associated with that point), iterating until some termination criterion (e.g., the noise

level is reached), and then restoring a Gaussian clean beam to each point from which a clean

component was previously subtracted.

It is also necessary at this point to perform hybrid imaging and self-calibration. In this process,

the image generated from the visibility data is used as a model to improve the calibration of the

visibility data. A new, improved image is then made, and the process repeated. This is performed

using the AIPS task CALIB.
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3.4 2011-12 Observations

SS 433 was observed with the VLBA on several occasions during 2011 and 2012. Images are shown

here from 2011-Nov-05 (MJD 55871.0; Figure 3.1), 2011-Dec-24 (MJD 55919.83; Figure 3.2), 2012-

Jan-28 (MJD 55954.75; Figure 3.3), and 2012-Sept-07 (MJD 56177.13; Figure 3.4).

These were L-Band observations at 1.6 GHz, giving a beam size of approximately 10 mas× 5 mas.

The low frequency end of the band was grossly affected by radio frequency interference (RFI) and

flagged. This gave us 6 contiguously spaced IFs of 16 MHz. After a priori amplitude and bandpass

calibration, and fringe fitting to calibrate phase, these IFs were averaged down to a single channel,

giving an image of the continuum for each epoch.

Multi-scale CLEAN The data were flagged, calibrated, and imaged using standard routines

in the AIPS software package, following the recipes in Appendix C of the AIPS Cookbook (NRAO

(1990)) as outlined above.

Each 11 hour observation consisted of alternating 7 minute scans of SS 433, and 2 minute scans

of the phase calibrator J1929+0507 (4◦ from the science target). The source rises and sets at

different times at each antenna, and it was found that the images were improved by using only the

middle 8 hours of each epoch, when the array coverage is fullest. To handle the complex, extended

structure present in the jets, we found it to be essential to use the multi-scale implementation

of CLEAN available within the AIPS task IMAGR (Greisen et al. (2009)). We found the greatest

success when using 2 CLEAN scales, at 1 and 5 times the beam size. Equally importantly, we

used CLEAN boxes to restrict the algorithm only to areas of real emission – this was necessary to

reveal the complex diffuse matter surrounding the core.

Self-calibration It was found that self-calibration was necessary to produce maps of the system.

Many repeated iterations were needed to achieve a reasonable solution – typically > 15 manual

phase calibration iterations, with one final amplitude and phase iteration at the end. At the nth

iteration, the n−1th iteration calibrated data were used to generate a new model, which was then

used to calibrate the un-selfcalibrated 0th order data set. In the early iterations, large solution

intervals (set to the full length of a scan) were used, while the AIPS adverb UVRANGE was used

to down-weight the short baselines (typically, starting at a minimum baseline length of 10 megaλ,

with WTUV = 0.2). We also limited the number of CLEAN components subtracted quite severely
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in the early iterations, though this was soon relaxed. As the number of failed solutions reduced

and the model improved, this was cutoff was slowly brought down.

With these, good images were achieved for the first and third epochs, and satisfactory solutions for

the others. However, in no case did we achieve thermal-noise limited images; such is the difficulty

of imaging a complex and varying structure.

Time variability within the source A significant challenge in imaging arises because of time

variation in SS 433, and especially from the motion of the jet bolides during the course of the

observations. With the sparse sampling of the Fourier plane given by an array with only ten

antennas, we would like as long an observation as possible to improve our visibility sampling

and hence our image quality. The length of these observations give us sufficient signal-to-noise

to image the expanded jet bolides over an extended period after launch (up to 50 d). But, with

proper motions of ∼ 8 mas d−1 and observations lasting almost half a day, the bolides move by

almost a full beam in the course of the observations, violating the assumptions underlying the use

of the Fourier transform in synthesis imaging. This is the principal cause of the spurious signals

North and South of the main jet axis.

Attempts to mitigate this by imaging subsections of the full scan were only partially successful.

The problem is most acute around the brightest and most compact points on the map. This is

especially apparent in the 2011-Dec-24 epoch (Figure 3.2).

We divided each epoch into subscans of 2 hours. Then we used IMAGR to CLEAN the brightest,

most compact points around the inner regions. These provided a model which was subtracted from

the UV data file for the subscan with AIPS task UVSUB. The task DBCON was used to recombine the

residual data sets, which we then subjected to a deep CLEAN to image more extended matter,

both around the core and along the jet, and then to several self-calibration and hybrid imaging

iterations. Finally, the model subtracted from the middle 2 hours was restored to the calibrated

background data set. Ultimately, however, this failed to make a significant improvement to the

resulting image. It was most helpful in allowing us to prepare CLEAN boxes around the more

extended flux – but otherwise the images produced using the method above were no better than

those produced using the same CLEAN boxes on the complete data set.

The solution to the problem of imaging a varying source (whether in amplitude or in structure) in

interferometry remains unclear. Nonetheless, the images we obtained are of sufficient quality for
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us to determine the locations of the jet bolides securely. In each figure, the lowest contour level is

set at & 5σ, where σ is the rms background noise away from the artefacts north and south of the

jet. Accordingly, we are able to confidently locate even the faint outer bolides in the third epoch.

Other remarks We experimented with different weighting schemes in IMAGR (using the adverb

ROBUST). This is an implementation of the Briggs (1995) weighting scheme. The effects here were

small, though we used ROBUST = -1, together with the Gaussian function provided by UVBXFN =

4, which calculates weights within the gridded visibilities with respect to neighbouring cells (A.J.

Mioduszewski, private communication).

Ultimately, these made little systematic difference – the main source of error remains that intro-

duced by time variation, and the resulting difficulties introduced in the calibration procedure.

3.5 Remarks on the images and the circumbinary ruff

Although in none of the epochs do we achieve thermal noise limited images, these maps still give

new insights into this remarkable system. Most importantly, the maps from 2011-Dec-24 and 2012-

Jan-28 are sufficiently closely spaced in time that the same ejecta can be seen in both maps. This

will form the subject of the discussion in the next Chapter. We can also see in 2012-Jan-28 map

the remarkable degree to which the ejecta have expanded in the 35 d between these two epochs.

We will return to this in Chapter 5.

The data from 2011-Nov-06 and 2012-Jan-28 produce the best of the images here. In these two

epochs, the extended equatorial emission (the circumbinary ruff) that is identified in the maps

of Paragi et al. (1999) and Blundell et al. (2001) can be seen clearly. The evolution of this

ruff can provide an important probe of the dynamics of the inner binary system (Doolin and

Blundell (2011)). From previous observations of this ruff (notably the 2003 VLBA movie of

Mioduszewski et al. (2004), which we will discuss in later chapters (see Figure 4.2)), Doolin and

Blundell (2009) estimated a ruff precession period of 552.5 d, a mean position angle of 2◦ east of

north, an amplitude of 34.5◦, and a reference date (i.e., zero-phase) of MJD 52620. Their fits,

however, are not particularly well constrained – the 2003 data they use only sample a small part

of the precession cycle. From Figures 3.1 and 3.3, we can estimate angles of the precessing ruff.

These are shown in Figure 3.5. That these new data points do not lie on the predicted curve
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Figure 3.1: 1.6 GHz VLBA image of SS 433 from 2011-Nov-06. Contour levels are at 2n ×
0.22 mJy beam−1. The kinematic model trace (grey dots) is shown, as is the approximate angle of the
circumbinary ruff (43◦ east of north).
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Figure 3.2: 1.6 GHz VLBA image of SS 433 from 2011-Dec-24. Contour levels are at 2n×2.2 mJy beam−1.
The kinematic model trace (grey dots) is shown.
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Figure 3.3: 1.6 GHz VLBA image of SS 433 from 2012-Jan-28. Contour levels are at 2n ×
0.22 mJy beam−1. The kinematic model trace (grey dots) is shown, as is the approximate angle of the
circumbinary ruff (1◦ east of north).
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suggests that the Doolin and Blundell (2009) values may overestimate the period by perhaps 5%

(tentatively, 525 d seems to give a reasonable fit), and underestimate the amplitude by perhaps

10◦. It is unfortunate that the data in the other epochs are not sufficiently well behaved to provide

additional constraints for this fit.

3.6 Summary

We have outlined the principles of radio interferometry and the methods for reducing VLBI data.

We have presented 4 new maps of SS 433, two of which (2011-Dec-24 and 2012-Jan-28) are suffi-

ciently close in time that the same ejecta can be resolved in both epochs. In the coming Chapters,

we will examine some of the scientific results that can be extracted from these two maps.



50 CHAPTER 3. VLBA OBSERVATIONS OF SS 433

−0.4−0.20.00.20.4

Relative Right Ascension / arcsec

−0.2

−0.1

0.0

0.1

0.2

R
el

a
ti

v
e

D
ec

li
n

a
ti

o
n
/

a
rc

se
c

2012-Sept-07

Figure 3.4: 1.6 GHz VLBA image of SS 433 from 2012-Sept-07. Contour levels are at 2n ×
0.22 mJy beam−1. The kinematic model trace (grey dots) is shown.
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Figure 3.5: The angle of the equatorial outflow – the circumbinary ruff – as measured in the
2011-Nov-06 and 2012-Jan-28 epochs described here (43◦ and 1◦ respectively) together with the
ruff angles as measured in the 2003 VLBA movie (see Doolin and Blundell (2009)). The light gray
curve is the fit reported by Doolin and Blundell (2009). The new data do not match the historic
fit, yet illustrate the significant change in position angle of this component as a function of time.



Chapter 4

Analysis of the Proper Motions of

the SS 433 Radio Jets

4.1 Introduction

Spatially- and temporally resolved observations allow us to derive the proper motions of individual

components within the jet structure. In this Chapter, we will outline a method for extracting

intrinsic properties of the jet system from these measurements of the observed angular speeds

across the celestial sphere. In particular, we will show that it is possible to extract all three

components of the jet’s velocity vector – the speed, the position angle projected onto the plane of

the sky, and the angle to the line of sight. For the first time, this will give us unique measurements

of the bulk speeds of the radio jets derived from milliarcsecond scale radio observations, which we

will use to examine the behaviour of the system during flaring episodes.

To do this, we will use two data sets. Firstly, we will use the 2011-Dec-24 and 2012-Jan-28

observations outlined in the previous Chapter. Then, we will apply the same techniques to the

wealth of data in the 2003 VLBA movie (Mioduszewski et al. (2004)) – a series of almost daily

observations of SS 433 over seven weeks.

51
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4.2 Calculating jet bulk speeds

4.2.1 Proper motions and line-of-sight velocities in ballistic jets

In Chapter 2, we showed that, accounting for the finite speed of light and the changing distance

between source and observer for a moving source, the proper motion, µ, of a light source across

the sky is given by:

µ =
dξ

dT
=
βapparentc

D
=

c

D

β sin η

1− β cos η
(4.1)

where D is the distance to the source, c is the speed of light, η is the angle of the emitting source’s

intrinsic velocity to line-of-sight, and v = βc is its speed. ξ is the angular displacement on the sky,

and T denotes time passed according to the observer’s clock on Earth (the epoch of observation).

Let us now consider a pair of symmetric, antiparallel, ballistic jets, launched from a common

core, both travelling at speed β, with the jet and counterjet aligned at angles η and π − η to the

line-of-sight. Inserting these into the definition of proper motion (Eqn 4.1) and rearranging, we

can extract (e.g. Mirabel and Rodŕıguez (1994)) the line-of-sight component of the jet’s velocity

vector; i.e, β‖ = β cos η. This is:

β‖ = β cos η =
µjet − µcjt

µjet + µcjt
=
ξjet − ξcjt

ξjet + ξcjt
(4.2)

where µjet and µcjt denote the proper motions of the jet and counterjet respectively. The final

equality follows from the assumptions of ballistic motion and simultaneous launch, where ξjet =

µjet∆T and ξcjt = µcjt∆T are the angular displacements from the launch point observed at the

same epoch (according to the observatory clock), ∆T after their simultaneous launch.

4.2.2 Launch epoch and intrinsic jet speed

For ballistically moving ejecta, a further rearrangement is possible to allow us to extract both the

launch epoch, Tlaunch, and the intrinsic speed, β.

To find the launch epoch, we simply extrapolate back to the date on which the separation between

jet and counterjet ejections was zero, under the assumptions that they were launched simultane-

ously and that they move ballistically and symmetrically. Hence, given two observations at epochs
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T and T + ∆T , and defining the total angular separation ξtot (T ) := ξjet (T ) + ξcjt (T ), we find:

Tlaunch = T − ξtot (T )

ξtot (T + ∆T )− ξtot (T )
∆T . (4.3)

The quantity ξtot has the advantage that it is just the angular separation between the jet and

counterjet bolides, and so can be determined independently of the absolute location of the centre.

This is particularly useful for self-calibrated interferometric maps of symmetric jet sources (as is

in our observations of SS 433), where the precise core location can be hard to identify.

Similarly, we can define a total proper motion µtot (T ) := µjet (T ) + µcjt (T ) as the rate at which

the two bolides move apart. Using Equation 4.1, this total proper motion can be written:

µtot =
ξtot (T )

T − Tlaunch
=

2c

D

β⊥
1− β2

‖
(4.4)

with β⊥ = β sin η.

We can rearrange Equation 4.4 to find the velocity component perpendicular to the line-of-sight,

β⊥. Then, the jet speed itself can be written in terms of the total proper motion, µtot, and the

line-of-sight velocity component, β‖:

β =
√
β2
⊥ + β2

‖ =

√[
(D/2c)µtot

(
1− β2

‖

)]2
+ β2
‖ (4.5)

where the line-of-sight velocity component, β‖ is calculated using Equation 4.2.

The angle to the line-of-sight can be simply extracted from Equations 4.2 and 4.5 as:

cos η =
β‖

β
(4.6)

If the position angle of the jet on the sky is also measured, then this calculation gives the com-

plete velocity vectors of the jet and counterjet bolides. This calculation gives the best means of

determining this vector; it returns a value for the angle rather than simply a constraint derived

from the requirement that speeds are less than c (Meyer et al. (2015)), and in principle allows

examination of the three dimensional precession of jets such as SS 433.

If we further know the orientation of the jet precession cone (described by position angle χ0

and angle to the line of sight i0 as in Figure 2.1), then by using the transformations outlined in
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Bolide
2011-Dec-24 2012-Jan-28 Tlaunch Line-of-Sight Bulk Speed

ξjet ξcjt ξtot ξjet ξcjt ξtot (MJD) Velocity β‖ β = v/c

A 162.2 173.9 336.1 488.9 480.5 969.4 55901.3± 0.9 0.009± 0.029 0.288± 0.017
B 12.7 18.7 31.2 318.3 343.8 662.0 55918.1± 0.6 −0.039± 0.043 0.289± 0.017

Table 4.1: Angular displacements and derived launch dates, line-of-sight velocities β‖ = v‖/c, and
launch speeds β = v/c for bolides A and B in the 2011-12 observations. Angular displacements
are given in milliarcseconds from the core (located at the origin of Figure 4.1). Speeds are given
in units of c.

Section 2.2, we are also able to extract information about the launch vector’s orientation on the

precession cone. We can convert angles χ and η into polar angles. That is, we can find the polar

angle, θ, representing the angle between the jet and cone axis about which the jet precesses as:

cos θ = cos i0 cos η + sin i0 sin η cos (χ0 − χ) (4.7)

and we can find a “precession phase”, which is the azimuthal angle, φ, around the precession cone

from closest approach to the line-of-sight):

tanφ =
sin η sin (χ0 − χ)

sin i0 cos η − cos i0 sin η cos (χ0 − χ)
(4.8)

(c.f., Result 2.2.6). We note, of course, that these last two results are dependent on the model

used to determine i0 and χ0.

4.3 Observations

4.3.1 2011-12 VLBA observations

SS 433 was observed with the Very Long Baseline Array (VLBA) on MJD 55919.83 and MJD 55954.75

(i.e. on 2011-Dec-24, and 35 days later on 2012-Jan-28). The data reduction involved in these two

epochs was outlined in Chapter 3.

These two images show the milliarcsecond-scale jets of SS 433 in greater detail and over greater

extent than any previous VLBI image of the system. We can trace the ejecta as they travel over

& 0.4 arcseconds on either side of the core, or & 50 days from their initial launch, given that proper

motions are of order of 8 mas d−1. In each epoch, we can identify a succession of pairs of bolides

arising from antiparallel ejections of knots of jet plasma. The time-spacing of the two epochs is
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Figure 4.1: VLBA observations of SS 433 in 2011-12. Contour levels are at 2n times the minimum
contour level, which is 2.2 mJy beam−1 in the upper panel, and 0.22 mJy beam−1 in the lower
panel. One negative contour (dashed) at −1 times the minimum contour level is also shown. The
connecting lines identify the same ejections across the two epochs.
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such that plasma that is launched shortly before the first observation has not had time to fade

before the second, revealing for the first time the remarkable degree to which the jet knots expand

as they fade (see Chapter 5).

For the two ejection complexes identified in both epochs, we can measure their angular displace-

ments from an estimated core position, located at the origin in Figure 4.1. Then, we evaluate

line-of-sight velocity, launch date, and jet bulk speed using Equations 4.2, 4.3, and 4.5 respec-

tively.

The resulting values are given in Table 4.1. The two ejections occur on MJD 55901.3 ± 0.9 and

MJD 55918.1± 0.6 (i.e., 18.5± 0.9 and 1.7± 0.6 days before the first observation). Both ejections

launch bolides at speeds of almost 0.29c. This is the first unique measurement of the bulk speeds

of the radio jets on milliarcsecond scales. It is particularly noteworthy that the speeds lie at the

upper end of the range of those fitted to the arcsecond-scale radio jets in Blundell and Bowler

(2004), and also that they match the high optical jet speeds that Blundell et al. (2011) reported

as being associated with flaring behaviour. We will discuss this further in Section 4.4.

4.3.2 Archival VLBA observations - the SS 433 movie

We can also apply the methods derived in Section 4.2 to historic VLBA observations of SS 433 in

2003.

SS 433 was observed on 39 out of the 42 days between 2003-June-26 and 2003-August-06, using

2 hour observation tracks with the VLBA at 1.4 GHz (L-Band). These data were prepared and

reduced by Amy Mioduszewki of NRAO with the aips software using standard techniques for

VLBI imaging (as discussed in the aips Cookbook), but truncating the inner regions at 200 kλ

(private communication). As in our observations discussed in Chapter 3, multiscale clean was

used to assist with imaging, as was careful boxing, guided by the predicted jet loci generated

from the kinematic model. A movie of the colour-scale images from this campaign has previously

been released to the community (http://www.nrao.edu/pr/2004/ss433/; Mioduszewski et al.

(2004)). The individual observations are plotted as contour maps in Figure 4.2. An animated

version of these contour plots is available with the online edition of Jeffrey et al. (2016).

From a qualitative inspection of Figure 4.2, we can see that the jet consists mainly of a series of

discrete ejection pairs, which we are able to track over multiple successive days’ observing as they

http://www.nrao.edu/pr/2004/ss433/
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Figure 4.2: Contour Maps showing 2003 VLBA Observations of SS 433. Contour levels are identical across all frames, set at 2n × 0.7 mJy beam−1

for integer n. The frame number corresponds to number of days from 2003-June-25 (i.e. MJD− 52815.0). The crosses denote the Kinematic Model
predictions for bolides launched at 5 day intervals.
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travel away from the core in an apparently ballistic fashion. In each case, both components of a

pair of bolides appear to be launched simultaneously. In the first observation, 2 bolide pairs can

be distinguished. Over the course of the 6 week campaign, a further 8 pairs are launched.

Throughout the campaign, the jet shows deviations from the kinematic model predictions (i.e. the

crosses in Figure 4.2, using the parameter fits of Eikenberry et al. (2001)), implying variations in

launch angle or in jet speed (or in both) that are not described by this simple model. Schillemat

et al. (2004) noted that the proper motions deviate from those predicted by the model. In Sec-

tion 4.3.3 below, we apply Equation 4.5 to show how these correspond to variations in the physical

jet launch speed.

It is also interesting to note that SS 433’s behaviour over the course of the 2003 campaign appears

to be divided into two distinct phases. During the first part of the campaign, we observe a period

of relative quiescence. Discrete jet ejections can be identified, but they have low luminosities

relative to later bolides, and appear to lie within a more continuous background jet flow.

From about day 19 (i.e. from 2003-Jul-14, MJD 52834) until the end of the observing campaign,

the jet appears to move to a more active phase featuring more intense bolide ejections. The jet

appears more fragmented, with more pronounced gaps in the jet flow between individual ejections

(note that all frames of Figure 4.2 are contoured at the same levels). This fragmentation suggests

that the continuous jet seen in earlier epochs is actually disrupted, although it may be a dynamic

range or uv-plane sampling effect.

We believe this second phase of behaviour to be the milliarcsecond-scale manifestation of a radio

flare, and in Section 4.4 we will discuss this hypothesis in relation to existing observations of

SS 433.

4.3.3 Proper motion analysis of the 2003 data

We can determine the bulk launch speeds of the individual jet ejecta by using the analysis of

Section 4.2. The peak positions of individual bolides were determined using the aips task JMFIT.

At each epoch, a single Gaussian component was fitted to each bolide; the peak positions of these

Gaussians served as the bolide locations.

Next, we determine the proper motions, µjet and µcjt, of the bolides in the jet and counterjet.

To do this, we fit the displacements of the bolides from the launch point in each epoch assuming
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simultaneous and oppositely directed launch, followed by ballistic propagation. In Figure 4.2,

each frame has been centred to the estimated launch point, taken to be the gap between the two

stationary peaks that corresponds to the base of the jets. There are 4 parameters in this model:

the proper motions µjet and µcjt, together with the position angle of their trajectories on the sky,

and the epoch of launch, Tlaunch. That is,

ξα,jet = µjet (T − Tlaunch) cosχ sec δ0 (4.9)

ξδ,jet = µjet (T − Tlaunch) sinχ (4.10)

ξα,cjt = −µcjt (T − Tlaunch) cosχ sec δ0 (4.11)

ξδ,cjt = −µcjt (T − Tlaunch) sinχ (4.12)

where ξα and ξδ denote shifts in Right Ascension and Declination, the position angle, χ, is the angle

formed between the jet and the E-W axis, and δ0 is the Declination of the source (+4◦58′57.′′764

(J2000.0)).

4.3.3.1 The fitting algorithm

To find the best-fitting parameters for this model, we use a modified least-squares fitting routine,

making the simplifiying assumption that the unknown errors in the coordinates are independent

and uniform. We also assume flat priors on the model parameters {µjet, µcjt, χ, Tlaunch}. This

reasoning is similar to a problem in Sivia and Skilling (2006).

Let us suppose that we have data points {ti, (xi, yi)}, where ti are the observation times, and

(xi, yi) are the measured coordinates of a (jet or counterjet) bolide. Let us suppose that we

want to describe these points by a model which predicts that the coordinates at time t will be

(x̃ (t, {mj}) , ỹ (t, {mj})), where {mj} is the set of model parameters to be found. We will do this by

exploiting Bayes’ Theorem: Pmodel | data ∝ Pdata |modelPmodel. Here, Pmodel | data is the probability

density function (pdf) of a set of model parameters given data (the posterior), Pdata |model is the

pdf of a set of observed data given a set of model parameters (the likelihood), and Pmodel is the a

priori pdf on the model parameters (the prior).

We make the assumptions that experimental uncertainties are independent, Gaussian and de-

scribed by a single parameter, σ. Hence, the likelihood function on each measurement pair (xi, yi)
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can be written:

Pith datum |model,σ (xi, yi|ti {mj} , σ) =
1

2πσ2
exp

(
− (xi − x̃ (ti, {mj}))2

+ (yi − ỹ (ti, {mj}))2

2σ2

)

(4.13)

and the assumption of independence gives us:

Pdata |model,σ =

N∏

i=1

Pith datum |model,σ ∝ σ−2N exp

(
− R2

2σ2

)
(4.14)

where N is the total number of data points (that is, the sum of the number of counterjet mea-

surements and the number of jet measurements), and R2 is the sum of squares of residuals:

R2 :=

N∑

i=1

[
(xi − x̃ (ti, {mj}))2

+ (yi − ỹ (ti, {mj}))2
]
. (4.15)

To obtain Pmodel | data, we marginalise over σ, with an appropriately chosen prior on σ. Ignorance

is expressed by a Jeffreys’ prior: Pσ ∝ 1
σ for positive σ. Thus, we have:

Pmodel | data =

∫
dσ Pσ,model | data (4.16)

∝
∫

dσ Pmodel | data,σPσ (4.17)

∝
∫

dσ Pdata |model,σPmodelPσ (4.18)

where, in the first step, we have used Bayes’ Theorem to rearrange σ, and in the second, we have

used Bayes’ Theorem to rearrange the model parameters. Up to an appropriate choice of prior on

the model parameter, we know all the terms in this expression. Hence,

Pmodel | data ∝ Pmodel

∫
dσσ−1σ−2N exp

(
− R2

2σ2

)
. (4.19)

To handle the integral, we make the substitutions s =
√
R2/σ and dσ = −

(√
R2/s2

)
ds. These

give us

∫
dσ σ−(2N+1) exp

(
− R2

2σ2

)
= −

(
R2
)1/2 (

R2
)−(2N+1)/2

∫
ds s(2N+1) exp

(
−s

2

2

)
∝
(
R2
)−N

(4.20)
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since the integral over s is now just an uninteresting constant which can be absorbed into the

normalisation. This gives us our posterior pdf,

Pmodel | data ∝
(
R2
)−N

Pmodel . (4.21)

Under the further assumption of a flat prior, Pmodel = constant, it is clear that the most likely

model values, {mj,0}, will be those which minimise the value of R2. Hence, we obtain a slight

variation on the least-squares method. We can use routines within Python’s scipy package to find

these optimal values.

4.3.3.1.1 Uncertainties on model parameters We can also find estimates of the uncer-

tainties on these parameters by Taylor-expanding the posterior pdf about this minimum. This is

most conveniently done using the logarithm of the posterior L = lnPmodel | data. Expanding L in

a Taylor Series in terms of the parameters {mj} about the maximum at {m0,j}, we find:

L = L ({m0,j}) + 1
2

∑

i

∑

j

(mi −m0,i) (mj −m0,j)
∂2L

∂mi∂mj

∣∣∣∣
{mk,0}

+ . . . (4.22)

where the first order term is identically zero because we are expanding about a stationary point

and we have chosen to neglect terms of order O
(
δm3

)
. Exponentiating this, we recover the

quadratic approximation to the posterior pdf: a multivariate Gaussian in the model parameters

{mj}, with covariance matrix σ2 = H−1, where the Hessian matrix H has components [H]ij :=

− ∂2L
∂mi∂mj

∣∣∣
{mk,0}

.

4.3.4 Derived launch speeds and vectors

The fitted proper motions are listed in Table 4.2 (there are too few data points for a reliable fit to

the final ejection, giving a total of 9 fitted bolide pairs). Using equations (4.2) and (4.5), the line-

of-sight velocity components and the bulk speeds were calculated for each ejecta pair. They are

plotted against epoch of launch in Figure 4.3. The corresponding angles to the line-of-sight are also

plotted, showing the precession of the jet launch vector. Uncertainties are estimated by drawing

random samples from the Gaussian approximation to the posterior PDF on the fitted parameters,

together with the distance to SS 433, D = 5.5± 0.2 kpc (Blundell and Bowler (2004)). When

propagated through equations (4.2) and (4.5), this gives estimates for the errors on the derived
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Bolide Tlaunch µjet/mas d−1 µcjt/mas d−1 χ/◦ β‖ = v‖/c θ/◦ β = v/c
1 −10.740± 0.385 8.262± 0.198 7.611± 0.184 28.15± 0.23 0.041± 0.004 80.8± 1.0 0.255± (0.006 + 0.005)
2 −4.211± 0.264 7.449± 0.209 7.536± 0.185 27.15± 0.41 −0.006± 0.008 91.4± 1.8 0.238± (0.006 + 0.004)
3 0.561± 0.301 7.046± 0.182 6.683± 0.192 24.57± 0.48 0.026± 0.009 83.1± 2.3 0.220± (0.005 + 0.004)
4 6.962± 0.118 6.768± 0.131 6.916± 0.133 22.05± 0.33 −0.011± 0.006 92.9± 1.5 0.218± (0.004 + 0.005)
5 14.098± 0.231 7.894± 0.211 8.487± 0.359 16.25± 0.56 −0.036± 0.013 97.9± 2.7 0.262± (0.010 + 0.004)
6 18.247± 0.112 9.279± 0.141 9.400± 0.183 13.51± 0.43 −0.006± 0.008 91.3± 1.5 0.297± (0.005 + 0.007)
7 21.014± 0.074 8.891± 0.056 9.422± 0.058 8.74± 0.15 −0.029± 0.003 95.7± 0.6 0.292± (0.002 + 0.009)
8 29.654± 0.126 9.582± 0.178 10.443± 0.189 2.45± 0.46 −0.043± 0.008 97.7± 1.5 0.320± (0.005 + 0.007)
9 33.583± 0.135 9.602± 0.269 9.795± 0.271 −0.07± 0.70 −0.010± 0.012 91.8± 2.2 0.308± (0.008 + 0.006)

Table 4.2: Best fits to bolide launch dates, Tlaunch; proper motions, µjet and µcjt; and position angles projected on the plane of the sky, χ, for the
first 9 bolides seen in the 2003 campaign.. Also given are derived line-of-sight velocities, β‖; angles θ to the line-of-sight; and bulk speeds β. Tlaunch

is given as MJD − 52815.0 (i.e. referred to 2003-June-25). The bolide numbers correspond to the labels in Figure 4.2. Uncertainties are at the 1σ
level. For the bulk speed, β, the error is given as statistical uncertainty in the fit + systematic uncertainty in the distance D to the source (see
discussion in Section 4.4.5).
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parameters. In fact, the uncertainty on distance D is the largest source of uncertainty in the

estimation of jet speed β. This is shown in Figure 4.3(b); we will return to this in Section 4.4.5.

Inspecting the derived speeds, we see clear and quantitative evidence for a change in behaviour

during the campaign. Jet speeds are low (β . 0.26) for ejections before approximately day 15. In

the later observations, jet speeds are high, exceeding 0.29c.

4.3.4.1 Jet orientation and the reliability of the precession model

We can use Equations 4.7 and 4.8 to make a determination of the launch angle and phase for each

bolide, and compare to the predictions of the kinematic model. These are sketched in Figure 4.4.

The solid lines show the kinematic model predictions for the position angle, jet cone angle and

precession angle, obtained by using the ephemerides of Eikenberry et al. (2001), together with the

nutation parameters given in Vermeulen (1989). Uncertainties given are 1σ, and unlike in Figure

4.3, no distinction is made between the systematic uncertainty in distance D, and the statistical

uncertainties in the data fits.

In all cases, the bolide angles clearly deviate significantly from the kinematic model’s predictions.

There are two interesting observations here:

1. there appears to be an offset between the data and the predictions obtained using the

Eikenberry values of the kinematic model of between 5 and 10 days; and

2. while individual bolides appear to follow the shape of the basic kinematic model well, from

the limited sampling here it is unclear whether the rapid ∼ 6 d variation introduced by the

nutation is manifested in the radio bolides.

The apparent discrepancy between the historic kinematic model parameters and the data here

need not be indicative that these parameter values have changed with time, or that the optical

and radio jets follow different models. Indeed, a discrepancy of comparable size was reported by

Stirling et al. (2002) in relation to MERLIN observations from 1992, where it was attributed to

phase or velocity noise. However, Figure 4.4 (in particular the position and precession angles)

suggest something more systematic.

A first contribution to the offset (perhaps ∼ 2 d) may arise from the time taken for optical lines to

appear after launch. A further part of this deviation can be accounted for by the uncertainties in

the reference epoch introduced by the difference between conventions in Eikenberry et al. (2001)
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Figure 4.3: (a) Line-of-sight velocity component, β‖, plotted against launch date. (b) Jet speed
plotted against launch date. (c) Angle between jet bolide velocity vector and line-of-sight. In (a)
and (c), the solid line shows the predicted values derived from the kinematic model, while the solid
line in (b) shows the value of launch speed derived from optical spectroscopy by Eikenberry et al.
(2001): β = 0.2647c. The systematic deviations from this constant value are clear. Uncertainties
shown in (a) and (c) are 1σ. The errorbars in (b) indicate only the uncertainty due to statistical
variations in the fitted parameters. We have indicated the effect of the uncertainty in the distance
to the object in the inset pane, where the mean statistical uncertainty in the fit (stat. unc.) and
mean total uncertainty including that on the distance to SS 433 (incl. dist. unc.) are indicated.
See Section 4.4.5. The errors in launch date are smaller than the marker width on this scale.
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Figure 4.4: (a) Fitted position angle, χ, for the trajectory of each bolide pair; (b) derived cone-
opening angle, θ; and (c) derived precession angle (i.e., azimuthal angle measured counter-clockwise
from the point at which the jet is closest to the line-of-sight – c.f. Θ and Φ in Figure 2.1). In
each case, plots are against the fitted launch date. The black lines show the kinematic model
predictions obtained using the values of Eikenberry et al. (2001), and including nutation, while
the grey bands show kinematic model predictions without nutation but varying the model mean
cone angle between 18◦ and 22◦.
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and the present work. As previously noted (Section 2.4.1.1), in table 1 of Eikenberry et al.

(2001), the convention used is that phases are measured from the point at which the (east) jet

passes through the plane of the sky as it precesses away from us. We take zero phase to be the

point at which the eastern jet is at its closest to the line-of-sight (maximally blue-shifted). The

conversion between epoch of zero-phase in these two conventions is (non-linearly) dependent on

the cone opening angle, Θ0. The grey bands indicate the effect of a variation in this cone opening

angle between 18◦ and 22◦ - larger than the uncertainty stated by Eikenberry et al. (2001), but

comparable with the variations introduced by both the nutation, and by stochastic variations (as

reported by Blundell and Bowler (2005)). A new fit to the optical data archive, using a consistent

zero-phase convention, may help to resolve this ambiguity.

On the second point, we note that, whereas new optical emission lines appear at a rate of about

one a day, the radio bolides seen here are launched with a spacing of roughly 4 d between successive

ejections. Given that the optical lines appear to obey the nutation model in an average sense (with

stochastic variations of order of the same size as the nodding), we are not surprised that the effects

of any nutation are not visible in this small sample of radio bolides.

In both cases, the present data are not sufficient to draw firm conclusions about the durability of

the kinematic model or its nodding correction. A closer study of the optical spectra may help to

clarify the discrepancies.

4.3.5 Do the jets undergo deceleration?

A number of authors (e.g., Stirling et al. (2004), Marshall et al. (2013)) have argued for deceleration

in the jets of SS 433. Often this arises from the use of an erroneous distance measurement. If one

assumes that SS 433 is closer than 5.5 kpc, then one finds that the same proper motion is associated

with a jet speed lower than the ∼ 0.26c we find here. If one then wishes to compare to the speeds

from optical spectra (also ∼ 0.26c, and, crucially, determined independently of distance), then one

must invoke a deceleration between the scale of the optical jets and the radio jets for consistency

between their speeds.

If we are secure in using the distance of Blundell and Bowler (2004) and Lockman et al. (2007),

then one finds the same jet speeds in the optical and radio jets, and so this deceleration is no

longer necessary. Nevertheless, with the excellent temporal sampling of the 2003 archival VLBA

observations, it is reasonable to ask: “how well do the radio bolides obey the ballistic model?”
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To do this, we will examine a model in which we allow a non-zero first derivative to the proper

motion:

µi (T ) = µi,0 + µ̇i,0 (T − Tlaunch) (4.23)

which we integrate to give expressions for the coordinates of jet and counterjet bolides:

ξα,jet =
(
µjet,0 (T − Tlaunch) + 1

2 µ̇jet,0 (T − Tlaunch)
2
)

cosχ sec δ0 (4.24)

ξδ,jet =
(
µjet,0 (T − Tlaunch) + 1

2 µ̇jet,0 (T − Tlaunch)
2
)

sinχ (4.25)

ξα,cjt = −
(
µcjt,0 (T − Tlaunch) + 1

2 µ̇cjt,0 (T − Tlaunch)
2
)

cosχ sec δ0 (4.26)

ξδ,cjt = −
(
µcjt,0 (T − Tlaunch) + 1

2 µ̇cjt,0 (T − Tlaunch)
2
)

sinχ . (4.27)

There are now 6 parameters in our model: {µjet, µcjt, µ̇jet,0, µ̇cjt,0, χ, Tlaunch}. We can use Monte-

Carlo Markov Chain methods to examine the pdfs on each of these parameters.

Note that we no longer have the ability to extract physical parameters (e.g., launch speed, angle to

the line-of-sight) from this model. The analysis in Section 4.2 was predicated on the assumption

that the motion was ballistic. However, we can still make qualitative statements about accelera-

tion/deceleration.

4.3.5.1 Monte-Carlo sampling of the probability distribution with emcee

Perhaps the simplest example of an MCMC method is the Metropolis-Hastings algorithm (see

e.g. Press et al. (2007)), which we will use to explain the basic principles. In this algorithm, we

seek to sample some target pdf by drawing samples from a simpler trial probability distribution,

which are then accepted or rejected with an appropriate weighting to recover the target and then

accepted or rejected based on a weighting arising from the targeted probability distribution. More

precisely, suppose our target pdf is PX (x), where x is an N -dimensional draw from the space

of the model parameters, M. Let QX|Y (x, y) be the trial distribution, returning the probability

density at x given some other value y ∈ M. Often, we choose this to be a Gaussian distribution,

with its centroid at y. At each iteration, we generate a new point Xi based on the previous

iteration Xi−1 using the trial distribution QXi|Xi−1
. Then we evaluate an acceptance ratio which

(if QX|Y = QY |X is symmetric) is the ratio of the probability densities at Xi and Xi−1; i.e.,
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PX (xi) /PX (xi−1). If this ratio a is greater than 1, the new point xi is accepted; if a ∈ (0, 1), the

new point xi is accepted with probability a; if the point is not accepted, then a new test point is

drawn from the sample distribution and its acceptance ratio calculated, repeating until a sample

point is accepted. The algorithm is then iterated.

The dependence of each sample on its predecessor means that the series of samples forms a Markov

chain. The acceptance criterion means that the Markov Chain will preferentially jump to regions

of high probability, and draw fewer samples from less probable regions. The results will depend

on the initial value, and on the choice of trial distribution (e.g., the width of the Gaussian in

the above example). We can remove the initial condition by discarding a suitably long “burn-in”

phase from the start of a sampling, while the distribution may need to be tuned appropriately -

intuitively, the trial distribution should be at least as large as any structure in the target pdf.

Improvements on the basic Metropolis-Hastings algorithm are available. The emcee code (Foreman-

Mackey et al. (2013)) is a Python-based implementation of an MCMC algorithm by Goodman and

Weare (2010). In the Goodman & Weare algorithm, an ensemble of Markov chains (referred to as

walkers) are used to explore the target pdf. Their positions are updated by using the positions

of other walkers in the ensemble; at the ith iteration, for each walker in the ensemble (at position

Xk,i) another walker (position Xj,i) is chosen at random, and a new trial position is chosen by

moving to some appropriately randomly chosen point Xj,i+1 = Xj,i + Z (Xk,i −Xj,i) along the

line connecting Xj,i and Xk,i, where Z is a randomly chosen scalar1. This is referred to as a stretch

move. Again, an acceptance ratio a is defined2, with the trial point Xj,i+1 definitely accepted if

the move is to a more likely region of parameter space, or accepted with a probability a if Xj,i+1

is in a less likely region.

1In emcee, the pdf on Z is:

PZ (z) :=

{
z−1/2 z ∈ [1/a, a]

0 otherwise .

2This acceptance ratio is a := min

(
1, zN−1 PX(xj,i+1)

PX(xj,i)

)
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4.3.5.2 Application to the decelerating jet model

The appropriate posterior pdf is as derived in Equation 4.21, and is passed to emcee as the

log-posterior

lnPmodel | data = constant−N lnR2 + lnPmodel . (4.28)

We briefly consider the choices for the model prior Pmodel. We choose uniform priors on µ̇jet,0,

µ̇cjt,0, χ, and Tlaunch, reflecting ignorance over the “direction” of these parameters (i.e., showing

no preference for acceleration or deceleration, for a particular position angle, or for particular

dates before or after the start of observations). For the proper motions, we choose priors that are

uniform over positive real numbers and zero otherwise. Hence the log-prior is:

lnPmodel =





−∞ µjet, µcjt < 0

constant otherwise

(4.29)

Figure 4.5 shows the model parameters plotted against launch date, Tlaunch. The markers indicate

the peak of the posterior pdf marginalising over all other parameters, while the error bars give 95%

confidence intervals. In Figure 4.6, we show the cross-correlations between the model parameters

for one of the ejecta pairs (bolide pair 7). There are strong correlations between some of the

parameters, especially between proper motion and launch date, and between proper motion and

its derivative. These are intuitively obvious – a slower bolide launched earlier and a faster one

launched later can reach the same point at the same time, and a bolide with a high acceleration

(deceleration) launched slower (faster) will have approximately the same proper motion at the

observation epoch. In fact, this is a very strong anti-correlation, explaining why even though

uncertainties on deceleration are small, the uncertainties on proper motion are much larger than

in the ballistic model used previously.

In almost all cases, µ̇jet and µ̇cjt are consistent with 0. Only bolide 4 shows evidence for deceler-

ation, with bolides 8 and 9 apparently showing evidence for acceleration!

In fact, we can satisfy ourselves that the apparent acceleration in both bolides 8 and 9 is a result

of subtle measurement errors. In the case of bolide 8, from day 38 of the campaign onwards, it

appears to interact with bolide 7; this leads to an ambiguity in its position, meaning it appears

to move slightly faster than its true motion.
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Figure 4.5: 90% confidence intervals for the parameters in the decelerating jet model, plotting
(a)-(b) proper motions; (c) position angle from E-W; and (d)-(e) first order speed change terms
against the fitted launch date for each of the 9 bolides seen in the 2003 observations. In panels
(d)-(e), we see that all bolides except bolide 4 are consistent with no deceleration.
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Figure 4.6: Cross-correlations between the 6 model parameters for the decelerating jet model,
based on the data for bolide 7 - the best observed of the bolides in the 2003 VLBA movie. The
parameters are the proper motions and their first derivatives for the jet and counterjet, the position
angle η of the jet motion, and the launch date. The 1D histograms on the diagonal represent the
pdfs for each of the parameters in turn.
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Bolide
Bulk Speed Flux on MJD 55919.83 / Jy
β = v/c Jet Counterjet

A 0.288± 0.017 0.126± 0.003 0.095± 0.002
B 0.289± 0.017 0.518± 0.018 0.226± 0.008

Table 4.3: The jet bulk speeds and deboosted fluxes for the two bolide pairs seen in the MJD 55919
(2011-Dec-24) observation. The reported fluxes are integrated fluxes measured using aips task
JMFIT. Note that these fluxes are lower limits for the peak brightness these bolides reach, but
that these bolides still obey the “bright-fast” pattern seen for other bolides launched during radio
flares (c.f. Figure 4.7).

On the other hand, bolide 9 appears to accelerate because, in the early days after its launch

(days 34-35), the brightening of the core makes determining a position difficult. If we remove the

positions measured on these days from the data set, the acceleration term is consistent with 0.

In fact, we believe that similar ambiguities in the gaussian fits (e.g., the difficulty in disentangling

the steady jet from discrete ejecta) can account for the slight accelerations seen in, for example,

bolides 2 and 3.

This leaves bolide 4 as the only bolide for which there is significant evidence of deceleration. It is

interesting that bolide 5 appears to undergo a brightening at a similar distance from the core to

that at which bolide 4 appears to decelerate, stop, and fade. It may be that there is some cloud

of (cold) gas that is sufficiently dense to stop and fragment bolide 4, but not to break up bolide

5, which instead shocks and brightens.

Excepting bolide 4, we conclude that a general bolide does indeed display no discernable decelera-

tion on milli-arcsecond scales. This is reassuringly consistent with the fact that the speeds of both

the radio jets on arcsecond scales (as determined by fitting the kinematic model to their shapes),

and the optical jets at sub-milliarcsecond scales (as found from Doppler shift measurements) are

approximately 0.26c, and show no deceleration over the roughly 300 d post-launch that they are

observed in e.g. Blundell and Bowler (2004).

4.4 Discussion

4.4.1 Do jet speeds and brightnesses rise in flaring episodes?

The 2003 VLBA observations allow us to characterise the distinction between the jets’ behaviour

in quiescent and flared periods of activity. From Figure 4.3, we can clearly see the distinct speed
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distributions before and after day 15: launch speeds are higher during this flaring episode.

The 2003 VLBA observations make clear that more intensely radiating bolides travel faster than

fainter bolides. This is plotted in Figure 4.7, where peak intensity is plotted against the calculated

jet speed for the 9 bolide pairs in the 2003 data whose positions can be securely measured in more

than 4 epochs. ‘Intensity’ here is a representative estimate; it is obtained by deboosting the total

intensity within integrated fitted Gaussians returned by JMFIT, averaging over jet and counterjet

ejections at each epoch, and then selecting the epoch for which this has its maximum value. For

details on extracting the true deboosted brightness from a relativistic synchrotron source, see

Miller-Jones et al. (2004); here, we have assumed optically-thin synchrotron emission from a jet

composed of discrete plasmons, adiabatically expanding with a constant rate of change of radius,

and with electron energy spectrum γ−2.2, where γ is the electron Lorentz factor (not the bulk

Lorentz factor of the jet bolides). It is, however, worth remembering that for SS 433, whose

jets are only mildly relativistic and lie close to the plane of the sky, Doppler boosting is a small

correction (a few percent, rather than orders of magnitude). We will return to this point in

Chapter 5

The two 2011 bolides also fit this pattern (Table 4.3). They are not plotted in Figure 4.7 because

it is not possible to determine their peak brightnesses (since we do not have measurements of the

evolution of their lightcurves). However, we can take the averaged and deboosted fluxes from the

first of the two observations (MJD 55919, i.e., 2011-Dec-24) observation as lower limits. These

bolides’ properties (averaged flux densities 0.11 and 0.37 Jy for bolide pairs A and B, with speeds

0.288c and 0.289c respectively) are consistent with the “bright-fast”, flare characteristics displayed

by bolides 6, 7, 8, and 9 during the 2003 campaign, and with the behaviour observed in earlier

optical observations (Blundell et al. (2011)).

So, the bolides from both the 2003 and 2011 campaigns display a clear trend: ‘fast’ ejections (those

exceeding 0.28c) can be as much as 8 times as luminous as those ‘slow’ ejections with speeds below

0.26c.

Note that not all fast ejections are especially luminous (c.f. bolides 6 and 8). However, in

Figure 4.7, we can again see the separation of the ejections in flaring episodes (bolides 6-9),

and those in quiescence (bolides 1-5). This reinforces the conclusion that flaring episodes are

characterised by generally faster and more luminous ejections, and that the fastest, most luminous

ejections only occur during these periods of elevated activity.
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This is entirely consistent with the conclusion of Blundell et al. (2011): high jet speeds as inferred

from the optical emission lines (which are themselves more intense than usual) precede radio flares.

Now, by using only radio maps to infer jet speeds completely independently of optical spectra,

we also know that radio flares are characterised by high speeds in the radio jets. This further

reinforces the tight link between the optical and radio ejecta.

4.4.2 How do these data compare with known properties of flares?

Our understanding of this phenomenon has been guided by the association of the behaviour seen

on milliarcsecond scales in these maps with the flaring episodes seen in optical spectra and in

photometric radio data. In the case of the 2011 data, we can make this comparison slightly more

explicit.

It is unfortunate that there are not contemporaneous optical monitoring data for this object

covering the periods of these two VLBA campaigns. However, for the 2011 observations, there

is monitoring data from the RATAN telescope for the period up to 2011-Dec-15.3 This overlaps

with the launch of bolide pair A on 2011-Dec-06. In the total intensity radio data (Figure 4.8

lower panel), there is evidence that the radio intensity is quenched from 2011-Nov-26, and then

rises by perhaps a factor of 3 over the 5 or so days preceding the ejection of bolide pair A (marked

by the first grey bar). This pattern fits with the Type II flare described in Blundell et al. (2011),

where Type II radio flares were associated with the launch of optical jets. This is the first time

that we have seen direct evidence in SS 433 that a Type II radio flare corresponds to the launch

of a radio-emitting jet bolide pair.

As an aside, we emphasise that not all radio flares seen in photometric monitoring are associated

with the jets. Type I flares in Blundell et al. (2011) are characterised by a flat spectrum, and are

associated with radio emission from an enhanced wind off the accretion disc. The peak in radio

intensity at the end of the RATAN monitoring data on 2011-Dec-15 displays a flat radio spectrum,

and does not appear to be associated with a bolide launch. 2011-Dec-15 is midway between the

launches of bolides A and B – a bolide launched on this date would appear in the gap between

these bolides in Figure 4.1, unless its initial brightness was so faint that it had faded completely

before the observation on 2011-Dec-24 (which seems unlikely, given that the peaks in the RATAN

data on days 33 and 40 in Figure 4.8 are of the same size). Consequently, we believe this peak

3These data were kindly provided by Sergei Trushkin (private communication); for more information about the
RATAN microquasar monitoring program, see Trushkin et al. (2003)
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shows the hallmarks of a disc-wind-based radio flare, preceding the launch of a large jet ejection

on 2011-Dec-23.

4.4.3 The circumbinary ruff during radio flares

We have previously noted the presence of a circumbinary ruff around the core of SS 433 – as

identified by e.g., Paragi et al. (1999) and Blundell et al. (2001), and seen in our observations in

Section 3.5. Doolin and Blundell (2009) explored the precession of this ruff using all existing VLBI

data – including the observations from 2003 that are shown here in Figure 4.2. They suggested that

the circumbinary ruff is a large scale manifestation of an outflow via a quasi-stable circumbinary

disc. This circumbinary disc exists on scales comparable to a few times the orbital separation,

and has been observed as static optical emission lines by Blundell et al. (2008)).

We comment that, during the 2003 observations, the ruff appears to grow significantly in size as the

flare develops after day 19. We suggest that this may arise from one or more of the following: a)

the observed variation is an artefact of changes in uv-coverage; b) the ruff appears larger because

it is illuminated by more radiation from a brighter, flaring core; or c) the ruff is larger because

of enhanced mass outflow from the circumbinary disc. In the first case, we note the apparent

dimming of the ruff on days 23 and 26 is suggestive that the effect may be partly artefactual. We

also note that the ruff’s extent of & 50 mas is at the upper limit of angular scales to which the

VLBA is sensitive, because the shortest VLBA baselines give only sparse coverage of the centre

of the uv-plane. The third case is intriguing given optical observations of Blundell et al. (2011)

that provided evidence that the inner circumbinary disc structure was disrupted during a flare

in 2004-October. In the 2003-July observations, there are hints of detatchment between the core

components and the radio ruff from day 31 onwards, raising the possibility that the enlarged ruff

is a manifestation of an ejected circumbinary disc. However, this would require a very fast outflow

speed – at 5.5 kpc, 50 mas corresponds to a physical size of 4 × 1013 m. To cover this in ∼ 10 d

would require an outflow speed exceeding 40, 000 km s−1, which seems improbably high (though

our estimated value is similar to that suggested by Mioduszewski et al. (2004)).

4.4.4 The unified picture

Despite the lack of contemporaneous optical and radio monitoring data, there are enough simi-

larities between what we see in these milliarcsecond scale observations and what is seen at other
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scales and frequencies that we can draw out some general characteristics.

In Figure 4.3, we see that jet launch speeds appear to fall over a period of about 30 days before

the flare begins and jet speeds increase dramatically on or around day 15. A similar decline in

speed is seen in the optical jet lines in figure 6(e) of Blundell et al. (2011), where jet speeds decline

from ∼ 0.27c to ∼ 0.24c over the 20 days prior to a flare.

Both in the 2011-12 observations, and during the latter half of the 2003 campaign, we see bright,

fast ejections, punctuated by gaps of 5 to 10 days. Again, almost identical behaviour is seen by

Blundell et al. (2011) in the optical jet lines, where the intensity of the optical jet lines is lowest

in the days immediately preceding the start of the flare. This stands in contrast to the behaviour

of the jet in the early days of the 2003 campaign, where the jet has a more steady character. The

difference is most clearly seen by comparing the first and last frame of Figure 4.2 (noting that the

images of all epochs are contoured to the same minimum level): in the first frame we see faint

bolides set against an apparently steady background flow, while in the last we see a succession of

bright, compact bolides separated by gaps of low/no emission.

Taken together, we note that the variations in both the speeds of the optical emission lines and the

speeds determined by the milliarcsecond scale bolides possess remarkably similar characteristics.

In the absence of simultaneous, time-resolved optical and radio observations, this coincidence is

intriguing evidence that the ejecta revealed by optical emission are indeed directly related to the

ejecta seen through radio emission. That is, that both the optical emission lines and the radio

continuum emission originate from the same jet moving ballistically and seemingly with the same

speed, although this expectation remains to be tested with quasi-simultaneous radio imaging and

optical spectroscopy.

4.4.5 The effect of uncertainty in the distance D

As noted in Section 4.3.2, the dominant contribution to the uncertainty in the calculations in

Section 4.2 is the uncertainty in the distance D (c.f. the discussion in Fender (2003)). For SS 433,

we are fortunate to have a well measured distance value, confirmed by two entirely different meth-

ods. Firstly, fitting the precession model to the arcsecond-scale radio jets yields a distance of

5.5 ± 0.2 kpc (Blundell and Bowler (2004)). This distance is consistent with the lower limit im-

posed on the distance by sensitive VLA measurements of HI in absorption at a line-of-sight speed

of 75 km s−1; absorption at this speed precludes distances for SS433 below 5.5 kpc (Lockman et al.
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(2007)), assuming the validity of Galactic gas rotation models (Dickey et al. (1983)). Moreover

measurements of HI in emission, presented by Lockman et al. (2007) using the Green Bank Tele-

scope, reveal interactions of gas at the same rotation speed (i.e. the same distance) with the W50

nebula that encloses SS 433. Most importantly, since this distance is inferred from HI and Galactic

rotation curves, it is totally independent of any assumptions about SS 433’s jet speeds; therefore

our jet speed determinations on milliarcsecond-scales are not prejudiced by fits to the jet speeds

on arcsecond scales. This gives us security in using the distance of Blundell and Bowler (2004).

In the inset panel to Figure 4.3(b) (and in Table 4.2), we have indicated the effect of the uncer-

tainty in this distance D. The solid error bars assigned to each data point in the plot show the

uncertainties only due to the statistical uncertainty (stat. unc.) in the fits to the proper motions

µapp and µrec. The dotted error bar in the inset shows the scale of the uncertainties on each

speed data point including the distance uncertainty (incl. dist. unc.), i.e., when the distance D is

allowed to be drawn from within the range 5.5 ± 0.2 kpc. Since for all measurements, the object

must lie at the same distance, the effect of this distance uncertainty is to give a systematic shift

in the speed-axis values – the statistical error bars show the uncertainties on each point relative

to one another, and give a truer reflection of our confidence that the jet bolides observed in the

2003 campaign show a significant variation in their launch speeds.

Figure 4.9 gives an alternative way to view this. Here, we plot the “distances” derived by inverting

Equation 4.5 to obtain:

D =
2c

µtot

√
β2

0 − β2
‖(

1− β2
‖

) , (4.30)

and then using the proper motions and line-of-sight velocities determined from the VLBA movie,

and assuming that the bulk speed is a constant β0 = 0.2647 for all bolides. In this picture, SS433

would have to move by 2 kpc in the course of these observations to explain the observed proper

motions; it is a fairly safe bet that this does not happen. Instead, this shows that the intrinsic

variation of the launch speed prevents the determination of the distance by assuming a fixed value

of β0.

The essential point here is that an error in distance measurement would manifest itself as a

systematic error in the derived absolute launch speeds across all ejections. It would not change

our most important overall conclusion: faster jet launch speeds occur during flaring episodes.
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4.5 Summary & Conclusions

The two campaigns of VLBA observations have given us an unprecedented probe of SS 433’s radio

jet speeds on milliarcsecond scales. We have shown:

1. that flaring episodes are associated with faster launch speeds in the radio jets, just as their

optical counterparts display elevated speeds in flares, as described in Blundell et al. (2011);

2. that there may be two quite different types of jet behaviour, with the 2003 campaign showing

evidence for a flaring mode with a fast, bright jet consisting of compact, discrete ejections,

and a quiescent jet consisting of slower bolides set within an apparently more continuous

background ejection;

3. that the temporal resolution of the 2003 observations allows us to demonstrate that, in

almost all cases, the jets show no evidence for deviations from ballistic motion; and

4. that the precession model parameters derived from optical jets by Eikenberry et al. (2001)

do not provide a satisfactory description of the mean motion of the radio jets as seen in

these observations.
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Figure 4.9: Supposing that the all bolides are launched with the same intrinsic speed β = 0.2647,
the distance to the source as inferred from the observed proper motions would have to vary by
2 kpc. This not only comprehensively refutes the claim that all jet bolides possess the same intrinsic
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Chapter 5

The Evolution of Individual Jet

Bolides I – A Resolved Pair of

Bolides

5.1 Introduction

In the last Chapter, we used our time-resolved observations of the jets to uniquely determine the

velocities of the ejected pairs of plasma bolides, under the assumption of symmetry between the

jet and counterjet. We now want to explore the physical conditions within the bolides themselves.

In particular, we will look at the nature of the emission at radio wavelengths, the mass of hydrogen

in the bolides, and the evolution of the lightcurves of individual bolides as they expand and fade.

In Section 5.2, we use the spatially-resolved bolides seen in the 2012-01-08 observation to estimate

the expansion rate of the jet bolides. We then consider the nature of the emission mechanism at

work: in Section 5.3, we review some of the properties of synchrotron (magneto-bremsstrahlung)

radiation; and in Section 5.4, we convert the observed flux densities into estimates of the internal

number density and magnetic field, and discuss the implications for the assumption of equipartition

of energies within the bolide.

81
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5.2 The remarkable expansion of bolides in the 2012-Jan-28

map

The 2012-01-28 VLBA observation of SS 433 is shown in Figure 5.1. We have previously remarked

on the remarkable degree to which the ejecta have expanded in the 36.7 days between the launch

of these ejecta on MJD 55918.1± 0.6 and this observation on MJD 55954.75. Using the aips task

jmfit, we have fitted Gaussians to the sky brightness distribution. The results are shown as the

red ellipses in Figure 5.1, and are tabulated in Table 5.1.

5.2.1 The linear expansion rate of the bolides

We can estimate a linear expansion rate from these values. From the semi-major and semi-minor

axes listed in Table 5.1, we see that a characteristic angular size for these particular bolides at

∆T = 36 d after launch is ∆ϑ ∼ 35 mas. Converting this to a physical size at 5.5 kpc = 1.7×1020 m

(the distance to SS 433), we find that these bolides are ∼ 2.8×1013 m in radius. By comparison, we

expect the size of the bolides at launch to be of a similar scale to the inner regions of the accretion

disc – i.e., a few times the Schwarzschild radius. For a black hole of 16 M�, the Schwarzschild radius

Rg = 2GM/c2 = (M/M�) × 3 km is approximately 5 × 104 m. This is negligible in comparison

with the radii observed in Figure 5.1, allowing us to estimate the expansion rate, assuming that

the jets have initial size 0.1

Hence, given the distance to SS 433, we can estimate the expansion speed as:

vexp '
D∆ϑ

∆T
' 0.032c×

(
D

5.5 kpc

)
×
(

∆T

d

)−1

×∆ϑmas (5.1)

where ∆T is the timestep between launch and observation, and ∆ϑmas is the angular size in

milliarcseconds, and we have expressed this in terms of the speed of light, c. Note that we have

neglected relativistic effects – for an object moving close to the speed of light, we would have to

convert the observer time T to a proper time in the rest frame of the jet, and then calculate the

1Modelling of the x-ray jets by, for example, Kotani et al. (1996) and Kotani et al. (2006) has been used to
argue that the size of the base of the x-ray emitting jet may be perhaps 2-3 orders of magnitude larger than the
Schwarzschild radius, with estimates of & 3× 107 m. These are inferred by arguing that the jets must be optically
thin at their base to explain the observed widths of the Fe xxv lines. This argument assumes that we see the base
of the x-ray jets, which, as we discuss in Chapter 7, may not be the case. Irrespective of this, these estimates are
still several orders of magnitude smaller than that observed in the 2012-01-28 observation – they are still negligible
in comparison, and don’t affect our estimates of the expansion speed.
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Figure 5.1: The 2012-01-28 observation. The bolide pair identified in Section 4.3.1 as pair B are
resolved. The results of Gaussian fits to this radiance distribution obtained using aips task JMFIT

are shown – the corresponding fit values are given in Table 5.1.

Jet Counter-jet
Relative RA /mas 312.11± 0.47 −336.92± 0.33
Relative Dec /mas −76.77± 0.42 75.29± 0.31

Peak intensity /mJy bm−1 0.877± 0.025 1.218± 0.027
Integrated intensity /mJy 26.24± 0.77 31.68± 0.73

Major Axis /mas 41.7± 1.2 36.7± 0.8
Minor Axis /mas 31.1± 0.9 30.8± 0.7

Position Angle 122.7◦ ± 3.9◦ 56.2◦ ± 5.2◦

Table 5.1: Gaussian fits to the pair of bolides indicated in Figure 5.1. The fits were obtained
using the aips task JMFIT. Note that the position angle is here measured counter-clockwise from
North, differing from the convention we have used elsewhere. The area of the clean beam used is
15.8 mas× 7.0 mas, at a position angle of 0.2◦ – i.e., the bolides, which are much larger than this,
are resolved.

Bulk speed β = v/c 0.289± 0.017
Angle to line-of-sight η 97.5◦ ± 8.8◦

Jet position angle χ 13.28◦ ± 0.05◦

Table 5.2: The velocity vector of the jet bolide highlighted in Figure 5.1. The bulk speed β is as
derived in Section 4.3.1, the line-of-sight angle η follows from β‖ = β cos η, and the position angle
(measured from the east parallel) is the angle connecting the two bolides.
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expansion rate in the rest frame. For SS 433, whose jets are only mildly relativistic, this is a small

correction.

So, from the angular size we see in Figure 5.1 (∆ϑ ' 30 mas at ∆T = 36 d), we can see that the

expansion speed of these bolides must be vexp ' 0.03 c.

This is a remarkably high expansion rate. It is far in excess of any plausible thermal speed, but

it is not completely unreasonable. High expansion speeds (∼ 0.005c) were estimated from the

broadening of optical lines by Blundell et al. (2007), so, though our estimate here is almost an

order of magnitude higher, there is existing evidence for supersonic expansion speeds. We also

note the estimates of the opening angle for the conical outflow believed to form the X-ray emitting

base of the jets. If the outflow is conical, then the expansion rate derived here can be converted to

an equivalent opening angle of 6◦. This is greater by a factor of 2-4 than existing estimates from

Doppler-broadening of X-ray lines (e.g., 1.◦22 (Marshall et al. (2002)), 1.◦2 (Fabrika (2004)), 2.◦5

(Kotani et al. (1996)), or 2.◦7 (Lopez et al. (2006))). This would either require that the expansion

rate increases after passing the X-ray and optically-emitting regions (and indeed, woiuld have to

be even faster than the estimate above once the expansion begins), or suggest that these bolides

are exceptional.

Lastly, we note that this is the first time that expansion of this size has been observed in VLBI

observations of SS 433 – indeed in none of our other images have we seen bolides this extended,

although we note the difficulties inherent in imaging extended objects with the sparse coverage

of the inner regions of the u-v plane given by the VLBA. This points towards this pair being

somewhat anomalous in their high expansion rate. Even if so, then we have still shown that the

bolides can expand as fast as 0.03c.

5.2.2 The bolide emissivity

To probe the properties of the bolides, we would like to estimate the emissivity of the bolides (i.e.,

the energy per unit time per unit volume per unit frequency that is lost as radiation) from the

integrated intensities.
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5.2.2.1 Doppler beaming

It is a well known result (e.g., Scheuer and Readhead (1979); see Rybicki and Lightman (1979),

Begelman et al. (1984) or Longair (2011) for textbook treatments) that the flux density received

from relativistically moving sources is strongly anisotropic. Relative to its angular distribution in

the rest frame, the emission is boosted into a cone pointing along the direction of the motion, and

is suppressed away from this axis. The form of this suppression is by some power of the Doppler

factor, D, where:

D :=
1

γ (1− β cos η)
(5.2)

and where γ =
(
1− β2

)−1/2
is the Lorentz factor, and η is the angle between the line of sight and

the velocity vector of the source as seen in the observer’s rest frame. This is discussed in more

detail in Box 5.1.

For ultrarelativistic objects, this effect can lead to several orders of magnitude difference between

the apparent brightnesses of components in the approaching and receding jets (as seen, for instance,

in imaging of quasars by Bridle et al. (1994), and the corresponding brightness ratios reported in

Wardle and Aaron (1997)). However, with speeds of only βc ' 0.26c, the jets of SS 433 are only

mildly relativistic sources. Consequently, the effect of Doppler beaming is only small. The flux

ratio will vary as the jet and counterjet precess, and the range of flux ratios can be estimated from

the Kinematic model. Using the geometry outlined in Section 2.2, we can see that the range of

angles to the line of sight is η ∈ [i0 −Θ0, i0 + Θ0], where i0 is the angle between the jet cone axis

and the line-of-sight, and Θ0 is the opening angle of the precession cone. Taking the canonical

values of Eikenberry et al. (2001) (i.e., β = 0.2647, i0 = 78.05◦, and Θ0 = 20.92◦), we have:

Djet

Dcjt
=

1 + β cos η

1− β cos η
∈ [0.92, 1.34] (5.3)

This is illustrated more concretely in Table 5.3, where we calculate the values of the beaming

factor using the known values of β and β cos η that we calculated for the bolide pair highlighted

in Figure 5.1. Since the bolide pair are launched close to orthogonal to the line-of-sight, the value

of the beaming effect is on the order of 10% to 20% even for the most extreme exponents. This is

a small enough effect that it will often prove to be almost negligible.
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Box 5.1: Doppler beaming of emission with a power law spectrum

Doppler beaming is most easily explained for an unresolved point source. Then, we can

define spectral intensity as the power received per unit solid angle per unit frequency:

Iν :=
dE

dν dΩ dT

where dE is the energy received, dT is the time interval measured by the astronomer on

Earth, dν is frequency, and dΩ ≡ sin θ dθ dφ denotes solid angle. Note that here, as in

the derivation in chapter 22 of Longair (2011), intensity is used in the strict radiometric

sense, rather than in the more common usage in astronomy, namely flux density (power per

unit area) per unit solid angle per unit frequency; the two definitions converge for a point

source. In general, this will be a function of frequency ν and of the unit vector relating the

source and the detector.

Suppose that the intensity of the (point) source in its own rest frame, S′ is I ′ν (ν′, θ′, φ′) =

dE ′/ (dν′ dΩ′ dτ), where τ denotes proper time. These quantites are related to their equiv-

alents in frame S by:

dν′ = D−1 dν dΩ′ = D2dΩ

dτ = D dT dE ′ = D−1 dE

where D := 1/ (γ (1− β cos η)) is the Doppler factor. Proofs of these results are given in

Rybicki and Lightman (1979), pp140-1, or Begelman et al. (1984). Combining these four

results with the definitions of intensity, we find:

Iν (ν) =
dE

dT dν dΩ
=

D−1dE
D−1dτ D−1dν′D−2dΩ′

=
D−1

D−4

dE ′
dτ dν′ dΩ′

= D3I ′ν (ν′)

where the frequencies ν′ = D−1 ν are related by the Doppler shift. In particular, in the

case where the intensity spectrum is a power law, i.e., I ′ν ∝ ν′
−α

, then we can relate the

emission in frame S′ at frequencies νem and νobs by:

I ′ν (ν′ = νem)

I ′ν (ν′ = νobs)
=

(
νem

νobs

)−α
=

(D−1 νobs

νobs

)−α
= D+α

allowing us to obtain the relationship between intensities at the same frequency νobs in
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frames S and S′ as:

Iν (ν = νobs)

I ′ν (ν′ = νobs)
=
Iν (ν = νobs)

I ′ν (ν′ = νem)

I ′ν (ν′ = νem)

I ′ν (ν′ = νobs)
= D3+α .

For an extended source, this becomes more complicated. In the case where a jet is a

continuous beam, rather than a series of point sources, then the Doppler exponent is

reduced to give D2+α.

5.2.2.2 Converting “Integrated Intensity” to emissivity

In Table 5.1, we give the “integrated intensities” of the bolides as returned by aips task JMFIT.

This is the spectral radiance (often referred to as the specific intensity) integrated across the solid

angle of sky containing the Gaussian fit to the bolide – i.e., it is the flux density received from the

bolide. We want to convert this to an emissivity. Assuming that the emission in the rest frame is

isotropic and that the source is optically thin, this can be written as:

Sν = D3+α V εν
4πD2

(5.4)

where Sν is the integrated intensity, εν is the spectral emissivity (power radiated per unit frequncy

per unit volume: note that this quantity should appear in the primed frame; from here on we drop

the primes), D is the Doppler beaming factor as defined above, α is the spectral index of the

radiation such that εν ∝ ν−α, V is the volume of the emitting region, and D is the distance to

the object.

We will approximate the volume by a sphere.2 Expressing the radius of this region in terms of the

angular size ϑ and the distance to the object D, we can write the volume:

V ' 4π

3
(ϑD)

3 V

m3
' 2.345× 1036 × ϑ3

mas

(
D

5.5 kpc

)3

(5.5)

where ϑmas is the angular radius of the bolide in milliarcseconds.3 Then, inserting these into

2Strictly, this is an approximation that we can only make in relation to our source if it is either a) unresolved, or
b) non-relativistic. In fact, we have been slightly casual in assuming that the integral over the solid angle subtended
by the source of a quantity (i.e., the radiance) which is itself an integral over the depth along the line-of-sight is
proportional to a volume integral (i.e., we have assumed that

∫
d2Ω

∫
dx εν ∝

∫
d3Vol εν). Relativistic distortion

can break this, but will only introduce a small error for a mildly relativistic source like SS 433.
3In the following, we will use the geometric mean of the semi-major and semi-minor axes of the fitted Gaussians

reported by aips task JMFIT as the angular radius of the bolide. As can be seen from Figure 5.1, these fitted
Gaussians give a reasonable approximation to the expanded components.
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Equation 5.4, we have:

Sν
Jy
' D3+α × 3.80× 10−6 ϑ3

mas

(
D

5.5 kpc

)
εν

10−26 W m−3 Hz−1 (5.6)

which can be inverted to express εν in terms of known quantities Sν , D, the distance D =

5.5 ± 0.2 kpc, and ϑmas (we will make appropriate assumptions when needed about the spectral

index α).

5.3 Review of synchrotron radiation

In the next section, we will interpret the emissivities derived above in terms of an optically-thin,

quasi-neutral, magnetised, hydrogen plasma. Before doing so, let us briefly review the properties

of synchrotron radiation.

5.3.1 Electron power law energy spectrum

We will assume that the synchrotron emission arises from a population of relativistic electrons

with a power law distribution of energies. Here, we summarise what this means. Derivations of

the essential physics here are also given in a number of sources (e.g., Longair (2011) or Rybicki and

Lightman (1979)). Our purpose in reproducing the argument is to highlight the under-appreciated

role of the low energy cutoff in the electron energy spectrum.

Let us begin by defining what we mean by the power law energy spectrum.

Definition 5.3.1 (Electron Energy Spectral Index). A power law electron energy spectrum, nE ,

with a spectral index p is defined by the function:

nE =





κ E−p E ∈ [E0,∞)

0 otherwise

(5.7)

where nE is the number of electrons per unit volume per unit energy, E0 is the low-energy cutoff,

and κ is a normalisation constant.

We note that E0 can only take values greater than or equal to the electron rest energy mec
2 (i.e.,

γ0 ≥ 1), and we note that, for the energy spectrum to have a well-defined mean, the spectral index
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must satisfy p > 2. We have also assumed that there is no high-energy cutoff. This should be ok

if the spectral index is high enough that the highest energy electrons are a small correction. We

can evaluate κ by introducing the total electron number density, n, as follows.

Result 5.3.2 (Total Electron Density). The number density of electrons is the total number of

electrons of all energies in a unit volume. i.e.,

n :=

∫ ∞

mec2
nE dE =

1

(p− 1)

κ

E0p−1 (5.8)

Equivalently, this can be rearranged to give the normalisation constant, κ:

κ = n (p− 1) E0p−1 (5.9)

Proof. From the definition of the spectral index:

n =

∫ ∞

mec2
nE dE =

∫ ∞

E0
κ E−p dE =

[
κE−p+1

−p+ 1

]∞

E0
=

1

(p− 1)

κ

E0p−1

where in the second step we have used nE = 0 for E ∈
[
mec

2, E0
)
, and in the final step we have

used limE→∞ E−p+1 = 0 for p > 2.

In the calculations that follow, it will prove more useful to work in terms of the Lorentz factor.

The electron energy spectrum in terms of the Lorentz factor is given by Result 5.3.3.

Result 5.3.3. The electron energy spectrum can be written in terms of the electron Lorentz

factor, γ = E
mec2

:

nγ =





n (p−1)
γ0

(
γ
γ0

)−p
γ ∈ [γ0,∞)

0 γ ∈ [1, γ0)

(5.10)

where γ0 is the low energy cutoff, and n is the total number of electrons per unit volume.

Proof. To change variables between nγ and nE , we note that nγ dγ = nE dE . Then, by considering
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the non-zero part of nE (E), we find

nγ (γ) = nE
(
E = γmc2

)
× dE

dγ

= κ
(
γmc2

)−p
mc2

= n (p− 1)
(
γ0mc

2
)p−1

γ−p
(
mc2

)−(p−1)

= n (p− 1) γp−1
0 γ−p

=
n (p− 1)

γ0

(
γ

γ0

)−p

where throughout we have used E = γmec
2.

Finally, we will need the total energy density stored in the rest mass and kinetic energy of these

relativistic electrons.

Result 5.3.4 (Energy Density in Relativistic Electrons). The total energy density in relativistic

electrons for a power law energy spectrum of electrons is:

ue = n
p− 1

p− 2
γ0mec

2 (5.11)

Proof. The total energy density in relativistic electron is:

ue =

∫ ∞

1

γmec
2 nγ dγ

where the integration is carried out over all possible values of Lorentz factor γ (i.e., over the interval

[1,∞)). For a power law distribution of energy density as given in Result 5.3.3, the integrand is

0 below the minimum energy cutoff γ0. The range of integration becomes [γ0,∞), giving:

ue =

∫ ∞

γ0

n (p− 1)mec
2 γ

γ0

(
γ

γ0

)−p
dγ

= n (p− 1)mec
2

[
γ0

−p+ 2

(
γ

γ0

)−p+2
]∞

γ0

= n
p− 1

p− 2
γ0mec

2

where we require that p > 2 for the integral to be bounded at infinity.

It is worth considering certain limiting cases of this expression for a moment to examine its
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meaning. In the case of a very steep power law spectrum (i.e., p → ∞), then the population

becomes sharply peaked at the cutoff energy, γ0mec
2, and the energy density is just the number

density times this energy (as limp→∞
p−1
p−2 = 1). If we further take the limit γ0 ↓ 1, this becomes

the rest energy density. Indeed, since γ0
p−1
p−2 > 1 for γ0 > 1, p > 2, the energy density is greater

than the rest energy, as it ought to be. Lastly, if we consider the opposite limit of a flat spectrum,

p ↓ 2, then the total energy density becomes very large – there is a large population of very high

energy electrons with γ � 1, making a large contribution to the total energy density.

5.3.2 Synchrotron emission

The derivation of the synchrotron spectrum from a power law distribution of electron energies can

also be found in textbooks (e.g., Longair (2011), Rybicki and Lightman (1979)). The key result

is as follows.

Result 5.3.5 (Synchrotron Emissivity). The emissivity due to synchrotron radiation from a

hydrogen plasma with a power law of spectral energies is:

εν (ν) =

√
3

4

a (p) (p− 1)

(p+ 1)

e2

ε0c
γ0

(p−1) n

(
eB

2πme

) (
ν

3

2πme

eB

)−(p−1)/2

(5.12)

where

a (p) :=

√
π Γ
(

3p+19
12

)
Γ
(

3p−1
12

)
Γ
(
p+5

4

)

Γ
(
p+7

4

)

ν = 1.6 GHz is the observation frequency, and p and γ0 are the spectral index and low energy

cutoff in the energy distribution of relativistic electrons.

The full derivation is given on page 213 of Longair (2011) – the above equation is given there as

equation 8.88, with the substitution κ = n (p− 1)
(
γ0mec

2
)(p−1)

to replace the normalisation con-

stant with the physically relevant quantities of electron number density and the energy spectrum

cutoff (see Result 5.3.2).

It is worth pausing briefly to consider where this equation has come from. The power radiated per

unit frequency interval for a single electron travelling with Lorentz factor γ and at a pitch angle
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ζ to the magnetic field is:

jν (ν, γ, ζ) =

√
3

2

e2

ε0c

eB

2πme
sin ζ F

(
ν

νc (γ)

)
(5.13)

where F (x) := x
∫∞
x

dz K5/3 (z), and νc := 3
2 γ

2 eB
2πme

sin ζ (see equation 8.58 of Longair (2011) or

equation 6.16 of Rybicki and Lightman (1979)). Then, the total energy emitted per unit volume

per unit time per unit frequency is this integrated over all electron energies and averaged over all

pitch angles. i.e.,

εν (ν) =

∫ π

0

dζ 1
2 sin ζ

∫ ∞

γ0

dγ nγ (γ) jν (ν, γ, ζ) (5.14)

where the electron energy distribution, nγ (γ) is given by Result 5.3.3. This integration is usually

performed by introducing a new variable x := ν/νc = Aγ−2, and changing variables in the

integration to integrate over x instead of γ. However, in both Rybicki and Lightman (1979) and

Longair (2011) this is only solved approximately by setting the integration limits to x ∈ [0,∞).

This is not valid for general values of the parameters ν, γ0, and B. The correct mapping of the

integration limits should be x (γ0) = Aγ0
−2 and x (∞) = 0. Using νc = 3

2 γ
2 eB

2πme
sin ζ, it is then

clear that the upper limit of the integration can only be approximated by infinity if Aγ0
−2 � 1,

meaning that ν � 3
2 γ0

2 eB
2πme

sin ζ. Using e/2πme = 27.992 GHz T−1, we have the rough condition

that (ν /GHz) � 40 γ0
2 (B /T). Clearly, if γ0 ∼ 103 and B ∼ 10−10 T, then the approximation

in Rybicki and Lightman (1979) is alright. If, on the other hand, γ0 ∼ 103 and B ∼ 10−6 T, we

should probably revisit this integral.

Finally, we will need the numerical form for the emissivity. Rearranging Result 5.3.5, we can write:

εν (ν) =
√

3 b (p) γ0
(p−1)nαFS µB B

(
hν

6µBB

)−(p−1)/2

(5.15)

where b (p) := a(p) (p−1)
(p+1) . We have also introduced the Fine-Structure Constant, αFS = e2/ (4πε0~c),

with value αFS
−1 = 137.035999139(31) and the Bohr Magneton with value µB = e~/ (2me) =

927.4009994(57)× 10−26 J T−1 (numerical values from Mohr et al. (2015)). Inserting these values,
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and noting that µB/h = e
4πme

= 13.996245042(86) GHz T−1, we have:

(
εν

10−26 W m−3 Hz−1

)
= 11.722 b (p) γ0

(p−1)
( n

m−3

) ( ν

83.977 GHz

)−(p−1)/2
(
B

T

)(p+1)/2

(5.16)

Over the relevant range of values of p, b (p) ' 1.

5.4 What is the nature of the emission?

5.4.1 Synchrotron emissivity

In the preceding Section, we obtained an expression for the power radiated per unit volume per

unit frequency interval as synchrotron emission in a quasi-neutral hydrogen plasma with a power

law spectrum of electron energies. It contains 4 unknown quantities: electron energy index p, the

low energy cutoff γ0, the number density of relativistic electrons n, and the magnetic field B. We

would like to make appropriate assumptions to allow us to estimate n and B. As we are reducing

4 unknowns to 1, we will need 3 additional statements.

First, the electron index, p. This is related to the spectral index of the emissivity by α = (p− 1) /2.

For SS 433, Stirling et al. (2004) found spectral indices that lay in the interval [0.6, 0.8] for bolides

further than ∼ 50 mas from the core. Blundell et al. (1999) find that many extragalactic radio

sources possess spectral indices in the interval [0.5, 0.8], though they also find ultra-steep spectra

with indices as high as α = 1.6. In much of what follows, we will take α = 0.6 as a fixed value for

the spectral index, and hence an electron energy power law index p ' 2.2. We return briefly to

this in Sections 5.4.1.3 and 5.4.1.4.

The spectral cutoff is a significant unknown in this problem, and one which is ill-constrained.

Often an arbitrary choice is made for γ0, although there is no consensus around what value should

be selected. Indeed, Blundell et al. (2006) cite examples in the literature where γ0 is chosen to

take values ranging from γ0 = 1 all the way to γ0 = 103. They themselves estimate an even higher

value γ0, perhaps as high as 104. This is obtained from the consideration of inverse Compton

scattering of CMB photons to X-ray energies by spent relativistic electrons in the lobe of a radio

galaxy. Observing inverse compton scattered CMB photons at keV energies implies the presence of

a population of electrons with γ ∼ 103. Since they observe X-ray emission only from the lobe and
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not from the hotspot, they argue that this requires the cutoff in the hotspot to exceed γ0 & 104,

with the adiabatic expansion of the plasma as it moves away from the lobe reducing the cutoff

such that γ0 . 103. Notwithstanding this observation, equipartition of energy between a (non-

relativistic, cold) population of protons and a relativistic population of electrons would suggest

γ0 ∼ mp/me (Perlman et al. (2010)); simulations give some support for this value (Spitkovsky

(2008)).

In our case, we are left with γ0 as an essentially unconstrained parameter. In general, we will

show explicit dependencies, rather than evaluating for an arbitrary choice of γ0.

So, we have dealt with (or dodged the need to deal with) two of the three required constraints.

For the third, we will consider the energetics of the plasma.

In Box 5.2, we outline two possible relations that enable us to relate magnetic energy um and

electron energy ue. These are: 1) assuming equipartition of energy, such that ue = um; and

2) seeking to minimise the total energy subject to the constraint that the emissivity at given

frequency is fixed. In both cases, the resulting relation takes the form um = Aue, where A = 1 in

equipartion, and A = p+1
4 when the total energy is minimised. With this definition, we can write:

B = (2µ0Aue)
1/2

=

(
γ0

( n

m−3

)
×A p− 1

p− 2

)1/2

× 4.536× 10−10 T (5.17)

where A = 1 in the equipartition case, and A = (p+ 1) /4 in the minimum energy case.

Inserting this into Equation 5.16, we can eliminate B (or n), and then evaluate n (and hence B)

as a function only of the electron energy cutoff γ0. The (rather uninsightful) expressions are:

( n

m−3

)
γ0

(5p−3)/(p+5) =

(
A
p− 1

p− 2

)−(p+1)/(p+5)

×
(

11.722×
(
2.130× 10−5

)p+1 × b (p)
)−4/(p+5)

×
( ν

83.977 GHz

)2(p−1)/(p+5)

×
(

εν

10−26 W m−3 Hz−1

)4/(p+5)

(5.21)

for the number density; and

(
B

T

)
γ0

(2p−4)/(p+5) =
4.536× 10−10

(
11.722× (2.130× 10−5)

p+1 × b (p)
)2/(p+5)

×
(
A
p− 1

p− 2

)2/(p+5)

×
( ν

83.977 GHz

)(p−1)/(p+5)

×
(

εν

10−26 W m−3 Hz−1

)2/(p+5)

(5.22)

for the magnetic field density.



5.4. WHAT IS THE NATURE OF THE EMISSION? 95

Box 5.2: Energetic balance in a synchrotron radiating plasma

The total energy density of our magnetised plasma is the sum of the magnetic energy um

and the energy (both rest mass and kinetic) in the relativistic electron population, ue. i.e.,

u := um + ue =
B2

2µ0
+ n

p− 1

p− 2
γ0mec

2 (5.18)

where we have invoked Result 5.3.4 for the electron energy density. Note that we have

disregarded the contribution to the energy from the (cold) proton population needed to

ensure quasi-neutrality of the plasma bolide. This would introduce a term up = nmpc
2.

Our observations constrain the synchrotron emissivity. This is given by Result 5.3.5, which

we rewrite as:

εν = C (p, ν) γ0
(p−1) nB(p+1)/2 (5.19)

where C (p, ν) encapsulates the variation with electron spectral index and observation fre-

quency, and is not important in the present argument.

Both the total energy and the emissivity are functions of two physical quantities (magnetic

field density B and electron number density n), and the two parameters of the electron

power law spectrum (γ0 and p). In principle, p is uniquely determined by the frequency

spectral index of εν . We will treat γ0 as a (given) constant.

Rearranging Equation 5.18, we can use Equation 5.19 to eliminate either B or n, giving

us an expression for the total energy density in terms of a single physical parameter. This

is shown in Figure 5.2, where we plot the energy density as a function of B (left panel),

and n (right panel). The various quantities are normalised to their values at equipartition

of energy (i.e., ue = um). The total energy has a minimum close to the values of B and n

for which energy is equally divided between relativistic electrons and magnetic fields. The

exact value of that minimum can be determined using a Lagrange multiplier.

Result 5.4.1 (Minimum energy of the synchrotron spectrum). For a given value of the

emissivity εν and a fixed low energy cutoff γ0 in the electron energy spectrum, the total

energy, u is minimised when:

ue =
4

p+ 1
um (5.20)
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where p is the electron energy spectral index.

Proof. Write u (n,B) = a1n + a2B
2 and g (n,B) = a3 nB

(p+1)/2. Then, letting

f (n,B, λ) = u (n,B) + λg (n,B), where λ is a Lagrange multiplier, we look for minima of

f , obtaining the equations:

∂

∂n
(u+ λg) = 0 = a1 + λa3B

(p+1)/2

∂

∂B
(u+ λg) = 0 = 2a2B + λa3

p+1
2 nB(p−1)/2

Eliminating λ, we see that:

a1

a3B(p+1)/2
= −λ =

4a2B

a3 (p+ 1)nB(p−1)/2

⇒ a1 =
4

p+ 1
a2
B2

n

which, since ue = a1n and um = a2B
2, has the required form.

We note that this is slightly different from the form given in e.g., Longair (2011). The

difference arises because we have imposed constraints on the electron energy spectrum,

rather than on the emission spectrum.
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Figure 5.2: Total energy density plotted as a function of (a) magnetic field B, and (b)
electron number density n. The dashed lines denote the individual behaviour of ue and
um. The functions have minima close to equipartition of energy. Total energy density rises
steeply as um/ue deviates from unity.
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The values n and B derived from these in the equipartition case are listed in Table 5.4, together

with an estimate of the bolide masses in Solar masses. We note that the two bolides are remarkably

symmetrical. To within errors, the estimates of the values of n, B, and M for jet and counterjet

are the same.

There remains one free parameter in the model: the cutoff energy in the electron spectrum,

E0 = γ0mec
2. The dependence of n and B on γ0 are indicated in Equations 5.21 and 5.22. In

Table 5.4, we show these explicitly evaluated, assuming an electron energy spectral index p = 2.2.

Under this assumption, we see that B is only very weakly dependent on this value (B ∝ γ0
0.056),

while the number density (and hence the mass) are stronger functions of it (n ∝ γ0
1.111). Hence,

if the power law cuts off at some energy (i.e., γ0 � 1), the mass estimate and the number density

will fall, but the magnetic field estimate will be largely unaffected.

However, these estimates of densities and massses seem remarkably low. n ∼ 106 m−3 is a com-

parable density to the interstellar medium, so it seems surprising to find that these bright jets

have the same low density. Even more relevantly, the densities are far below those that would

be extrapolated from estimates close to the base of the jet in the X-ray. For example, Kotani

et al. (1996) find (from studies of iron line ratios) that the electron density at the base of the

jet is ne,0 < 5 × 1021 m−3, the base radius of a conical outflow is R0 > 3 × 107 m, and the mass

loss rate in the jet is Ṁ > 5 × 10−7M� yr−1. Extrapolating this as a conical outflow, we find

ne = ne,0 (R0/R)
2
, where we estimate a bolide radius R ' 4 × 1013 m. This would predict that

densities should be on the order of 1000 times those we observe, with ne ∼ 109 m rather than

ne ∼ 106 m. And, as noted in the previous paragraph, this problem will only become worse if the

energy cutoff γ0 is greater than 1.

There is a similar disparity in the mass outflow rates. To match the outflow rate seen in,

e.g., Kotani et al. (1996), bolides of the size seen here would have to be ejected at a rate of

1000 pairs yr−1. This is at least ten times the most generous estimate of the launch rate, which

would be about one significant launch every 4 d (c.f., the launch rate in the 2003 VLBA observa-

tions; Chapter 44). Given further that we suspect this to be a more massive ejection than average

(suggested both by the elevated jet bulk speed derived in Section 4.3.2, and by the fact that this

is the only ejection seen to expand so extensively), it seems that we are unable to account for the

4We stress again the ambiguous relationship between the radio and optical ejecta. Where radio ejections are
seen at a launch rate of roughly one in four days, the appearance of optical lines happens perhaps 5 times more
frequently. It is possible that the optical bolides merge into radio bolides, though it is not clear that this is the
case.
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mass loss rate purely through bolides in equipartition.

At the same time, the equipartition estimates of magnetic field densities – on the order of 10−5 T

– are remarkably high. Magnetic field estimates are difficult to obtain, but fields of between 10−10

and 10−8 T are observed in the lobes of FRII radio galaxies (e.g., Blundell and Rawlings (2000),

or estimates from synchrotron self-Compton radiation by Harris et al. (1994)).5

The combination of these two observations suggests that one (or more) of the following may

be true: (a) our assumption of the equipartition of energy within the bolides is wrong; (b) our

understanding of the geometry of the bolides is wrong; (c) our assumption that the B-field is

internal to the bolides is wrong; or (d) the radio emission only comes from some fraction of the

mass that is seen in the optical.

5.4.1.1 Deviations from equipartition

We have already allowed for the possibility that equipartition may not hold by introducing A :=

um/ue. We can see the scalings of n and B with A in Equations 5.21 and 5.22, namely n ∝

A−(p+1)/(p+5) and B ∝ A2/(p+5). Therefore, if the energy in relativistic electrons exceeds the

energy in magnetic fields, i.e., if ue > um and hence A < 1, we can increase the number density,

and decrease the magnetic field.

We illustrate these dependencies in Figure 5.3. Here, the derived values of n and B are shown as

a function of A = um/ue. Logarithmically increasing values of γ0 are indicated by lighter colours.

To obtain number densities that are consistent with the mass injection rates of Kotani et al. (1996)

(i.e., n ∼ 108 – 109 m−3), the relativistic electron energy density must exceed the magnetic energy

density by several orders of magnitude. This scales strongly with γ0 – for γ0 ∼ 1000, the required

ratio of energy densities is such that um . 10−10ue.

5.4.1.2 Alternative solutions

Let’s consider two other possibilities: that the synchrotron emitting plasma only fills some fraction

of the apparent volume of the bolide, and that only part of the total mass of the bolide radiates.

Recall that M ∝ nV , and that εν ∝ Sν/V . Then by using Equation 5.21, we can write an

5For reference, our equipartition estimates for the bolide magnetic fields here are closer to stellar B-fields
(measurements of & 10−4 T are made in the Sun) than to typical estimates of B-fields in jets or other synchrotron
sources (e.g. the intracluster medium B ∼ 10−10 T (Leahy (1991))).



5.4. WHAT IS THE NATURE OF THE EMISSION? 99

0

2

4

6

8

10

12

lo
g

1
0

( n
/

m
−

3
)

γ0 = 1

γ0 = 10

γ0 = 102

γ0 = 103

γ0 = 104

(a)

−10 −8 −6 −4 −2 0

log10 (um/ue)

−12

−10

−8

−6

−4

−2

lo
g

1
0

(B
/

T
)

(b)

Figure 5.3: The derived number densities and magnetic field densities for the jet bolide as a
function of the ratio between the magnetic and electron energy densities A = um/ue. Only the
(eastern) jet bolide is shown – the (western) counterjet matches to within experimental uncertain-
ties. The different lines denote different values of γ0, with lighter lines denoting higher γ0. For
definiteness, p = 2.2 is assumed for the electron spectral index – the corresponding weak depen-
dence of B on γ0 is clear. For the derived number densities to be consistent with those inferred
from X-ray spectra, there must be at least 104 times, and possibly in excess of 1010 times, the
energy density stored in the relativistic electron population as in the magnetic field.
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expression for the variation of M as a function of the volume V , at fixed flux density Sν . Since

n ∝ V −4/(p+5), this yields M ∝ V (p+1)/(p+5). i.e., if the true volume of the bolide is only some

fraction of the volume we have estimated in calculating the emissivity, then the mass of the volume

will be even lower than the already low estimates we have here. Therefore, resorting to a geometry

in which the synchrotron emission originates only in a thin shell doesn’t allow us to reconcile the

equipartition mass estimates with the mass loss rates derived from modelling of the x-ray jet.

This leaves us with the final suggestion, namely that we only observe some fraction of the bolide’s

total mass. In this picture, each bolide would consist of a small population of relativistic electrons,

and then a much more massive contribution from cold baryonic matter. In practice, this would

most likely have to be neutral atomic hydrogen at a temperature below 103 K: this would both

account for the lack of recombination lines at distances greater than about 1012 m (Vermeulen

et al. (1993b)), and match with the adiabatic cooling model of Brinkmann et al. (1988) (though as

a caveat we note the evidence from Migliari et al. (2002) for reheating of the jets to produce X-ray

emission at about 1015 m). This unseen, cold population would have to be vastly dominant; by

number, it would have to outnumber the relativistic population by perhaps as much as 104 : 1, to

allow us to reconcile the number densities derived assuming equipartition (and assuming γ0 ∼ 103)

given in Table 5.4.

So, we have proposed two scenarios that would allow us to reconcile the low mass estimates

obtained here with previous estimates for the mass loss rate in the SS 433 jets: either we must

abandon the assumption of equipartition of energy between relativistic electrons and magnetic

fields, or we must allow that the bolides contain a cold, invisible contribution that far exceeds the

mass of the visible, relativistic, synchrotron-emitting component.

5.4.1.3 Spectral properties

So far, we have assumed that the emission is optically-thin synchrotron in origin. In particular,

we have assumed that the spectral index εν ∝ ν−α, with α ' 0.6. This is in agreement with the

spectral indices derived from VLA, arcsecond-scale maps of the system (e.g., Stirling et al. (2004)

find bolides with indices α = 0.6–0.8). Paragi et al. (1999) find spectral indices of 0.3 and 0.7 for

two bolides seen in their 1.6 GHz and 5 GHz VLBA maps.6 Do we have any evidence from these

VLBA observations, in which individual bolides are resolved, to support this choice of spectral

6A spectral index α < 0.5 is somewhat problematic for the synchrotron interpretation, as the electron spectrum
as set out in Section 5.3, is no longer normalisable, without an additional upper energy limit.
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index?

From the 6 frequency bands, we have a limited bandwidth with which to test the spectral index.

This is shown in Figure 5.4. We have imaged each of the 6 frequency bands separately, and used

JMFIT to fit the jet and counterjet bolides. The integrated intensities are then plotted against

frequency, and a power law Sν ∝ ν−α is fitted to the data.

The narrow frequency span (100 MHz) and large uncertainties mean that in neither case can we

make useful statements. We are limited to saying that the spectral properties do not support

or reject a synchrotron spectrum with a exponent in the range 0.5 . α . 0.8, as is canonically

found for optically thin synchrotron sources. But equally, the data could be consistent with a flat

spectrum. A wider frequency bandwidth is needed to determine this.

5.4.1.4 Variation of electron energy spectral index

As well as not being able to rule out a flat or other spectrum, the lack of certainty in the spectral

index, α gives us a similar lack of certainty in the electron energy spectral index, p – as can be

seen from Result 5.3.5, these are related by α = (p+ 1) /2.

Allowing p to vary gives us another free parameter in the model. The electron spectral index enters

into the equations for n and B in a highly non-linear fashion, principally through its appearance in

the exponents of the key variables (including implicitly, via the Doppler deboost, the emissivity).

In Figure 5.5, we sketch its effect on the parameters as derived for the (eastern) jet bolide.

In the left-hand column of Figure 5.5, we assume that the magnetic and electron energies in the

jet bolide are in fact in equipartition. Then, for different given values of the low energy electron

spectrum cutoff, γ0, we plot curves showing (top panel) the equipartition number density, and

(bottom panel) the equipartition B-field as a function of the election energy index p. We want

to determine whether deviating from p = 2.2 could increase the estimate of the number density,

while simultaneously decreasing the magnetic field density. These two panels show that this is not

possible. For low values of the low energy cutoff (i.e., γ0 . 100), increasing p increases both neq

and Beq. For high values of the low energy cutoff (i.e., γ0 & 100), increasing p decreases both neq

and Beq.

In the right-hand column of Figure 5.5, we plot the dependences of the derived B and n values

for a fixed value of γ0 = 1000 and for different values of the energy ratio A = um/ue. Here we see
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Jet Counterjet
D 0.921± 0.039 0.995± 0.045
D2 0.846± 0.071 0.988± 0.089
D3 0.779± 0.097 0.981± 0.132
D3+0.6 0.738± 0.110 0.979± 0.157

Table 5.3: The jet and counterjet Doppler beaming factors for a source moving at β = 0.289 ±
0.017, with line-of-sight velocity component β‖ = −0.039± 0.043.

Jet Counterjet
Integrated Intensity Sν /mJy 26.26± 0.77 31.68± 0.73

Angular Radius ϑmas 36± 2 33± 2
Doppler Factor D3+0.6 0.738± 0.110 0.979± 0.157

Volume V / 1041 m3 1.08± 0.22 0.84± 0.18
Emissivity εν / 10−26 W m−3 Hz−1 0.178± 0.035 0.231± 0.049

Equipartition number density
(
n / 106 m−3

)
γ0

1.111 2.29± 0.26 2.65± 0.32
Equipartition B-field

(
B / 10−6T

)
γ0

0.056 1.68± 0.09 1.81± 0.11
Equipartition bolide mass

(
M / 10−10M�

)
γ0

1.111 2.11± 0.28 1.87± 0.25

Table 5.4: Synchrotron emission parameters for the jet and counterjet bolides identified in Fig-
ure 5.1. Note that the equipartition number density and B-fields are functions of the cutoff energy
in the electron energy spectrum. Throughout, we have assumed that p = 2.2.
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Figure 5.4: Plot showing the integrated intensity Sν of the jet and counterjet bolides shown in
Figure 5.1, as a function of frequency band, ν. The data are not sufficient to distinguish between
an optically-thin synchrotron source, a flat, thermal spectrum, or some other spectrum with any
degree of significance. We note that there is no a priori reason to suppose that the spectral indices
of the jet and counterjet bolides are different, let alone are of different sign.
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the same pattern as outlined in the preceding section, namely that by decreasing A (i.e., having

less energy in magnetic fields than equipartition would suggest), we can both increase the number

density and decrease the magnetic field density. There is no qualitatively important variation of

this pattern as a function of p.

In summary, we can’t explain the low densities and unexpectedly high B-fields simply by arguing

that our choice of p is incorrect.

5.4.1.5 Proton energetics

Lastly, we return briefly to the energy stored in protons, which we noted previously we had

neglected. Could this have a significant effect?

Simulations of shock acceleration in electon-ion plasmas suggest that the relativistic ion and elec-

tron populations tend to have energy densities that are comparable (e.g., Spitkovsky (2008)). Ob-

servations of Galactic cosmic rays suggest this ratio may be slightly greater, perhaps up = 100ue

(Longair (2011)). In either case, this would not be sufficient to explain the more than 4 orders of

magnitude difference between the energies in magnetic fields and relativistic particles.

5.4.1.6 Summary

We have seen that there are three unknown parameters in the synchrotron sphere problem: the

electron spectrum low energy cutoff, γ0; the electron energy spectral index p; and the ratio between

the magnetic and electron energy densities A = um/ue. Assuming A = 1, γ0 = 1, and p = 2.2,

we obtain estimates of B that are surprisingly high, and estimates of n that are too low, and

are inconsistent with the expected densities given previous estimates of the mass loss rates in the

jets. Having considered each of these in turn, we have shown that only by allowing A � 1 can

we obtain consistency between the electron number densities without requiring an even higher

magnetic field. Hence, we are led to the conclusion that, if the emission is indeed optically thin

synchrotron from a sphere, then the bolides cannot be in equipartition.

We have also discussed an alternative solution, in which the assumption of a filled sphere is

sacrificed. However, we have shown that simply having a sphere that is only partially filled does

not help – instead, we must include a massive, unseen component.
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Figure 5.5: The variation of the number density and magnetic fields in the (eastern) jet bolide as
a function of the electron energy spectral index p = 2α + 1. In the left column, equipartition is
assumed (A = um/ue = 1), and the curves denote different values of the electron spectrum cutoff
energy, γ0. In the right column, γ0 is held constant at 103, while A is varied. The curves are
plotted for p ∈ (2, 5] – note that for values of p ≤ 2, the total energy cannot be defined without
introducing a high energy cutoff to the electron spectrum as an additional parameter. Importantly,
the left-hand column shows that choosing a steeper power law for the electron energy distribution
can either increase (for γ0 . 100) or decrease (for γ0 & 100) both of neq and Beq from their values
at p = 2.2 as shown in Table 5.4 – crucially, varying p cannot increase neq while simultaneously
decreasing Beq. The right-hand column, shows that the same qualitative variation with decreasing
values of A is followed at p > 2 as was outlined in Section 5.4.1.4 and in Figure 5.3 for p = 2.2.
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5.4.2 Other emission mechanisms – thermal bremsstrahlung

In the previous Sections, we proved unable to unambiguously identify the emission from the

resolved bolides as synchrotron radiation, let us briefly consider an alternative model. Could the

emission arise purely from thermal bremsstrahlung? It is believed that this dominates the emission

from the core regions (within 1012 m) in the X-ray band (see the discussion in Chapter 7). Could

it still provide a significant contibution to the radio emission from individual bolides at distances

on the order of 1014 m?

The emissivity due to bremsstrahlung of an ionised plasma in thermal equilibrium is given by:

εν

W m−3 Hz−1 = 6.84× 10−51

(
T

K

)−1/2

Z2
( ni

m−3

)( ne
m−3

)
gff

× exp

(
−4.799× 10−2 (ν /GHz)

(T /K)

)
(5.23)

where Z is the atomic number, T is the temperature, ni and ne are the electron and ion number

densities, ν is the emission frequency, and gff is the thermally-averaged Gaunt free-free factor.

This is neither the time nor the place for an extended discussion of Gaunt factors. For the

present, let it suffice to say that they encapsulate quantum-mechanical corrections to the classical

scattering cross-section. For a more comprehensive discussion and explicit calculation, see the

paper by Sutherland (1998). In general, the Gaunt factors can be approximated by a slowly

varying function on a parameter space described by the dimensionless quantites:

hν

kBT
≡ 4.799× 10−2

( ν

GHz

)(T
K

)−1
kBT

Z2 Ry
≡ 6.336× 10−6

Z2

(
T

K

)
(5.24)

In our case, with ν = 1.6 GHz, we are always in the regime where hν/kBT � 1. As shown in

figure 2(b) of Sutherland (1998), the thermally-averaged Gaunt factors in this regime are essentially

logarithmic in hν/kBT , with little variation (a factor of order 2) due to kBT/Z
2 Ry. A reasonable

approximation (see Novikov and Thorne (1973) or Rybicki and Lightman (1979)) is:

gff (ν, T ) =

√
3

π

[
ln

(
4

ζ

)
− ln

(
hν

kBT

)]
(5.25)

where ζ = 0.5772 . . . is the Euler-Mascheroni Constant. In fact, this can be approximated still

further. If a plausible range of physical temperatures is 1 K to 108 K, then over these 8 decades in

temperature, gff (ν = 1.6 GHz, T ) only varies from gff ' 2.5 to gff ' 12.6. We will see in a moment
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that the Gaunt factor only enters the expression for number density as gff
−1/2, compressing this

already small variation still further. For our purposes, it is sufficient to set gff = 3, which is true

to within a factor of about 2.

Returning to Equation 5.23, we see that, under the assumption of quasi-neutrality (i.e., ni = ne =

n), we can rearrange this to obtain an expression for the number density n:

( n

m−3

)
= 1.209× 1012 × Z

gff
1/2

(
T

K

)1/4

×

exp

(
2.400× 10−2 (ν /GHz)

(T /K)

)(
εν

10−26 W m−3 Hz−1

)1/2

(5.26)

To a very reasonable approximation, the exponential is unity. Note also that temperature only

enters at the 1/4th power, and therefore the resulting number densities are relatively insensitive to

the size of T . In this picture, we have little basis to assume a value for the temperature. Hydrogen

recombination lines are seen in the optical at a couple of days after launch (i.e., 1013 m from the

core), but not afterwards indicating that the bolide temperature must have dropped through 104 K

long before these radio bolides are observed at 35 d after launch. To produce free-free emission,

presumably we would need to reionise the bolides.7 This does indeed happen, but at scales larger

by a factor of 10 than those seen here (see Migliari et al. (2002)), and we have no evidence that

this process is at play for bolides between distances of 1013–1014 m from the core. However, the

need to reionise plasma is not the major issue with this model.

In Table 5.5, we list the estimates of number density and bolide mass derived from the bremsstrahlung

model. This time, the densities are too high. Bolide masses on the order of 10−5 M� would imply

a total mass loss rate through the jets only that is perhaps as high as 10−3 M� yr−1 – far in excess

of that typically estimated from x-ray or optical measurements.

On this basis, it seems safe to conclude that bremsstrahlung is far too weak an emission mechanism

to explain the observed radio emission from the resolved bolides at 35 d after launch (i.e., 1014 m

from the core).

5.5 Summary

From the resolved bolide pair in the 2012-Jan-28 observation, we have:

7The same need to energise particles by some unknown mechanism is also present in the synchrotron picture.
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Jet Counterjet

Number Density
(
n / 1011m−3

)
(T /K)

1/2
3.03± 0.32 3.37± 0.39

Mass
(
M / 10−5M�

)
(T /K)

1/2
2.71± 0.37 2.37± 0.33

Table 5.5: Number density and mass estimates assuming the emission from the bolides identified
in Figure 5.1 is thermal bremsstrahlung. The scaling with temperature is indicated. The mass
loss rate implied by the masses derived in this table far exceed the mass loss rates estimated from
the brightness of the optical and X-ray jets.

1. estimated an expansion rate of 0.03c, which is found to be in excess of previous estimates

for the expansion rate by a factor of & 2;

2. estimated the masses of the bolides, under the assumption of optically thin synchrotron in

equipartition, as . 10−10 M�, with associated magnetic fields . 3×10−5 T, and argued that

the mass in particular is lower than necessary for consistency with other inferences of the

mass loss rate;

3. explored possible solutions, ruling out bremsstrahlung, and instead suggesting that either

(a) the bolides are significantly out of equipartition; or (b) they consist of a large, unseen,

cold component, in addition to the relativistic component visible through its synchrotron

emission.
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Chapter 6

The Evolution of Individual Jet

Bolides II – Unresolved Bolides

6.1 Introduction

In Chapter 4, we analysed the jet speeds of the 9 bolide pairs seen during the 42 day span of the

2003 VLBA movie (Mioduszewski et al. (2004)). In these images, we are able to track individual

ejecta for as many as 21 days after their launch. This excellent temporal coverage means that we

can study their evolution in some detail.

Although these images have been familiar within the community since 2004, until recently (Jeffrey

et al. (2016)), there had been no analysis published in the scienitific literature. The initial press

release (Mioduszewski et al. (2004)), however, contained two qualitative statements: that the

circumbinary ruff appeared to take the form of a rapid (107 m s−1) outflow; and that many of the

bolides undergo a brightening as they move from the core. Mioduszewski et al. (2004) suggest

that this brightening is due to the interaction between the jet bolides and the medium around

SS 433, with an uneven replenishment of this medium explaining why different bolides undergo

different levels of brightening.

In this Chapter, we will consider the second of these qualitative statements in more detail. We

will show the lightcurves for the bolide pairs, discuss them in the context of existing VLBI images

of SS 433, and comment on the nature of the fading.

109



110 CHAPTER 6. THE EVOLUTION OF INDIVIDUAL JET BOLIDES II

6.2 Lightcurves for the 2003 VLBA movie

In Figure 6.1, we plot observed integrated intensity (determined using the AIPS task jmfit)

against the number of days since launch (as calculated in Chapter 4 from their proper motions)

for each of the 9 bolides.

6.2.1 Discussion of the 2003 VLBA movie images

Before we proceed to analyse these further, let us begin with a brief narrative description of SS 433

over the 42 day span of the 2003 observations. This should be read with reference to the movie

images plotted in Figure 4.2, and the lightcurves in Figure 6.1). At the start of the campaign (Day

1), the system is in a relatively quiescent state. There is a reasonably continuous and relatively

faint outflow, against which 2 bolide pairs can be identified. Their speeds, as shown in Chapter 4,

are slightly slower than the mean speed (β0 = 0.255 ± 0.11 and β0 = 0.238 ± 0.10 for bolides 1

and 2 respectively). These two propagate outwards, and can be observed until about Day 9.

A third and fourth ejection pair appear on Days 5 and 10 respectively. These are the slowest

of the 9 observed bolides. Pair 4 is initially relatively faint and disappears rapidly, becoming

indistinguishable from the other bolides/the background flow by Day 16. A fifth ejection pair

are visible by Day 17. This is the last of the pre-flare ejections, travelling slightly faster than its

predecessors (β0 = 0.262 ± 0.014). The jet bolide from pair 5 fades over ∼ 10 d up to Day 27.

However, as can be seen in Figure 6.1, it brightens significantly from about Day 19, before fading

again, at a point close to that at which bolide 4 was last seen. Likewise, the counterjet bolide has

mostly faded by Day 22. At this point, it becomes hard to distinguish between counterjet bolide

5, the remnants of counterjet bolide 4, and the background flow. However, there appears to be

an interaction between these two – a “new” bolide, brighter than counterjet bolide 5 by perhaps

a factor of 4, then emerges from this process, and continues to be identified until the last day of

the observation. This rebrightening is not sketched in Figure 6.1, as it is ambiguous as to which

bolide pair ought to be associated with the resulting plasmon.

At Day ∼ 18, with the launch of pair 6, SS 433 appears to enter a flare. Pair 6 is fast (β0 =

0.297 ± 0.012), and can be tracked for ∼ 11 d until it can no longer be distinguished from the

bolides of pair 7, which are fast and particularly bright. These are launched on Day 21, and

can be tracked for the remaining 21 days of the campaign. Their peak brightness is obtained
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Figure 6.1: The lightcurves (integrated intensity as determined by JMFIT plotted against time
since launch) for the 9 ejections in the 2003 VLBA data (Figure 4.2) for which launch dates are
determined. The (eastern) jet is labelled by (blue) vertical crosses and the (western) counterjet
by the (red) diagonal crosses. Many of the bolides display a marked asymmetry between the two
components, often rebrightening and fading at different times post launch.
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on Day 29, after which they fade. This fading occurs with a marked power law decay rate (see

Figure 6.3). Indeed, pair 7 behaves in the most uniform fashion of all the ejections – much of the

discussion in this Chapter will be devoted to these two bolides.

There follows the longest gap between successive ejections seen in this campaign (8.5 d) before the

launch of bolide pair 8 – the fastest of the ejecta with β0 = 0.320 ± 0.012, though not as bright

as either of bolide pairs 7 or 9. Most interestingly, the two bolides of pair 8 undergo fading, and

then both the jet and the counterjet bolides of pair 8 brighten appreciably (by almost an order of

magnitude) from Day 39 onwards. The reason is possibly clear from a study of the movie images for

Days 39 to 42. Here, we see that the brightening of pair 8 occurs as it begins to catch/overlap with

material trailing behind the bolides of pair 7. This leads to the same hypothesis as in respect of

the rebrightening of counterjet bolide 5 – namely, that this rebrightening is caused by interactions

between jet components moving with different velocities.

There are two more ejection events before the end of the campaign, though their lightcurves don’t

reveal anything new. The bolides of pair 9, launched on Day 33, are, like those of pair 7, fast

and bright. Bolide pair 10 is only launched at about Day ∼ 39, giving too few data points to

determine speeds and launchdates. It is also unclear how well we can disambiguate pair 10 from

the core region.

So, how do these images relate to earlier VLBI observations of SS 433? There is evidence again

for a core gap – a small region of lower emission around the object itself, surrounded by “wings”

as the first visible parts of the radio jet – as seen previously in the multi-wavelength observations

of Paragi et al. (1999). They attribute this to self-absorption of synchrotron emission in the radio

jets. In the 2003 observations, this core gap is most clear in the early, pre-flare observations

(i.e., before Day 16). We are unable to develop this further here, although we note briefly and

qualitatively that there is a slight asymmetry in the earliest days of the campaign, that may be

attributable to extinction by the circumbinary ruff. We note in particular that it is the western

“wing” that appears fainter; this is intriguingly aligned with the orientation of the ruff at this

epoch.

As noted by Mioduszewski et al. (2004) in their comments on these data, it is unclear that we see a

regular and consistent “brightening zone” analagous to that seen by Vermeulen et al. (1987). This

brightening zone was suggested to be a region covering about 50 mas either side of the core, within

which jet bolides appear to brighten with time, before fading once they move beyond this region.
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Corresponding to between 6 and 8 days travel by the bolides, the suggestion is that within the

brightening region the bolides are either a) prevented from expanding by a confining medium, or b)

expanding and becoming increasingly optically thin before fading once they have transitioned from

an optically thick, self-absorbed regime to an optically thin regime. Looking at the lightcurves

in Figure 6.1, it is certainly clear that this pattern is not followed uniformly. However, in the

cases of bolide pairs 7 and 8, we do see a pattern in which there is 6-8 d of relatively flat flux

evolution, followed by a transition to a steep fading. We are unable to rule out the existance of

such a “brightening zone”, but if the description is correct, its behaviour is more complex than

the simple observation of Vermeulen et al. (1987).

Perhaps the most interesting observation here is the presence of a steep, power-law decay in several

of the lightcurves. This is most prominent for bolide pair 7. There are hints of a similar pattern

in some of the other curves, notably in bolide pair 8, in the jet bolide for bolide pair 1, and in the

final fading of the jet bolide from pair 5. We will return to this in Section 6.3.

This discussion has led to two key points:

1. that the jet bolides appear to follow a power-law decay as they fade; and

2. that significant rebrightening of individual ejecta may well be attributable to interactions

between different bolides.

6.2.2 Are the bolides resolved?

jmfit tries to determine whether a Gaussian component is resolved by attempting to deconvolve

the beam from the fitted component. In the case of all the bolides seen here, it reports that the

bolides are resolved. Is this in fact the case?

In Figure 6.2, we sketch the size of the fitted component as a function of time for bolide pair 7,

which is the best behaved and longest tracked of the 9 pairs in Figure 6.1. Throughout the course

of the observations, the fitted major axis is fairly constant at 20 mas, while the minor axis remains

15 mas. The restored clean beam is 16 mas × 7 mas, so the fitted Gaussians are slightly, but not

much, in excess of this. We believe that this shows that the source is indeed unresolved, rather

than that the source undergoes no expansion.
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Figure 6.2: The semi-major and semi-minor axes (amaj and amin respectively) and the position
angles of the fitted Gaussians for jet and counterjet bolides of pair 7 returned by JMFIT. The
dashed lines denote the expansion rate of 1.14 mas d−1 determined for the 2012-Jan observation
in Section 5.2. The beam size is 16 mas× 7 mas. The bolides must remain unresolved throughout
the observations.
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6.2.3 An upper limit on the expansion rate

The dashed line on the top two panels of Figure 6.2 indicates the expected angular size of the

bolides if they expand at a rate that corresponds to that seen in the 2012-Jan-28 epoch (see

Section 5.2). The bolides there expanded to a size of ∼ 40 mas in 35 d, corresponding to a physical

speed vexp ' 0.03c. The bolides in Figure 6.2 must expand slower than this: there is no evidence

that they transition from unresolved to resolved before the end of the observations, where the

predicted size indicates that we should see such a transition.

Instead, we are only able to place an upper limit on the expansion rates of bolide pair 7. From

their angular sizes (for this quick estimate, we simply take the mean of the major and minor axes)

at the final epoch (i.e., 21.3 d after launch), these upper limits on their angular expansion rates are

0.90 mas d−1 and 0.83 mas d−1. From Equation 5.1, these are still on the order of 0.03c, though

the upper limits here require that the expansion rate be at least 25% lower than that seen in the

2012-Jan-28 epoch.

6.2.4 Lower limits on synchrotron parameters

Following the same reasoning as in Chapter 5, we can use Equations 5.21 and 5.22 to estimate the

number density, magnetic fields, and masses of bolides. However, the situation is complicated by

the lack of resolution: as we can only impose an upper limit on the volume of the bolides, we can

only impose lower limits on the emissivity (from εν ∝ Sν/V ), and hence lower limits on number

density n and magnetic field density B.

In principle, since both flux density Sν and bolide mass scale as nV , we can estimate the mass

exactly. Unfortunately, our ignorance of the low energy cutoff to the electron spectrum, γ0,

prevents us from doing this. Indeed, we can now appreciate that this is even more complex than

before, as the value of γ0 evolves with time as the bolide expands. This will be discussed more

fully in Section 6.3.

Let us briefly make an estimate of the properties for one bolide pair. To place the most restrictive

lower limits, we want to choose observations that are as late as possible in the campaign, when the

bolides will be closest to being resolved. We will consider pair 7 on the last day of the campaign

(Day 42). Pair 7 are the oldest ejecta still detectable in the final observation. Their kinematic

properties were determined in Chapter 4. These are given, together with the flux properties and
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their fitted angular sizes in Table 6.1. We take the geometric mean of the major and minor axes

to estimate the angular scale of the (spherical) bolide. We will assume equipartition of magnetic

and particle energy, while remaining fully aware of the concerns raised in Section 5.4.1, and we

leave γ0 as an unknown parameter that will scale the values here to give the true values.

The numerical values reported here are not particularly insightful (they contain the same ambi-

guities discussed in Chapter 5). However, we note that the masses of the jet (Mjet = (8.8± 0.8)×

10−11 M�) and counterjet (Mcjt = (6.4± 0.6) × 10−11 M�) bolides are not quite consistent. We

will return to this asymmetry shortly. First, let us consider the full lightcurve of the expanding

plasmon.

6.3 The adiabatic expansion of a plasmon

In Figure 6.1, we noted that the lightcurves of several bolides decay with relatively steep power-

laws. This is most clear for pair 7 (shown in Figure 6.3), where a power-law decay dominates the

evolution of both jet and counterjet bolides. It can also be seen in parts of the evolution of jet

bolide from pair 5, and both bolides of pair 8.

The fading rates for the jet and counterjet bolides in pair 7 can be calculated from Figure 6.3.

We can see clearly that there is a break in the lightcurve: before this the intensity is relatively

flat, while after this the lightcurve decays. This break appears to occur at or about 8 days

post launch (i.e. T − Tlaunch > 8 d, where Tlaunch = MJD 52836.014). Fitting a power law to

the post-break lightcurve, we find exponents αjet = 2.57 ± 0.09 and αcjt = 2.94 ± 0.12, where

α := −d logSν/d log T .

MERLIN observations of SS 433 by Spencer (1984) also showed evidence for a power law fading

curve. Bolides were seen to fade with a T−1.8 power law. This is shallower than that seen

here, though we note that the higher angular resolution and more expansive time coverage of the

2003 observations reported here allows us to identify individual bolides with greater precision and

certainty than in the earlier data.

To try to explain this fading rate, let us assume that the emission from each plasmon is entirely

optically thin synchrotron radiation. Let us further assume that radiation losses are negligible,

and that the plasmon’s evolution is governed by an adiabatic expansion.
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Jet Counterjet
Bulk speed β0 0.292± 0.011

(Jet) line-of-sight velocity β0 cos η −0.029± 0.003
Integrated Intensity Sν /mJy 24.75± 0.63 20.58± 0.54
Angular major axis ϑmax,mas 20.1± 0.4 21.5± 0.4
Angular minor axis ϑmin,mas 18.4± 0.4 14.0± 0.3

Doppler Factor D3+0.6 0.839± 0.009 0.964± 0.011
Volume V / 1040 m3 1.66± 0.19 1.22± 0.14

Emissivity εν / 10−26 W m−3 Hz−1 1.091± 0.069 1.076± 0.067
Equipartition number density

(
n / 106 m−3

)
γ0

1.111 6.26± 0.22 6.21± 0.21
Equipartition B-field

(
B / 10−6T

)
γ0

0.056 2.78± 0.05 2.77± 0.05
Equipartition bolide mass

(
M / 10−11M�

)
γ0

1.111 8.8± 0.8 6.4± 0.6

Table 6.1: Synchrotron emission parameters for the jet and counterjet bolides for Pair 7 in the
2003 VLBA movie, using their fluxes on the final day of the campaign. Note that the equipartition
number density and B-fields are functions of the cutoff energy in the electron energy spectrum.
Note also that the bolides are unresolved, so the volume gives an upper limit, and n and B give
lower limits. Throughout, we have assumed that p = 2.2.
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diagonal crosses). A power law is fitted to the decaying lightcurve (i.e., for T − Tlaunch > 8 d,
where Tlaunch = MJD 52836.014). The exponents are αjet = 2.57 ± 0.09 and αcjt = 2.94 ± 0.12,
where α := −d logSν/d log T .
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These assumptions allow us to follow similar reasoning to that used by Miller-Jones et al. (2004).

Their objective is to account for the flux ratio between simultaneously launched jet and counterjet

bolides, accounting both for Doppler boosting, and for the different ages of the two bolides as seen

at the same epoch according to an Earth-bound observer. The effect of Doppler boosting is to

increase the brightness of the approaching bolide and to decrease the brightness of the receding

one, while the fact that the speed of light is finite means that light from the receding bolide must

set out earlier than from the approaching bolide to be observed at the same Earth epoch. Hence,

they show that if the two bolides are fading with time, then the receding bolide, being observed

earlier in its evolution, will appear brighter than Doppler beaming would predict, and hence the

flux ratio Sapp/Srec will be lower than would be expected from Doppler boosting alone.

It is important to note at this point that the relativistic motion of the bolide does not affect the

shape of the lightcurve. To see this, note that the relationships between time of observation T ,

time of emission t, and proper time τ , are linear:1

dt =
dT

1− β cos η
= γ dτ (6.1)

where γ is the Lorentz factor and η is the angle of the motion to the line of sight (c.f., the

geometry in Figure 2.3). Consequently, if the bolide’s luminosity in its rest frame evolves as a

power law L′ (τ) ∝ τ−ζ , then the evolution of the luminosity as seen by the observer, L (T ) will be

proportional to T−ζ . That is, the lightcurve will have the same shape according to the astronomer

as its true evolution in its rest frame; the rate of its evolution (i.e., dL/dT or dL′/dτ) will change.

The key point is that we can make arguments about the shape of the lightcurve in the rest frame,

and by doing so we will explain the (identical) shape of the observed lightcurve.

As we assume the emission is optically thin synchrotron, our next task is to work out how the

synchrotron emissivity scales with expansion geometry, and hence with time. From Result 5.3.5,

we can write the spectral luminosity of the synchrotron emitting bolide as:

Lν = V εν ∝ γ0
ξ−1 (nV ) ν−(ξ−1)/2B(ξ+1)/2 (6.2)

where ξ is the spectral index of the electron energy power-law distribution,2 γ0 is the low energy

1Recall that T and t are measured in the common rest frame of the observer and the binary system; τ is measured
in the bolide’s rest frame.

2Note the change of notation from previous Chapters: here we use ξ rather than p for the electron index
nγ ∝ γ−ξ. We will shortly find ourselves working with both the momentum and the pressure of this electron
population, giving us too many quantities traditionally labelled with the symbol p!
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cutoff to the electron spectrum, ν is the observation frequency, ne is the electron number density,

and B is the magnetic field density.

We now need to determine the evolution of each of these parameters with the expansion. Let’s

suppose R ∝ tλ, where R is the characteristic size of the bolide. How do neV , γ0, and B scale with

R? The quantity neV is the total number of electrons in the bolide, and must remain constant as

the bolide expands. The scalings of γ0 and B are more complex, as discussed below.

6.3.1 Evolution of the particle distribution

In Section 5.3.1, we outlined some of the properties of an electron population with a power-law

distribution of energies. Arguments for the evolution of this distribution in an expanding bolide

are given by a number of workers (e.g., Scheuer and Williams (1968), Leahy (1991)). In Box 6.1,

we demonstrate that, for the power-law distribution, with γ0 � 1, the pressure Pe and energy

density ue are related by Pe = ue/3. Using the expression for the energy density (Result 5.3.4),

we can write the energy in the whole bolide as

U = ueV = (neV ) γ0
ξ − 1

ξ − 2
mec

2 , (6.3)

and hence its derivative as:

dU = (neV )
ξ − 1

ξ − 2
mec

2 dγ0 = ueV
dγ0

γ0
(6.4)

where N = neV is a constant. Assuming the expansion is adiabatic (dQ = 0), and that the only

work done is by the internal pressure, the adiabatic losses are:

dU = −PedV = −ue
3

dV . (6.5)

Combining Equations 6.4 and 6.5, we obtain a differential equation for the low energy cutoff energy

of the electron energy spectrum in terms of the volume:

dγ0

γ0
= −1

3

dV

V
(6.6)

which integrates to give γ0 ∝ V −1/3. We now need to consider the shape of the expansion. Let’s

consider two cases. First, consider a 3-dimensional expansion (e.g., a sphere or an ellipsoid). Then,
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we can write:

dV

V
= 3

dR

R
. (6.7)

Alternatively, we could consider a 2-dimensional expansion (e.g., a conical outflow or an expanding

hollow shell). In this case, we have

dV

V
= 2

dR

R
. (6.8)

Combining Equations 6.7 and 6.8 with Equation 6.6, we find the scalings of the electron energy

distribution with radius as:

in 3D: γ0 ∝ R−1 (6.9a)

in 2D: γ0 ∝ R−2/3 (6.9b)

6.3.2 Evolution of the magnetic field

The evolution of an expanding magnetic field is complex, and a full and correct treatment exceeds

the scope of the present work. The scaling of the magnetic field density will be a strong function

of the geometry of the expansion, and in particular, will depend on whether the flow expands

along or parallel to the local magnetic field lines. The key assumption usually made is that the

magnetic field is frozen into the flow. It can be shown that, in an inviscid and non-turbulent

magnetohydrodynamic flow, the magnetic flux through a surface that follows the flow is constant.

Leahy (1991) gives, without proof, scalings for the steady adiabatic expansion of a magnetic field

under different geometries (table 3.3 in Leahy (1991)). For our case, we consider a tangled magnetic

field, in which case B ∝ R−2, where R is the geometric mean of the expansions along each axis

of a three dimensional space. Hence, for an expansion that is uniform along all three directions,

R ∼ R, where R is the radius, while for an expansion that is confined to two dimensions only,

R ∼ R2/3. Thus, we can write:

in 3D: B ∝ R−2 (6.10a)

in 2D: B ∝ R−4/3 (6.10b)
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Box 6.1: Pressure due to relativistic electrons

The pressure from a thermal population of relativistic particles P = u/3 is a familiar result

(Blundell and Blundell (2010)). We now demonstrate that the same result holds for a

power-law distribution of electron energies.

From kinetic theory, we know that pressure can be written as an integral:

P =
1

3

∫
dp np (p) vp

where np (p) is the number of electrons per unit volume per unit momentum, p = γmev is

the modulus of the 3-momentum, and v = βc is the velocity. This is obtained by calculating

the momentum transfer per unit time per unit area on an imaginary surface. We can also

write γ2β2 = γ2 − 1 and we can use npdp = nγdγ to recast the integral as one over γ,

where the distribution nγ is given by Result 5.3.3. This gives:

P =
1

3

∫ ∞

γ0

dγ nγ (γ) γmeβ
2c2

=
1

3
mec

2

∫ ∞

γ0

dγ
n (ξ − 1)

γ0

(
γ

γ0

)−ξ
γ2 − 1

γ

=
1

3
n (ξ − 1)mec

2

∫ ∞

γ0

dγ

γ0

(
γ

γ0

)−ξ [
γ − γ−1

]

=
1

3
n (ξ − 1)mec

2

[
γ0

(ξ − 2)
− 1

ξ γ0

]

=
u

3

[
1− 1

γ0
2

ξ − 2

ξ

]
.

This has the right limiting behaviour: we recover the ultra-relativistic case when γ0 →∞,

finding as advertised that P = u/3; the non-relativistic limit P = 0 is obtained in the case

γ0 → 1 and ξ → ∞, i.e., when the power law cutoff becomes very, very steep and there is

no population of high γ particles.
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This discussion shows less rigour than we would like, reflecting the non-trivial physics, and espe-

cially the uncertainties over the geometries of both the expansion and the magnetic field. Scalings

over the range R−1 to R−2 are possible depending on the relative orientation of the streamlines

of the flow, the magnetic field, and the expansion. For instance, Miller-Jones et al. (2004) use

B ∝ R−1, a scaling that could correspond to an expansion either perpendicular to or along the

streamlines with a field purely orthogonal to that flow.

There are attempts to develop solutions for an expanding, magnetised sphere of plasma that

display self-similarity (i.e., they undergo a simple scaling with time). These are generally confined

to plasmons under an imposed external B-field: for example, a uniform field (Anderson et al.

(1980), Garćıa-Rubio et al. (2016)), or a dipolar field (Winske and Omidi (2005), Nersisyan et al.

(2011)). These are of limited applicability to our current case, and more work is certainly needed

to understand this process.

6.3.3 Discussion

Now, we combine Equations 6.9 and 6.10 with Equation 6.2 for the spectral luminosity which must

scale as the spectral flux density Sν . Hence, we can estimate the scalings for an expansion:

in 3D: Sν ∝
(
R−1

)(ξ−1) (
R−2

)(ξ+1)/2 ⇒ Sν ∝ R−2ξ (6.11a)

in 2D: Sν ∝
(
R−2/3

)(ξ−1) (
R−4/3

)(ξ+1)/2

⇒ Sν ∝ R−4ξ/3 (6.11b)

To convert these to lightcurves, we need to know the scaling of R with time T . The simplest case

is a free expansion, R ∝ T . Then, we have a scaling purely expressed in terms of the electron

energy power law index, ξ. If ξ = 2.2, corresponding to a spectral index of α = 0.6 (see discussion

in Section 5.4.1), then the two cases above give scalings Sν ∝ T−4.4 (3D) and Sν ∝ T−2.9 (2D).

We compare these to the measured values: κjet = −2.57 ± 0.09 and κcjt = −2.94 ± 0.12. If

our assumptions about the expansion of the magnetic field are correct, then the 3 dimensional

expansion rate would be too rapid to explain that which we see here, unless there is a continuous

acceleration of particles throughout the course of the observation.

Alternatively, an expansion geometry in two dimensions could be compatible with the observa-

tions. Such a two dimensional expansion could take the form of a conical outflow. However, the

observations of optical emission lines suggest that the jet even if initially conical, has fragmented
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into discrete balls of plasma long before reaching the scales we see here (Goranskii et al. (1998),

Blundell and Bowler (2005)).; similarly, the stability analysis of Brinkmann et al. (1988) supports

the fragmentation of the jet into discrete, cool blobs. These suggest a more promising geometry

is a spherical expansion, but one in which the emitting region is confined to a thin shell at the

surface of the bolide. This would allow the emitting region to scale in two dimensions only. It

might also help to account for the apparent underestimation of the bolide masses in Section 5.4.1,

by allowing a picture in which the bolide is cold, but it acceleration at its surface produces the

observed population of relativistic electrons.

We note that this is only tentative evidence for such a geometry. Our remarks are highly dependent

on the unknown geometry of the B-field, and the lack of a clear model for the joint scaling of

B and γ0 makes drawing strong conclusions impossible at this time. However, the clear evidence

from these real-time observations for the decay rates of the bolides in SS 433 should provide a

strong result with which to test the predictions of such models.

6.4 Asymmetry between the jets

In Section 6.2.4 we noted that the mass estimates for the two bolides of pair 7 using the data from

Day 42 were (slightly) inconsistent, with the jet bolide mass estimate about 30% greater than the

counterjet . In Figure 6.3, we can see that this is actually an outlier. Throughout the decaying

phase of the lightcurves, the counterjet is systematically brighter than the jet; only at the end

does this pattern change. Let us examine this flux asymmetry in more detail.

In Figure 6.4, we plot the integrated intensities from the jet and the counterjet for bolide pair 7

against each other. There is a clear and almost linear relationship in the decaying part of the

lightcurve. From Figure 6.3, we can identify 3 data points that deviate significantly from the

otherwise almost linear decay curves: these are Days 37, 41, and 42. Removing these from the

data set, we can fit a straight line to the Scjt = aSjet + b where the slope a = 1.437 ± 0.035 and

the intercept b / Jy = −0.005± 0.005 – this offset term is consistent with zero.

Including the three discrepant data points makes only a small difference to the fitted line. The

gradient is now a = 1.461 ± 0.035 and the y-intercept is b / Jy = −0.010 ± 0.004 – this is still

consistent with zero.
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Figure 6.4: The integrated intensities as measured by JMFIT for the jet and counterjet bolides in
pair 7 plotted against one another. Each marker represents one observation in the 2003 VLBA
movie. The data are divided into pre-break and post-break. This refers to the point at which the
bolides transition from a flat or slightly increasing lightcurve to a power-law decay – this occurs at
approximately 8 d after launch, and corresponds to a very clear transition in this diagram, from
a weak correlation to a tight, linear relationship. The linear fit (top left box) is consistent with
passing through 0.
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6.4.1 Doppler boosts and other light travel time effects

As already noted, a constant ratio between the fluxes of the two bolides is expected to account for

the effects of Doppler beaming and the different ages of the (fading) bolides at the same observation

epoch. The problem here is that the flux ratio found above (i.e., Sν,jet/Sν,cjt = 0.696±0.017 – note,

it is the counterjet that is brighter here) is significantly lower than that expected by combining

the work of Miller-Jones et al. (2004) with the kinematically derived velocities.

As set out in Miller-Jones et al. (2004), there are two contributions that set the flux ratio. Firstly,

there is the ratio due purely to Doppler boosting, which is derived in e.g., Longair (2011). But, this

assumes that the luminosities of the sources remain constant with time. As they manifestly don’t

stay constant, there is a second contribution to the flux ratio, namely the ratio of luminosities at

the (different) times that light sets out from jet and counterjet to reach the Observer on Earth at

the (same) time. Hence,

Sν,jet

Sν,cjt
=

(
1 + β cos η

1− β cos η

)k+α(
Lν,jet (tjet)

Lν,cjt (tcjt)

)
(6.12)

where k = 3 is a geometric factor, α is the spectral index, β is the jet launch speed, and η is the

angle between the jet and the line of sight (c.f., equation 2 of Miller-Jones et al. (2004)).3 If, as

we explored in the preceding Section, the spectral luminosities can be characterised by a power

law evolution Lν ∝ tκ, then using

tjet

tcjt
=

1 + β cos η

1− β cos η
(6.13)

(obtained by inspection of Equation 6.1; c.f., equation 4 of Miller-Jones et al. (2004)), we can

write

Sν,jet

Sν,cjt
=
Lν,0,jet

Lν,0,cjt

(
1 + β cos η

1− β cos η

)k+α+κ

(6.14)

where Lν,0,jet and Lν,0,cjt denote the intrinsic luminosities of the bolides. We know from kinematic

constraints that β cos η = −0.029± 0.003 for the jet of bolide pair 7. We now need a value for κ.

3A brief comment on the form of the equation given here. Sometimes, these ratios are given as Sapp/Srec –
the ratios of the approaching and receding bolides respectively. In this case, the value of η must lie in the interval
[0, π/2], and the value of the fraction in brackets is definitely greater than 1. Here, as throughout this work, we
prefer to use jet and counterjet to have fixed assignments in the jet system (east and west respectively in SS 433),
to define η as the angle between the jet and the line-of-sight, and to allow η to lie in the interval [0, π]. i.e., there
can be times when the counterjet approaches the observer and the jet points away from the observer, in which case
it is the counterjet that undergoes boosting.
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This is a source of some ambiguity, but we can follow two lines of reasoning.

6.4.1.1 Using theoretical estimates for the fading rate

We can use the reasoning of Section 6.3 to find theoretical values for κ, and hence to predict the

flux ratios. Miller-Jones et al. (2004) find that for synchrotron emission from an electron power law

energy distribution with exponent ξ, then κ = (1− 3ξ) /2, which combined with α = (1− ξ) /2

gives an exponent k+α+κ = k− ξ. Assuming k = 3 and ξ = 2.2, and assuming that the intrinsic

luminosities are the same, then for β cos η = −0.029±0.003, we obtain Sν,jet/Sν,cjt = 0.955±0.005.

The value of κ in Miller-Jones et al. (2004) is found by assuming B ∝ R−1. Taking instead the

two values for κ that we obtained by considering expansions in 2D and 3D, (i.e., κ2D = − (4/3) ξ

and κ3D = −2ξ), combined with a linear expansion (R ∝ t), we obtain flux ratios:

2D:
Sν,jet

Sν,cjt
=

(
1 + β cos η

1− β cos η

)k−(1+5ξ)/6

= (0.944± 0.006)
1.0

= 0.944± 0.006 (6.15)

3D:
Sν,jet

Sν,cjt
=

(
1 + β cos η

1− β cos η

)k−(1+3ξ)/2

= (0.944± 0.006)
−0.8

= 1.047± 0.005 (6.16)

In neither of these cases is the resulting flux ratio compatible with the observed value of Sν,jet/Sν,cjt =

0.696± 0.017.

Note that in the second of these cases, the (approaching) counterjet appears fainter than the

(receding) jet. This is because the fading of jet in this geometry is so rapid that the boosted

approaching bolide has faded more in the time taken for light from the receding bolide to cover

the distance along the line-of-sight than the Doppler boosting factor.

6.4.1.2 Using observed values for the fading rate

We measured (Figure 6.3) the exponents of the lightcurves as κjet = −2.57 ± 0.09 and κcjt =

−2.94 ± 0.12. Their different values indicate that the flux ratio will contain a time dependence.

This will be a slow variation, tκjet−κcjt , so we will neglect it. Instead, taking the mean of these

two, we find κ = −2.78±0.15. This gives k+α+κ = 0.82, and hence Sν,jet/Sν,cjt = 0.954±0.010.

Again, this is inconsistent with the observed flux ratio.
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6.4.2 An estimate of the density of obscuring circumbinary material

There are three immediately plausible explanations for the asymmetry. Firstly, it is possible that

the observed flux asymmetries are representative of a true difference in the emissivities. That is,

that the two bolides are intrinsically asymmetric at launch, carrying different masses and momenta.

This would be surprising; the lack of evidence for a significant proper motion of the nucleus would

suggest that simultaneously launched jet and counterjet bolides should carry equal and opposite

momenta, though, of course, this strictly needs only be true in a time-averaged sense. With these

data, we are unable to rule out the possibility of intrinsic asymmetry.

The second plausible explanation we propose is that the bolides are identical at birth, but that

they accumulate or generate different magnetic fields as they propagate, or that the result of

acceleration of electrons in each bolide is different. A clearer understanding of the evolution of

both magnetic fields and the electron population is needed to examine this in any detail. However,

we note that the estimates of the B-fields in Table 6.1 are virtually identical, which suggests that

this is not the explanation.

Throughout this discussion, we have assumed that any extinction affects light from both bolides

equally. However, we know that there are other outflows from the system: there are winds driven

off the accretion disc (Blundell and Hirst (2011)), and outflow through the circumbinary ruff

(Paragi et al. (1999) Blundell et al. (2001), Doolin and Blundell (2009)). Let us suppose that the

difference in the jet and counter jet luminosities can be accounted for by an excess of obscuring

material in front of the jet as opposed to the counterjet.

We will consider a simple model for this obscuring material. Let’s assume (a) that there is a

cloud of quasi-neutral ionised hydrogen plasma lying in front of one side of the system (in the

current case, this will be in front of the jet, rather than the counterjet); (b) that this cloud has

uniform density; (c) that it causes extinction by free-free absorption; (d) that radiation from the

cloud is resolved out, and can be neglected; (e) that the original jet and counterjet bolides have

the same intrinsic luminosities which are then affected by relativistic beaming and by different

apparent fading rates; (f) that the bolides radiate via synchrotron radiation with a spectral index

α = 0.6 (g) that the bolides’ luminosities evolve with L ∝ τκ where κ = −2.78± 0.15 (see above

Section); and (h) that the obscuring region has a depth l0, and covers the entire length of bolide

7’s trajectory within the course of the observations.



128 CHAPTER 6. THE EVOLUTION OF INDIVIDUAL JET BOLIDES II

From the theory of radiative transfer (see, e.g., Rybicki and Lightman (1979)), in the absence of

emission, the flux density received from the jet bolide will be reduced by a factor e−α
ff l0 where

αff is the free-free absorption coefficient and l0 is the length of the absorbing region. Hence, we

can write a modified expression for the flux ratio as:

Sν,jet

Sν,cjt
= e−α

ff l0
Lν,0,jet

Lν,0,cjt

(
1 + β cos η

1− β cos η

)k+α+κ

(6.17)

Rearranging, we obtain an expression for the optical depth of the obscuring cloud:

αν l0 = ln

[
Fcjt

Fjet

(
1 + β‖

1− β‖

)k−p]
. (6.18)

From equation 5.19 in Rybicki and Lightman (1979) the thermal free-free absorption coefficient

is:

αff
ν =

4

3

(
2π

3

)1/2
e6

(4πε0)
3
me

3/2c

Z2nenigff

(kBT )
3/2

ν2
(6.19)

where T is the plasma temperature, Z is the ion charge, ne and ni are electron and ion densities

respectively, ν is the observation frequency, and gff is the Gaunt Free-Free factor (we take gff ' 1).

For an ionised hydrogen plasma (Z = 1, ne = ni), this evaluates to:

αff
ν

m−1
= 5.604× 10−35

(
T

1000 K

)−3/2 ( n

m−3

)2 ( ν

GHz

)−2

gff (6.20)

Combining Equations 6.18 and 6.19, together with Z = 1 and ne = ni = n, we can obtain an

expression for the number density of ionised hydrogen plasma in terms of the temperature and

the depth of the plasma:

n2 =

(
27

32π

)1/2
(4πε0)

3
me

3/2c

e6

(kBT )
3/2

ν2

gff
×

ln

[
Fcjt

Fjet

(
1 + β‖

1− β‖

)k+α+κ
]

(6.21)
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which evaluates to:

n

cm−3
= 2.625× 104 ×

(
ln

[
Fcjt

Fjet

(
1 + β‖

1− β‖

)k+α+κ
])1/2

×

gff
−1/2

(
T

1000 K

)3/4(
l0

lightday

)−1/2 ( ν

GHz

)
. (6.22)

Note that we do not have data for the temperature of the plasma, or the extent of the ruff material

(either in depth, or by direct observation in area on the sky). Consequently, the determination of

n remains degenerate in T and l0. We can extract a representative order-of-magnitude estimate for

n by taking an estimate of the plasma temperature as T ∼ 1000 K, and of the depth of the region

as l0 ∼ 1 lightday. The first is commensurate with the temperature of ionised Hydrogen regions

in the ISM. The l0 estimate is more uncertain, representing our ignorance about the geometry of

the circumbinary ruff. It corresponds to the distance travelled by the jet in ∼ 4 d.

The resulting number density estimates are shown in Figure 6.5. The required density of obscuring

matter is typically ne = 2×1010 m−3×(T / 1000 K)
3/4

(l0 / lightday)
−1/2

. There is a slight residual

time dependence, reflecting the difference in the power-laws describing the time dependences in

Figure 6.3.

The three epochs on which we previously noted that the Sν,jet/Sν,cjt flux ratio was inverted are

even clearer here. These correspond to epochs on which there is apparently an excess of obscuring

medium in front of the counterjet rather than the jet. Why these epochs should be so different is

not clear at the present time, though we note the qualitative statements of Mioduszewski et al.

(2004) that the component parts of the ruff may move as fast as 104 km s−1. It is clear from the

images of the ruff in Figure 4.2 and in Paragi et al. (2002) that the ruff possesses a complex and

uneven brightness distribution and hence a simple uniform covering is unlikely to be an accurate

description of the observed asymmetry in the light decay. In exploring this, we are not helped

by the insensitivity of the VLBA to large scale or extended structure, which helps to resolve out

emission from the ruff.

With some further approximations, we can make an order-of-magnitude estimate a mass in the

enveloping matter. Let’s suppose that the density is constant in a region that is approximately

cylindrical with l0 ' 1 lightday and a length corresponding to 20 d travel at 0.3c – i.e., 6 lightdays

in length. Within this volume, assuming one proton per electron, the corresponding mass is

∼ 2 × 10−6 M�. By way of comparison, we note the estimates of mass loss via the accretion



130 CHAPTER 6. THE EVOLUTION OF INDIVIDUAL JET BOLIDES II

disc wind – 10−4 M� yr−1 (Perez and Blundell (2009)) – and via the jets – 5 × 10−7 M� yr−1

(Kotani et al. (1996)). If our mass estimate is correct, and if, most importantly, we are correct

in attributing the asymmetry to extinction due to mass in the circumbinary ruff, this suggests

that the mass loss through the circumbinary disc may be comparable in significance to that lost

through the other known mechanisms.

We end on a note of caution: the nature of the outflow via the circumbinary ruff (including its

velocity and geometry) is far from clear. Our calculation is predicated on the assumption that

the bolides be intrinsically symmetric, but we have no evidence to support this claim, nor do we

have evidence to discount the possibility that differences in the bolides’ evolution post-launch may

account for the observed asymmetry. Were we correct in identifying the obscuring matter with

the ruff, the stability seen in the mass estimates in Figure 6.5 would require that the ruff be far

greater in extent (by at least an order of magnitude) than any previous studies have shown. We

do not know whether the jet and counterjet bolides are merely attenuated by the ruff, or whether

their intrinsic evolution is moderated by passing through either the ruff or through the accretion

disc wind. Indeed, Blundell and Hirst (2011) have shown that there are interactions between the

jet and wind outflow. An eminently plausible alternative explanation – especially given that the

fainter (eastern) jet is receding from the observer at this epoch – is that we see extinction due to

the accretion disc wind rather than the ruff.

6.5 Summary

In this Chapter, we have qualitatively noted that the evolution of the flux densities of individual

ejecta are complex – bolides appear to interact (either with each other or with other matter in

the vicinity of the binary system) to cause significant dissipation of energy as radiation. We have

discussed briefly the asymmetries that exist between bolides, and suggested a possible (though by

no means certain) explanation in terms of extinction by a cicumbinary ruff containing as many as

2× 1010 electrons per cubic metre.

However, the most significant result is that, when given the opportunity to fade naturally, the

bolides decay with a power law in time, with index ∼ 2.8. Explaining this relationship could give

a powerful probe of the internal thermodynamics.
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Figure 6.5: Estimated obscuring densities as described in Section 6.4.2. Degeneracies remain with
the temperature and the depth of the obscuring medium, but these are expressed in terms of
estimated characteristic values. Positive densities correspond to an excess of obscuring material in
front of the jet. “Negative densities” correspond to an excess of obscuring material in front of the
counter jet. Recall that we use “jet” and “counterjet” to mean the east and west jets respectively,
and that at this epoch, the (western) counterjet is slightly angled towards the observer (by about
6◦ out of the plane of the sky).
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Chapter 7

The X-Ray Behaviour of SS 433

7.1 Introduction

So far, we have used the power of high resolution VLBI imaging to probe the dynamics of the radio

jets of SS 433 on scales of 1012-1013 m. But, to explore the nature of the inner binary system itself,

we must turn to higher energies. In this Chapter, we will review what is understood about SS 433

from observations at X-ray energies, and we will use new data from X-ray monitoring to examine

the geometry and variability of the accreting binary. We will begin by reviewing the prevailing

paradigm surrounding jet launch and variability in microquasars as inferred from their X-ray

emission. We then outline the observational history of SS 433 at high energies (Section 7.1.2),

describe monitoring data from the MAXI and Swift missions (Section 7.2), perform a time series

analysis of these data (Section 7.3), and use the eclipse variation in the X-ray lightcurve to look at

the binary geometry (Section 7.4). Finally, we will return to the standard paradigm and discuss

SS 433’s place within it (Section 7.5).

7.1.1 The standard picture of microquasar phenomenology

The prevailing paradigm around the interpretation of X-ray emission from accreting stellar-mass

black holes is principally based on two key observations, namely:

1. that the X-ray emission from accreting black holes moves between two principal states –

a low intensity, quiescent state, in which the emission is dominated by hard X-rays (a flat

133
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spectrum extending up to perhaps 100 keV – this is referred to as the “low-hard” state), and

a high intensity outburst state, where the emission is dominated by softer X-ray emission

(the “high-soft” state); and,

2. that radio (and infra-red) emission is correlated with X-ray emission in the low intensity, hard

X-ray state (seen in observations of V404 Cyg and GX339-4 by Gallo et al. (2003), Fender

et al. (2004)), and is quenched when the system moves into the brighter, softer state (e.g.,

simultaneous radio observations and X-ray monitoring of the hard to soft state transition in

GX339-4 by Fender et al. (1999)).

The first of these is encapsulated in the hardness-intensity diagram. This is constructed by analogy

with the colour-magnitude plot in optical stellar photometry. The total intensity in the X-ray

bands is plotted against some representation of its hardness. This is often the ratio of the X-ray

flux in the hardest available waveband to that in the lowest (e.g., section 2.1 of Fender et al.

(2004)). The transition between different states is traced by the evolution of the system around

the hardness-intensity plane.

Somewhat conflicted terminology for the naming of these states is in use (see, for instance, Remil-

lard and McClintock (2006)). The prevailing convention is that of, e.g., Fender et al. (2004), in

which the system is categorised by its X-ray properties (i.e., a low-hard state and a high-soft

state, separated by an intermediate or very-high state (intermediate spectral properties, very high

photometric properties)).

In interpreting these observations, we have a number of physical pieces to consider. The accretion

disc itself emits soft, thermal X-rays. It is usually understood to be geometrically thin but optically

thick (e.g., from model-fits to X-ray spectra of Cyg X-1 by Gierliński et al. (1999)). Stable discs

are theoretically possible to within a few gravitational radii of the black hole (with the innermost

stable circular orbit (ISCO) dependent on the black hole’s spin).1 It is possible that these thin

flows may be truncated at some radius r > rISCO, changing to a different type of flow in the inner

regions. The brightest emission in this thin flow comes from its hottest parts of the disc, close to

its inner edge. The luminosity of the disc scales as the inverse of the inner radius, so a disc that

is truncated far from the core (or which morphs into a radiatively inefficient accretion solution in

1The theory of such stable thin discs can be found in textbooks (e.g., Frank et al. (2002) or Beskin (2010)). Such
discs consist of a fluid undergoing circular Keplerian orbits around the compact object. For mass to accrete inwards,
angular momentum must be dissipated outwards. This is usually modelled by a viscosity which is proportional to
the sound speed at radius r and the scale height of the disc, or, equivalently, by a stress proportional to the gas
pressure. This is the α-prescription of Shakura and Sunyaev (1973).
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its inner regions – see below) will make a smaller contribution to the system’s emission.

A synchrotron-emitting jet typically emits at radio frequencies. Such jets are widely believed

to come in two kinds: “compact” and discrete. The “compact” jets form continuous, conical,

isothermal, and self-absorbed outflows, appearing with a flat spectrum (Fender (2001), Blandford

and Königl (1979)). The jet appears discrete when it consists of distinct bolides more analogous to

those we have seen in Chapter 4, and which have optically-thin, power-law spectra. The transition

between these two regimes, characterised by their change in their spectral properties, has been

observed (Fender (2001), Corbel et al. (2013)). A third type, more closely analogous to that which

X-ray workers have seen in SS 433, is a continuous, optically thin outflow (Brinkmann et al. (1988),

Kotani et al. (1996)).

Around the base of the jet may be a corona – a non-thermal plasma which upscatters soft X-rays

by inverse Compton scattering (Gierliński et al. (1999)). The nature of this corona is unclear.

Some workers attribute it to a hot accretion disc wind (e.g., Remillard and McClintock (2006));

others argue that a distinct corona may be unnecessary, and can instead be identified with the

base of the jet (e.g., Markoff et al. (2005), who show that hard state spectra of GX339-4 and Cyg

X-1 are consistent with both interpretations).

Lastly, outflows in the form of winds can disperse and expel matter from the disc, and may play an

important role in the outbursts. These winds are inferred from iron line absorption measurements

in 9 X-ray binaries (including GRS1915+105 and GX339-4) by Ponti et al. (2012). They are also

observed by Muñoz-Darias et al. (2016) as P Cygni profiles in helium emission lines from V404

Cyg in outburst.

A qualitative understanding of the underlying physics of these phenomena follows the work of

Fender et al. (1999) and Fender et al. (2004). This qualitative picture is best understood by

following the evolution around the hardness-intensity diagram. In Figure 7.1, we reproduce figure 2

of Fender and Belloni (2012) to illustrate this point.

The system starts in quiescence in the low-hard state. Here accretion of matter occurs by a

radiatively inefficient process. This accretion drives a compact jet, which radiates self-absorbed

synchrotron emission at radio wavelengths. The X-ray emission consists of hard X-ray photons,

perhaps arising from compton scattering off either a corona or off the jet itself. There may be a

weak thermal contribution to the soft X-ray emission, arising from a geometrically thin, optically

thick disc, but the heavy suppression of this thermal disc contribution indicates that the disc is
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Figure omitted in
Online Version

Figure 7.1: (Figure 2 in Fender and Belloni (2012)) Black hole accretion states in outburst,
sketched in the hardness-intensity diagram. The x-axis represents the logarithm of the hardness
ratio, and the y-axis represents the logarithm of the total intensity. The system starts in the hard
state at A, brightens and moves to B as the outburst begins, softens to move from B to the soft
state at D, with a discrete, relativistic, jet ejection as it passes through the intermediate state
near C. The system may then repeatedly move between C and D, with repeated jet ejections. As
the outburst ends, the system fades (E), hardens (F), and returns to quiescence (A). The cartoons
at the bottom sketch the physical picture: in the hard state (right panel), there is a compact jet
(pink), and the inner regions of the disc are dominated by a radiatively inefficient flow (blue); in
the intermediate state (middle), the compact jet terminates and the inner radius of the radiatively
efficient thin disc contracts; and in the soft state, there is a large outflow (accretion disc wind –
yellow). The shape formed by the evolution around the hardness-intensity diagram is colloquially
referred to as a “turtle-head” (e.g., Belloni (2010)).
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truncated some distance from the compact object. The size of this suppression radius is highly

uncertain, but is perhaps of the order of 10-100 gravitational radii from the core. Attempts have

been made to estimate this for some systems (most notably GX339-4) by fitting to the faint

thermal contribution made by the disc to the soft X-rays, and by modelling the effect of reflection

of jet X-rays off the thin disc on the width of emission lines and the hard X-ray spectrum (for

instance Tomsick et al. (2008) or Garćıa et al. (2015); see Narayan and McClintock (2008) for a

review). At radii less than the truncation radius of the thin disc, there is believed to exist an

optically thin but geometrically thick accretion flow. Candidates include advection dominated

accretion flows (ADAFs; Narayan et al. (1998), Narayan and McClintock (2008)), or an advection

dominated inflow-outflow solution (ADIOS; Blandford and Begelman (1999)).2

As the system moves into outburst its X-ray emission becomes first brighter and then softer. It is

conjectured that this is due to some instability in the disc increasing the efficiency of accretion –

for instance, a change in the hydrogen ionisation fraction increases the effective viscosity enabling

transfer of angular momentum outwards and mass inwards within a Shakura-Sunyaev type disc

(Fender (2010)). The inner radius of the disc contracts, increasing its temperature and the bright-

ness of the thermal disc soft X-ray component (Remillard and McClintock (2006)). The system

now approaches its peak brightness (this is identified in the literature as the Very High State or

Intermediate State). As the spectrum continues to soften, the compact jet turns off, leading to a

radio quench (as seen in GX339-4 by Fender et al. (1999)). Discrete, optically-thin, synchrotron

emitting jet bolides are launched (e.g., observed by Corbel et al. (2000) as a power law spectral

index in radio monitoring at the time of the X-ray state transition in GX339-4). These bolides

typically have increased speeds over the continuous jet seen in quiescence (Fender et al. (2004)).

The system then settles into the high or soft state, in which it may reside for a timescale of the

order of tens to a few hundred days. A thin accretion disc extends close to the innermost stable

circular orbit, and there is a high accretion rate (Remillard and McClintock (2006)). The disc’s

soft thermal emission dominates the X-ray emission causing the soft spectrum. In some systems,

the spectrum repeatedly hardens and softens at this point in the outburst – this appears to be the

case in GRS1915+105 (e.g. Fender and Belloni (2004)), which has apparently remained in this

2Advection-dominated flows are radiatively inefficient – the ions and electrons in the flow are thermally decou-
pled, with the ions absorbing the excess heat liberated by viscous heating, and the electrons (which remain at
a much lower temperature) dominating the emission. On the other hand, they are efficient accretion processes,
carrying both matter and the liberated gravitational energy across the event horizon rapidly. In other words, they
do their job properly, but they just don’t tell us about it. There are, however, a number of outstanding problems
relating to the consistency of these solutions. See Beskin (2010) for a summary discussion.
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intermediate/mixed accretion state throughout its 20 yr observational history. While the system

is in this soft state the disc is dissipated, partly through accretion onto the compact object, and

partly through radiation driven winds (observed in optical spectroscopy of V404 Cyg in Muñoz-

Darias et al. (2016)).

Once the disc has dissipated, the soft spectrum declines, the system’s total emission becomes less

intense, and it returns to the quiescent state. The radiatively inefficient accretion flow is reformed,

and the radio emission from the compact jet reappears (e.g. Corbel et al. (2013)).

For more detailed discussions of this phenomenology, see the article by Fender et al. (2004) or

the reviews by Remillard and McClintock (2006) and Belloni (2010). A brief overview is given

in Fender and Belloni (2012). The review we have given here has been a necessarily cursory

summary of the phenomena, and omits several key details. Most notably, we haven’t discussed

the changes in source variability, including the various quasi-periodic oscillations (QPOs; transient

oscillations at timescales on the order of 10−1 Hz to 102 Hz) that appear as the system evolves

through its different states. These display a rich and varied phenomenology, with their short

timescales suggesting that they may be related to the physical timescales of the inner regions of

the accretion disc. A good discussion of the characteristic behaviour of the power spectra of these

sources is given in Belloni (2011).

One of the most important claims of this “universal” paradigm is that it is able to describe jets

across a wide range of scales. Similar hysteresis curves in the hardness-intensity plot are seen in a

range of neutron star binaries (see e.g. Migliari and Fender (2006), Muñoz-Darias et al. (2014)).

Likewise, active galactic nuclei with low accretion rates are seen to be radiatively loud, as predicted

within this paradigm. Given an appropriate scaling with mass, their radio and X-ray brightnesses

lie on the same correlation as seen in stellar mass black holes (Falcke et al. (2004), Fender (2010)).

Lastly, Belloni (2011) finds evidence for similar spectral states in some ultraluminous X-ray sources

(ULXs) – extra-Galactic sources with (highly) super-Eddington luminosities, which are conjectured

to be accreting stellar-mass black holes whose Doppler-boosted jets lie close to the line-of-sight.

7.1.2 X-ray observations of SS 433

So, what do we know about the X-ray properties of SS 433? The first detections of X-ray emission

associated with the object were made by Marshall et al. (1979) using the High Energy Astro-

nomical Observatory (HEAO) satellite. They saw continuum emission consistent with thermal
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bremsstrahlung from a plasma at 14.3 keV, as well as evidence for spectral line emission at 6.8 keV

iron (associated with the hydrogen-like Fe xxvi or helium-like Fe xxv transitions), which was

consistent with recombination in a thermal plasma of the same temperature. Using EXOSAT,

Watson et al. (1986) resolved this line into a pair of precessing 6.7 keV lines. The Doppler shifts

of these lines matched those predicted for the jet and counterjet by the kinematic model. They

interpreted the line emission as dominated by Fe xxv, with both the line broadening and the

continuum emission suggesting their origin lies in a thermal plasma that constitutes the lower

regions of the jets.

In the subsequent decades, the system has been repeatedly observed by major X-ray observatories,

with observations using Ginga (Brinkmann et al. (1991)), ASCA (Kotani et al. (1996)), the Chan-

dra High Energy Transmission Grating Spectrometer (HETGS) (Marshall et al. (2002), Lopez

et al. (2006), and Marshall et al. (2013)), the RXTE PCA (Filippova et al. (2006), Kotani et al.

(2006), Seifina and Titarchuk (2010)), XMM-Newton (Brinkmann et al. (2005)), and INTEGRAL

(Cherepashchuk et al. (2009), Cherepashchuk et al. (2013)). The general picture has remained

largely unchanged. The emission is believed to be dominated by X-rays from the jet and counter-

jet, with the principal components being thermal bremsstrahlung and high-Z recombination lines.

There is also evidence for a Comptonization component, possibly associated with scattering off

the disc, or with a corona (e.g. the INTEGRAL observations up to 100 keV by Cherepashchuk

et al. (2009)).

Several workers have attempted to model the jets as radiatively cooled, adiabatically expanding,

conical outflows. Under these assumptions, the emission is modelled as optically-thin, thermal

bremsstrahlung radiation from a stable jet with a known temperature profile along its length.

Versions of this profile are used in Kotani et al. (1996) and in Khabibullin et al. (2016); in both

cases there are errors in their treatment (Khabibullin et al. are inconsistent in their use of the

adiabatic index, and Kotani et al. make an error in their handling of the radiative cooling term),

and we present a corrected derivation of this equation in Box 7.1. Brinkmann et al. (1988) gives a

more general hydrodynamic treatment of a similar conical outflow, and argues that instabilities in

the cooling of an initially nearly uniform flow will result in fragmentation of the flow into cool but

still nearly ballistic clouds, which are in turn identified with the spectral line emitting hydrogen

clouds seen at optical wavelengths, and possibly with those seen at radio wavelengths.

This model has allowed estimates of the properties of the base of the jets. Estimates for the

temperature of the plasma near the base of the jets are typically 15-30 keV (e.g., T = 17± 2 keV
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Box 7.1: Thermal evolution of a conical jet

Kotani et al. (1996) and Khabibullin et al. (2016) both give, without proof, differential

equations for the temperature variation T (x) with distance x along the jet. Both of their

equations are wrong. The correct form for an adiabatically expanding, radiatively cooled,

conical outflow is:

dT

dx
= − neni

ne + ni

(Γ− 1)

βjetc
Λ (T )− 2 (Γ− 1)

T

x
(7.1)

where Γ is the adiabatic index (Γ = 5
3 for a non-relativistic monatomic plasma), and βjetc

is the jet bulk velocity. The derivation of this equation is as follows. The First Law of

Thermodynamics gives us the change in the total internal energy of the jet:

dU = dQ+ dWrad + dWexp (7.2)

where dQ is the heat input, dWrad is the energy lost in radiation, and dWexp is the work

done by expansion. From the assumption of adiabatic expansion, we have dQ = 0 – i.e.,

there is no flow of heat. The radiative cooling term can be written:

dWrad := −neniΛ (T )V dt (7.3)

where the emissivity (power radiated per unit volume) is defined to be neniΛ (T ). For

optically thin bremsstrahlung, this will be proportional to T 1/2 – see e.g. Longair (2011)

equation 6.46. We want to express this in terms of an emission per unit length. Neglecting a

small relativistic correction due to length contraction of the jet, we can write dt = dx/βjetc.

The expansion term dWexp is work done in pushing the volume outwards:

dWexp = −pdV (7.4)

We let x be the distance along the cone’s axis from its apex (note that the base of the jet

is not actually at the apex, but at some distance x0 along the cone), and Θ be the half

angle of the cone. The volume of a differential element at distance x along the cone is
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V (x) = limdx→0

[
π (xΘ)

2
dx
]
, and its change with distance is:

dV

dx
= lim

dx→0

V (x+ dx)− V (x)

dx
= lim

dx→0
πΘ2dx

(x+ dx)
2 − x2

dx

= lim
dx→0

πΘ2dx
2x dx

dx
= 2 lim

dx→0

[
πxΘ2dx

]
= 2

V

x
(7.5)

⇒ dV

V
= 2

dx

x
(7.6)

For an electrically neutral, fully ionised plasma, we can write the pressure as: p =

(ne + ni) kBT , giving for the expansion term:

dWexp = − (pV )
dV

V
= − (ne + ni) kBTV × 2

dx

x
(7.7)

Lastly, we use the heat capacity per unit volume of a gas cV = kB (ne + ni) / (Γ− 1) (see

e.g., Blundell and Blundell (2010)) to write:

dU = cV V dT = V
kB (ne + ni) dT

(Γ− 1)
(7.8)

Combining these results we have:

V
kB (ne + ni) dT

(Γ− 1)
= −neniΛ (T )V

dx

βjetc
− (ne + ni) kBTV × 2

dx

x
(7.9)

which can be rearranged to obtain the correct form of the temperature evolution equation

– Equation 7.1.
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(Brinkmann et al. (2005)); T = 20 ± 6 keV (Kotani et al. (1996)); T ∼ 30 keV (Filippova et al.

(2006))). Estimates of the radius of the base of the jet are typically & 3× 107 m (e.g., Brinkmann

et al. (1991), Kotani et al. (1996), or Kotani et al. (2006), which, as we have previously noted, is

large relative to the size of the event horizon of the black hole – perhaps as much as 200RS.

The opening angle of this conical outflow3 can be estimated by considering the broadening of

spectral lines. For instance, using the Chandra HETGS, Marshall et al. (2002) estimate a jet

opening angle of 1.◦23± 0.◦06, or equivalently an expansion speed of ∼ 0.5% of the speed of light,

for a jet travelling at 0.26c.

More recently, spectra have been extended to higher energies (up to 100 keV) using the INTE-

GRAL observatory (Cherepashchuk et al. (2009), Seifina and Titarchuk (2010)). Here, emission

is assumed to be inverse Compton scattered radiation from the disc or the jet, though the nature

of the scattering region is unknown.

To explain the continuum emission up to 100 keV, Seifina and Titarchuk (2010) instead propose

a model in which the continuum emission across the X-ray band is dominated by Comptonisation

of soft outer disc photons off a thick thermal gas around the disk and off the converging accretion

flow in the innermost region of the disc. This is able to explain the higher energy continuum, but

produces poor agreement with the lower energy emission believed to be associated with the jets.

Here, the earlier bremsstrahlung models give a better description of the thermal radiation from

the jets.

Studies of lightcurves from the source have shown that the X-ray flux undergoes eclipses by the

companion star and varies with the precession of the jets. Attempts to model this have been

made by, for example, Antokhina et al. (1992), but the precise geometry remains unclear. Where

attempts have been made to estimate binary parameters (e.g., Goranskii et al. (1998)), the mass

estimates have been incompatible with optically derived values (e.g., Gies et al. (2002b)). We will

return to this at greater length in Section 7.4 of this Chapter.

What is clear, however, is that no workers have hitherto seen evidence for direct X-ray emission

from the accretion disc itself (Kotani et al. (1996), Brinkmann et al. (2005), Seifina and Titarchuk

(2010)). This is in contrast to the optical disc (seen in observations immediately preceding a flare

by Blundell et al. (2011)) – in the only X-ray observations known to coincide with a radio flare,

3Note, this angle describing the shape of the conical outflow is distinct from the opening angle of the precession
cone used in the kinematic model (Section 2.2). The precession cone opening angle describes the shape of the cone
about which the conical jet outflow precesses.
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Kotani et al. (2006) attribute rapid (10 s) variability to shot-like behaviour in the jet outflow,

rather than to variations in the disc itself.

As seen from Earth, SS 433 is a not particularly bright X-ray source, with an isotropic 2-10 keV

X-ray luminosity of ∼ 1029 W (e.g., Watson et al. (1986) – by comparison, the nearby source

GRS1915+105 is on the order of∼ 3 orders of magnitude brighter (Mirabel and Rodŕıguez (1994))).

Due to the super-Eddington accretion rate in SS 433, it is believed that the isotropic X-ray lumi-

nosity as seen by an observer looking directly down the precession cone may be in excess of 1033 W

(Fabrika (2004)). This leads to the identification of SS 433 as a misaligned, Galactic equivalent of

the extra-Galactic ULXs, a conclusion strengthened by similarities in their optical spectra (Pouta-

nen et al. (2007), Fabrika et al. (2015)). Indeed, Khabibullin and Sazonov (2016) claim to identify

an excess of X-ray emission reflected off gas clouds in the Galactic plane supporting this estimate.

In summary, SS 433’s X-ray behaviour presents a number of outstanding questions. Jet bremsstrahlung

models like that of Kotani et al. (1996) describe the soft X-ray continuum and emission lines well,

but do not integrate well with the Comptonisation models used to describe continuum emission at

energies & 20 keV. In particular, the geometry of both emitting and opaque matter is unknown,

remains unclear, with no inconsistent eclipsing data and no estimate of the scale of the suspected

Comptonisation region.

7.2 X-ray monitoring of SS 433

7.2.1 The MAXI Observatory on the International Space Station

The Monitor of All-sky X-ray Image (MAXI) is a Japanese-led observatory attached to the In-

ternational Space Station (ISS). Since its installation in 2009, it has provided monitoring of the

X-ray sky, using the Gas Slit Camera to look for variable sources and transients in the 2-20 keV

energy range. Lightcurves are available in 3 energy bands (2-4 keV, 4-10 keV, and 10-20 keV) from

maxi.riken.jp. Further details are available in Matsuoka et al. (2009).

In Figure 7.2, we plot the lightcurves for the combined energy band and the 3 sub-bands. We

use the data from MJD 55058 to MJD 57294 (2009-Aug-15 to 2015-Sep-29). Each point represents

data collected during one orbit of the ISS. From the plotted flux histograms, we can see that

SS 433 is not detected in a significant fraction of the orbits. However, we will see in later sections

maxi.riken.jp
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that we obtain sufficient signal-to-noise ratio to detect physical variations by averaging the data

over many orbital and precessional periods.

7.2.2 The Swift/Burst Alert Telescope

The Swift/Burst Alert Telescope (Gehrels et al. (2004)) is another all-sky X-ray monitor, providing

spectral coverage at higher energies. Designed to enable rapid detection of gamma-ray bursts and

x-ray transients, Swift also provides monitoring of the light curves of known sources, including

SS 433, in the 15-50 keV band. These data are processed and reduced by an automated pipeline

(see Krimm et al. (2013) for details of the reduction process). They are then made available online

at swift.gsfc.nasa.gov/results/transients/SS433/.

The Swift/BAT light curve for SS 433 is plotted in Figure 7.3 for the range of dates from MJD 53415

to MJD 57411 (2005-Feb-14 to 2016-Jan-24). Again, each observation represents one pointing (i.e.,

one orbit) of the telescope. As with the MAXI data, the histograms show that SS 433 is not

consistently detected by Swift.

Before we can probe the physics of the system, there are two data analysis questions to resolve:

1) at individual epochs, the signal-to-noise ratio is too low to detect the source; and 2) the time

series are irregular sampled, so their spectra cannot be obtained by simple use of the Fast Fourier

Transform. To handle the first of these, we will see that it is sufficient to average the data over the

periodicities of physical interest in the source. To find those periodicities, we must first consider

the second point in more detail.

7.3 Time Series Analysis of X-Ray Lightcurves

7.3.1 Deconvolution of Irregularly Sampled Time Series

The problem of irregular sampling of a time series is recurrent across a wide range of data analysis

problems in and beyond astronomy. An irregular sampling manifests itself by introducing spurious

peaks into the spectrum. The problem is then how to separate the true spectrum from the effect of

the irregular sampling. In Box 7.2, we show that this can be reduced to a deconvolution exercise.

Many workers have sought to avoid this complexity by interpolating data onto a regular grid to

replicate a fixed “sampling” frequency, and then using Fast Fourier Transform methods to find the

swift.gsfc.nasa.gov/results/transients/SS433/
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Figure 7.2: X-ray lightcurves of SS 433 from the MAXI Observatory, for the whole energy band,
and 3 sub-bands (2-4 keV, 4-10 keV, and 10-20 keV). The data span the range MJD 55058 to
MJD 57294. The subplots on the right show the same data binned into histograms by count rate.
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spectrum. Maximum-Entropy based methods are sometimes used to try to recreate the spectrum.

Others simply ignore the problem (cf., the Lomb-Scargle periodogram) – this approximation works

satisfactorily if the time series consists of many samples, and if it is close to regular sampling.

Working in analogy to the clean algorithm used in deconvolution of 2-dimensional radio maps,

Roberts et al. (1987), developed a formulation that allows for the cleaning of time series. As in

radio interferometry, this proceeds by identifying the brightest points on the map, subtracting off

the some fraction of the dirty beam (i.e., the point spread function (PSF), which is the response

to a delta-function input) centred at that frequency, and then repeating the process by searching

for the highest point in the residual map. The final spectrum is obtained by restoring a Gaussian

beam to the residual map centred on each frequency from which a clean component was taken.

This clean beam is obtained by fitting to the central maximum of the dirty beam. See Box 7.3 for

further details.

Applying this algorithm to the (1-dimensional) photometric monitoring data, we can explore the

periodicities present in the SS 433 system.
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Figure 7.3: X-ray lightcurves of SS 433 at 15-50 keV from the Swift/BAT satellite. The data span
the range MJD 53415 to MJD 57411. The subplot on the right shows the same data binned into a
histogram by count rate.
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Box 7.2: The problem of irregular sampling - the Dirty Spectrum

Suppose that we have a true signal f (t), whose true spectrum Fourier theory tells us can

be written as f̃ (ν) =
∫∞
−∞ dt f (t) e−2πiνt. We observe the signal at N discrete times {ti}

obtaining samples {fi}. This can be represented as a sampled signal s (t) := f (t)w (t),

where w (t) = 1
N

∑N
i=1 δ (t− ti) is the sampling function, and so s (t) = 1

N

∑N
i=1 fiδ (t− ti).

The Fourier transform of the sampled signal is the dirty spectrum:

s̃ (ν) =

∫ ∞

−∞
dt s (t) e−2πiνt =

∫ ∞

−∞
dt e−2πiνtf (t)w (t) = f̃ (ν) ∗ w̃ (ν) (7.10)

where in the last step we have invoked the convolution theorem. That is, our dirty spectrum,

s̃ (ν), is the convolution of the true spectrum, f̃ (ν), with the dirty beam, w̃ (ν). The dirty

beam and dirty spectrum can be written simply as Fourier sums:

w̃ (ν) =
1

N

N∑

j=1

e−2πiνtj (7.11)

s̃ (ν) =
1

N

N∑

j=1

fje
−2πiνtj (7.12)

Then, by deconvolving w̃ from s̃, we can recover the true spectrum. In the special case

of a regularly spaced sampling function, it is possible to avoid this problem by recalling

the Nyquist sampling theorem. This tells us that the principal sidelobes will corrupt

the data at frequencies greater than half the grid frequency, while the spectrum below

this frequency forms a good approximation to the true spectrum (there is an interesting

pedagogical analogue here with the free spectral range of the grating spectrometer). In the

general case of irregularly drawn samples, there is no such simple rule for the location of

principal sidelobes to help us interpret the dirty spectra – we must find a way to perform

the deconvolution itself.
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Box 7.3: The Roberts, Lehar & Dreher [1987] spectral Clean algorithm

The key insight underlying the Roberts, Lehar & Dreher [1987] algorithm is that the Fourier

space expression of a single (positive) frequency component f (t) = A cos (2πν0t+ φ0) is

the sum of a positive and a negative frequency component. i.e.,

f (t) = a e2πiν0t + a∗e−2πiν0t (7.13)

where a := A
2 eiφ0 is the (complex) Fourier amplitude and a∗ is its complex conjugate.

Therefore, by taking the Fourier transform, we find the true spectrum of this signal, f̃ (ν),

is:

f̃ (ν) = a δ(ν − ν0) + a∗δ(ν + ν0) (7.14)

and consequently, the Fourier spectrum obtained from samples of such a monochromatic

signal (Equation 7.10) is given by:

s̃ (ν) = f̃ (ν) ∗ w̃ (ν) = a w̃ (ν − ν0) + a∗w̃ (ν + ν0) (7.15)

where w̃ is the dirty beam. That is, at any frequency ν, there will be contributions to the

dirty spectrum from the sidelobes of both the positive frequency and the negative frequency

parts of the spectrum.

For such a monochromatic signal, Roberts et al. obtain a unique expression for a ≡ f̃ (ν0)

as follows. Note from Equations 7.11 and 7.12 that w̃ (−ν) = w̃∗ (ν), w̃ (0) = w̃∗ (0) = 1,

and s̃ (−ν) = s̃∗ (ν). Then, considering Equation 7.15 and its complex conjugate, both

evaluated at ν0, we have:

s̃ (ν0) = a w̃ (0) + a∗w̃ (2ν0) (7.16)

s̃∗ (ν0) = a∗w̃∗ (0) + a w̃ (2ν0) (7.17)

This means that the dirty spectrum at frequency ν0 is the sum of the dirty beam centred

at ν0, and a contribution from the dirty beam centred at −ν0. Rearranging the second

equation to find a∗, using w̃ (0) = w̃∗ (0) = 1, and then substituting into the first equation,
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we find:

a∗ = s̃∗ (ν0)− a w̃ (2ν0) (7.18)

⇒ s̃ (ν0) = a+ s̃∗ (ν0) w̃ (2ν0)− a |w̃ (2ν0)|2 (7.19)

which finally yields:

a =
s̃ (ν0)− s̃∗ (ν0) w̃ (2ν0)

1− |w̃ (2ν0)|2
(7.20)

Note that in the limiting case of a constant component in the spectrum, i.e., ν0 → 0, we

have a = s̃(0)
2 . This can be shown by using w̃ (0) = w̃∗ (0) and s̃ (0) = s̃∗ (0) to factorise the

denominator in Equation 7.20, and then canceling a term (1− w̃ (0)) from both numerator

and denominator.

The challenge now is to expand this monochromatic reasoning to allow us to recreate a true

polychromatic signal. By analogy with the clean algorithm of Högbom (1974), Roberts

et al. (1987) proceed by subtracting off a fraction of the contribution of the brightest

monochromatic frequency in the dirty spectrum. This contribution is approximately given

by Equation 7.20 where ν0 is the frequency of the component being subtracted. The

algorithm is outlined in Appendix C of their paper.
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7.3.2 Periodicities in X-ray photometric monitoring of SS 433

7.3.2.1 The MAXI instrument – 2 - 20 keV waveband

The resulting spectrum is plotted in Figure 7.4. There is a very clear periodicity at around 160 d,

and then a second complex of peaks at roughly half this period. As this is close to the kinematic

model precession period, it is most likely that the two are associated. There are also a number of

other peaks: these are approximately labelled in Fig. 7.4, and are fitted with (multiple) Gaussians

in Figure 7.6. The resulting fits are listed in Table 7.1. Several of these can be associated with

known periods of the system: there is a weak signal that appears to correspond to the 13.08 d

orbital period (panel (d)), and a 12d period that could be associated with ωorb + |ωpre| (panel

(e)). This is the synodic period of the system – i.e., the time taken for the precessional and orbital

orientations to stand in the same orientation relative to one another.

There are peaks that lie close to the 6d period associated with the nodding of the jet (panel (h)).

However these are not consistent with the canonical beats at 5.83 d or 6.28 d obtained from optical

spectroscopy. They are also not particularly significant.

We are not able to account for the broad complex of peaks at ∼ 18 d (panel (c)), or for the

peak at ∼ 10 d (panel (f)). They do not appear to be un-cleaned side lobes of other signals (cf.

Figure 7.5). As a check that these signals aren’t purely artefactual, we repeated the spectral

deconvolution dividing the data set randomly into two subsets. These are plotted in Figure 7.7.

The broad 18 d peak remains particularly prominent. The signals associated with the orbital and

precessional frequencies, ωorb and ωpre, as well as 2ωpre and ωorb + |ωpre| also remain robust,

but the possible frequencies around at ∼ 10 d and ∼ 6 d disappear. They can be discounted as

statistical anomalies.

7.3.2.2 Summary of results from the MAXI instrument – individual wavebands

As MAXI takes measurements in 3 sub-bands, we repeat the analysis on the flux densities in

each of these. Again, we use the Roberts et al. (1987) clean implementation. The fluxes given

in the MAXI data products are normalised to mean flux densities by dividing each value by the

bandwidth. The resulting spectra are plotted in Figure 7.8.

A number of interesting points arise:
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Figure 7.4: The positive-frequency spectrum of the MAXI X-ray data from the 2 keV − 20 keV
band between dates MJD 55058 and MJD 57294. The most prominent periodicities are marked
with dotted lines. The most prominent contribution is a variation at close to 161 d, which we
identify with the precession of the accretion disc.
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Figure 7.7: Modulus of the clean spectrum plotted against frequency for the MAXI 2-20 keV time
series (cf. Figure 7.4). The data cover the same dates as in the earlier Figure (MJD 55058 to
MJD 57294), but have been randomly divided in half, and each half-dataset analysed separately.
The periodicities listed in Table 7.1 are highlighted. The unknown 18 d feature remains robust.
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Figure 7.8: The modulus of the clean spectrum plotted against freqency for the three sub-bands
of the MAXI monitoring data. The periodicities identified in the full band (Table 7.1) are marked.
We note that the orbital periodicity at 13.08 d is only prominent in the middle band, and the
unexplained 18 d period is only seen in the hardest, noisiest band.



156 CHAPTER 7. THE X-RAY BEHAVIOUR OF SS 433

• In all wavebands, the precessional periodicity is the clear and dominant signal, with a sec-

ondary signal at twice the precessional frequency.

• The orbital period is a strong signal in the middle waveband (4−10 keV), but is not strongly

present in either the hardest or the softest bands.

• The hardest waveband (10 − 20 keV) displays the greatest random variability. This is not

entirely surprising; the typical photon fluxes in this band are perhaps a factor of 2 lower than

in the lower energy band meaning that the stochastic background makes a more significant

contibution.

• It also appears that the broad 18 d feature seen in the total 2− 20 keV arises almost entirely

from this hard band. Its origin is unclear. It is not clearly associated with any known

periodicity in the system. As the three wavebands have the same sampling function (cf.

Figure 7.5), this periodicity cannot be associated with a windowing effect, or it would show

up in all three bands. It is possible that this is a non-stochastic variation in the background;

however, its origin remains unknown.

We note that the signal to noise, especially for the 10-20 keV band, is poor, although there is a

clear precessional variation. As such, the data limit us, but we will still be able to make comments

on the physics of the system.

7.3.2.3 Summary of results from the Swift/BAT 15 - 50 keV waveband

The spectrum of the Swift/BAT photometry data is shown in Figure 7.9. The same periodicities

as previously observed are marked. The precessional and orbital frequencies are clear, together

with their harmonics at 2 |ωpre| and 2 |ωorb|. There is no significant power attached to the spurious

periodicities at 10 d and 6 d that we saw in the MAXI data. There is also no evidence for the

unexplained 18 d periodicity seen in the MAXI 10-20 keV band – this gives further strength to our

belief that this periodicity is not physically associated with the source.

7.3.2.4 Summary

So, we have seen evidence for periodic behaviour in the X-ray photometry associated with the

known physical, geometric variations of the system. We see no compelling evidence for nutational

variation, or for any new physical periodicities – comparison between the different wavebands and
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Frequency / d−1 Width / 10−3d−1 Amplitude / 10−6 SNR Period /d Notes
(a) 0.006215 0.162 16.404 23.22 160.902694 |ωpre|

(b)
0.011466 0.170 3.877 5.49 87.212707
0.012410 0.159 6.579 9.31 80.580746 2 |ωpre|
0.013606 0.147 2.906 4.11 73.497644

(c)

0.054338 0.133 1.352 1.91 18.40348
0.055358 0.179 3.569 5.05 18.064372
0.056755 0.179 2.769 3.92 17.619685
0.057437 0.167 1.774 2.51 17.410469

(d) 0.076477 0.153 2.994 4.24 13.075787 |ωorb|

(e)
0.082640 0.178 2.206 3.12 12.100731 |ωorb|+ |ωpre|
0.083117 0.197 2.684 3.80 12.031182

(f) 0.096746 0.202 2.481 3.51 10.336386

(g) 0.152806 0.171 1.903 2.69 6.544259 2 |ωorb|
(h) 0.176356 0.171 1.916 2.71 5.67034

Table 7.1: Gaussian fits to the leading periodicites in the clean spectrum of the 2-20 keV MAXI
photometric monitoring (see Figs. 7.4 and 7.6). SNR is the peak divided by the standard deviation

of the power spectrum, σ = 7.0651× 10−7
∣∣cts s−1 cm−2 d

∣∣2.
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Figure 7.9: Modulus of the clean spectrum plotted against frequency for the Swift/BAT 15-50 keV
time series (i.e., from dates MJD 53415 to MJD 57411). The peaks identified in the MAXI data are
indicated. Those corresponding to ωpre, 2ωpre, ωorb, and 2ωorb remain significant. We don’t see
a significant signal associated with the optically observed nutational periods at 5.83 d and 6.28 d.
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instruments suggests that the unexplained signal detected in the MAXI data at 18 d is indeed

spurious.

Now, let us examine two of these in more detail: the precessional and orbital variations. In the

next section, we will use known ephemerides for these two periodicities to gain physical insights

into the geometry of the system from an examination of the light curves.

7.4 X-Ray Variation with Precessional and Orbital Phases

7.4.1 Precession Phase

In Figure 7.10, we plot the X-ray fluxes from the MAXI instrument against jet precession phase,

using the ephemerides of Eikenberry et al. (2001). Precession phase zero corresponds to the

(eastern) jet lying at its closest to the line-of-sight. At precession phase 0.5, this jet lies at

its furthest from the line-of-sight, while the (western) counterjet pointing slightly towards the

observer. For each waveband, the data are binned by phase and then averaged within the bin.

The precessional periodicity is clear.

Looking at the top panel (the complete 2-20 keV waveband), we see that at precession phases

0 and 1, there is an increase in the total X-ray flux by a factor of ∼ 2. There are minima at

precession phases of roughly 0.35 and 0.65, and there is a slight secondary maximum at precession

phase 0.5. This lends itself to a very simple and intuitive interpretation: if the jet precession is

simply a manifestation of the accretion disc precessing, then more of the emission from the disc

can be seen when the jet (and accretion disc) lies closest to the line of sight (i.e., at phase 0);

when the counterjet lies closest to the line of sight, we get a glimpse of the “back” of the disc,

because the cone opening angle is greater than the angle between the jet and the plane of the sky,

so at precession phase 0.5 the counterjet is pointed towards the observer. To put it succinctly:

accretion discs have two sides.

Looking at each waveband in turn, we first note that the 10-20 keV band shows a low signal to

noise ratio, and that there is only a weak variation of mean intensity with orbital phase. This

is due to the limitations of the data products themselves, and leaves us unable to draw solid

conclusions about this harder band.

Turning to the softer wavebands, we note that the secondary maximum is most clearly present
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Figure 7.10: MAXI X-ray fluxes from SS 433 plotted against jet precession phase. Precession
phases are evaluated using the ephemerides of Eikenberry et al. (2001) and averaged within bins.
Note the inverted x-axis - the precessional evolution is in a negative sense (see Section 2.2) and
so in this plot time advances from left to right.
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Figure 7.11: 15− 50 keV X-ray flux vs precession phase using data from the Swift/BAT satellite.
The apparent brightening of the source at precessional phase zero is clear, but there is no evidence
for a second peak at precession phase 0.5.
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Figure 7.12: 15 − 50 keV X-ray flux vs orbital phase using data from the Swift/BAT satellite.
The eclipsing of the compact object by the companion star at precession phase zero is clear.
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in the 4-10 keV data, with no strong signal in the softest 2-4 keV band. This indicates that the

geometry of the thick, precessing, accretion disc is such that the source (or, perhaps, one of the

sources) of the softest X-rays is still obscurred at precession phase 0.5.

The same pattern is also seen in the harder X-ray photometry from Swift (Figure 7.11). Again,

there is a clear primary maximum, but there is no strong secondary maximum.

The two simplest plausible interpretations of this precessional variation are as follows:

1. The variation is purely a projection effect from the changing orientation of a (thin) disc.

In this geometry, the observed flux would vary like f1 + f2 |cos η| where f1 is a background

flux, f2 is the disc flux, and η = η (Φorb) is the angle to the line of sight as a function of the

orbital phase (c.f. Equation 2.20). This approximately replicates the observed form of the

variation seen, especially in the 4-10 keV band. However, it would not explain the apparent

absence of a secondary maximum in the softest band. It is also without physical foundation

– existing X-ray studies have seen no evidence for a disc contribution to SS 433’s X-ray flux,

and have modelled the spectrum successfully using only the flux from the jet.

2. A more believable geometry is one in which part of the jet (which is the main source of x-rays

at 2-20 keV energies) is occulted by a thick, precessing, opaque accretion disc at phases when

the jet lies in the plane of the sky, and revealed at those precession phases close to Φpre = 0

and Φpre = 0.5 where the funnel at pole of the disc around the jet (or counterjet) is most

open to the observer.

In this second geometry, we can make an estimate of the necessary shape of the thick, occulting

disc. At precession phase 0.0, the face of the disc is inclined at about 30◦ to the plane of the sky

(from the sum of the orientation of the precession cone (12◦) and the cone opening angle (21◦) –

see Section 2.2), while at precession phase 0.5, the “back” of the disc points about 10◦ out of the

plane of the sky. This would suggest that the disc opening angle is somewhere between 10◦ and

30◦. That is, the opening angle must be large enough to obscure the core at precession phase 0.5,

but small enough not to obscure the core at precession phase 0.0.

Without a good model of the geometry of the disc, it is hard to make more qunatitative statements.

The most complex attempt in the literature is that of Antokhina et al. (1992), who describe the

thick accretion disc as an ellipsoid with conical sections removed about the poles. Here, we will

limit ourselves to qualitative comments drawn from the interplay of the orbital and precessional
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variations, to which we return after considering the orbital variability.

7.4.2 Orbital Phase

The variation of the photon fluxes in each of the MAXI bands as a function of orbital phase is

plotted in Figure 7.13, using the orbital ephemerides derived from optical photometry by Goranskii

et al. (1998), as reported in Fabrika (2004) (i.e., Φ = (T − T0) /Porb with T0 = MJD 50023.62±0.26,

and Porb = 13.082 d). The 15-50 keV Swift/BAT data are plotted with the same binning scheme

in Figure 7.12. The convention here is such that at orbital phase 0, the relative coordinate vector

between the black hole and the companion lies along the x-axis in the jet coordinate frame (i.e.,

the line in the x-y plane closest to the line-of-sight – see Figure 2.1), with the companion lying

closer to the observer. Hence, at orbital phase 0, the compact object and its accretion disc are

eclipsed by the companion star.

For illustration, this geometry is sketched in Figure 7.14 for a system with the approximate

parameters of SS 433 (i.e., with the normal to the orbital plane described by a position angle from

East χ0 = 10◦ and an angle to line-of-sight i0 = 78◦, and with a mass ratio q = Mbh/M∗ = 16/22;

any orbital eccentricity is neglected). The red and blue surfaces correspond to the Roche lobes – the

equipotential surfaces passing through the inner Lagrange point of the system for the companion

star and the black hole respectively. The lobe surrounding the compact object is partially obscurred

for about a quarter of the orbit, between orbital phases ∼ 0.875 and ∼ 0.125.

Looking again at the data in Figures 7.12 and 7.13, the eclipse can clearly be seen in the X-ray

data from both satellites, though not at all wavebands. It is most clearly present in the hard

15-50 keV Swift data, with ∼ 60% of the flux obscurred. It is also clear in the 4-10 keV MAXI

band, where perhaps ∼ 30% of the total photon flux is occluded. However, there is no significant

signal in either the softest or the hardest of the MAXI bands. This tallies with Figure 7.8, where

we saw significant power in the Fourier spectrum at 13.08 d only in the middle of the three bands.

As with the precessional variation, the signal to noise ratio in the hardest MAXI band is probably

too low for us to draw any scientific conclusions. On the other hand, the lack of signal in the

2-4 keV band is probably real.

We note at this point that a contradictory picture has emerged: in our discussion of the precessional

variation, we speculated that the absence of a secondary peak in the soft band indicated that those

emissions arose close to the core. Here, we seem to see that these emissions arise sufficiently far
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Figure 7.13: MAXI X-ray fluxes from SS 433 plotted against orbital phase. Orbital phases are
evaluated using the ephemerides of Goranskii et al. (1998) as given in Fabrika (2004) and averaged
within bins. In the 4-10 keV band, there is clear attenuation close to 0 phase - i.e., when the
companion star partially obscures the compact object and accretion disc.
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(a) Φ/2π = 0.000 (b) Φ/2π = 0.125 (c) Φ/2π = 0.250

(d) Φ/2π = 0.375 (e) Φ/2π = 0.500 (f) Φ/2π = 0.625

(g) Φ/2π = 0.750 (h) Φ/2π = 0.875 (i) Φ/2π = 1.000

Figure 7.14: The Roche lobes for a 16 M� black hole and its 22 M� companion (cf. the masses
of the components of the SS 433 system). The orientation of the orbital plane is set to match the
mid-plane of the precession cone in the SS 433 geometry (c.f. Section 2.2), and the plane of the
page matches the plane of the sky. At the primary eclipse (Φorb = 0), almost the entirety of the
Roche lobe containing the compact object is eclipsed.
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from the core such that they are not eclipsed by the orbital variation. This is the more intuitive

picture – it fits with the adiabatic cooling model outlined in Section 7.1.2, in which lower energy

emission arises further from the jet core. It is also consistent with the XMM Newton observations

of Brinkmann et al. (2005), who saw little variation of the softest X-rays in their spectra. In both

cases, the suggestion is that the X-ray emitting jets exceed the size of the eclipsed region.

7.4.2.1 Eclipse fitting to the Swift data – a point source

We will now fit simple models of the geometry of eclipsing binary systems to these eclipse

lightcurves. As the Swift data possess the best signal-to-noise, we will principally apply these

models to the highest energy data. However, we will also see that the MAXI data 4-10 keV data

are not well described by these toy models.

The simplest model to consider is a point source undergoing eclipse by a Roche-lobe filling com-

panion. Allowing for a background, unocculted flux, there are then 3 parameters in the model: the

mass ratio q = Mbh/M∗, the background flux f1, and the eclipsed source flux f2. For simplicity,

we approximate the Roche lobe of the companion star by a sphere of the same volume, using the

approximation of Eggleton (1983) (see Box 7.4 for discussion). We also note that working within

this formalism precludes the possibility of an eccentric orbit.

Assuming that the uncertainties are normally distributed, we again use the emcee implementa-

tion of the Goodman & Weare Monte-Carlo Markov Chain algorithm to explore the probability

distribution for these model parameters (Goodman and Weare (2010); see Section 4.3.5.1). Since

the parameters under consideration are of positive sign but unknown magnitude, we assume loga-

rithmic priors on the parameters q, f1, and f2. We will also allow for a phase offset, Φ0, between

the model and the orbital phases of the data as calculated from the Goranskii ephemerides – this

will take a flat prior on the interval Φ0 ∈ (−0.5, 0.5].

The resulting normalised, marginalised pdfs and associated covariances between the parameters

as fitted to the Swift data are plotted in Figure 7.16. A subset of the samples of the posterior pdf

produced by the MCMC algorithm are plotted against the binned data in Figure 7.17. The 5th,

50th, and 95th percentiles of the cumulative distribution function are given in Table 7.2.

The most important piece of information that can be gleaned from this model is the estimate of

the mass ratio q = Mbh/M∗. With these data (and this simple model), this is poorly constrained.

Essentially all we can say is that the black hole is not less than 1% of the companion star mass, and
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Box 7.4: Approximating the Roche lobe

In a frame corotating with the Keplerian orbit of a (circular) binary, the two masses appear

stationary, and an effective potential, U (x, y, z), can be written for a test mass combining

the gravitational attraction of the two masses and the effect of the orbital motion. This

effective potential is:

U (x, y, z) := −GM
a

(
m1/M

ρ1
+
m2/M

ρ2

)
− 1

2

GM

a3

(
x2 + y2

)
(7.21)

where a is the separation of the two masses, ρ1,2 =
(

(x− x1,2)
2

+ y2 + z2
)1/2

/a is the

distance of point (x, y, z) from mass 1 or 2 in turn, and x1,2 = ∓ (m2,1/M) a are the

positions of masses 1 and 2. It can be shown that the Jacobi integral (the sum of the

kinetic energy and this effective potential) is a constant of motion for test particles in this

corotating frame (see, e.g., Binney and Tremaine (2008)), and so surfaces of constant U

correspond to surfaces at which a trapped test particle’s velocity vanishes (zero-velocity

surfaces).

The Roche lobes are described by the zero-velocity (i.e., the equipotential) surface that

encloses both objects in the binary system, and that is just pinched shut on the axis

between the two bodies (i.e., at the L1 inner Lagrange point). Hence, the Roche lobes are

the locus of points {x, y, z} such that U (x, y, z) = U (xL1
, 0, 0), where xL1

is the position

of the inner Lagrange point on the x axis.

The Lagrange points and equipotential surfaces through them are sketched below, as viewed

in the rotating frame. The Roche lobes are the innermost, yellow contours. Their shape –

which the rotation elongates along the axis towards the centre of mass, and squashes in the

z direction perpendicular to the rotation – is non-analytic. A widely used approximation

for their sizes is due to Eggleton (1983). This approximates the lobe around the mass m2

by a sphere of the same volume as the true Roche lobe. Its radius is:

rL (q) = a
0.49q2/3

0.6q2/3 + ln
(
1 + q1/3

) (7.22)

where q := m2/m1 is the mass ratio and a is the binary separation. This is sketched as

the dashed line in the figure below. Using this spherical approximation has the significant

computational advantage that there exists an analytic solution for the fraction of the source
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eclipsed.
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Figure 7.15: The equipotential curves for a two body system. The mass ratio q = m2/m1 =
22/16 is chosen to match that estimated for the SS 433 system by Blundell et al. (2008),
where, in this case, m2 = m∗ = 22 M� and m1 = mbh = 16 M�.

is unlikely to be more massive than its companion. We note that the pdf is actually more sharply

peaked than this (top left panel of Figure 7.17) – the bulk of the probability mass is concentrated

in the range of mass ratios 0.3 . q . 1.0, but with a broad tail that permits the smaller mass

ratios.

The apparent preference for larger values of q = Mbh/M∗ is interesting. Historically, there has

existed a dichotomy between the mass ratios estimated from X-ray eclipses, and the mass ratios

derived from optical spectra. Workers using X-ray observations tend to estimate mass ratios below

q . 0.25, pointing to a less massive compact object and casting doubt on its identification as a

black hole (rather than a neutron star). For instance, from fits to lightcurves from the Ginga

satellite, both Brinkmann et al. (1989) and Antokhina et al. (1992) estimate 0.15 . q . 0.25,

while using a similar model with INTEGRAL observations, Cherepashchuk et al. (2009) support

values q ' 0.25. On the other hand, attempts to infer masses from orbital velocities as derived

from spectral lines point towards a more massive compact object, with typical estimates from

q ' 0.35 (Hillwig and Gies (2008)) to q ' 0.72 (Gies et al. (2002b)). Consideration of the relative

orbital speeds of the compact objecst and the circumbinary disc by Blundell et al. (2008) also

points towards a mass ratio that is closer to parity (they estimate q & 0.4). Here, we appear to

see the eclipses of hard X-rays favouring a more massive compact object.

There are two other features of the fits to the Swift data that we can identify from this simple
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Table 7.2: Eclipsing point model fitted to the Swift 15-50 keV data.

Parameter
Percentile

5th 50th 95th

Mbh/M∗ 0.037 0.461 1.059
log10

(
f1 / cts s−1 cm−2

)
−3.306 −3.146 −3.017

log10

(
f2 / cts s−1 cm−2

)
−3.089 −2.980 −2.897

φ0 −0.054 −0.038 −0.023

Table 7.3: Eclipsing disc model fitted to the Swift 15-50 keV data

Parameter
Percentile

5th 50th 95th

Mbh/M∗ 0.030 0.600 1.097
α 1.28× 10−4 0.922 1.422

log10

(
f1 / cts s−1 cm−2

)
−8.542 −4.432 −3.029

log10

(
f2 / cts s−1 cm−2

)
−3.062 −2.762 −2.734

Φ0 −0.044 −0.032 −0.017

Table 7.4: Eclipsing point model fitted to the Maxi 4-10 keV data

Parameter
Percentile

5th 50th 95th

Mbh/M∗ 9.796× 10−5 4.444× 10−3 1.563× 10−2

log10

(
f1 / cts s−1 cm−2

)
−1.995 −1.972 −1.951

log10

(
f2 / cts s−1 cm−2

)
−2.546 −2.463 −2.391

Φ0 -0.016 -0.007 0.008

point source model. Firstly, notice that the phase offset term is inconsistent with Φ0 = 0; we will

return to this in the next Section. Secondly, we note that the abrupt transitions into and out of an

eclipse produced by a small source are a poor description of the smooth variation of the averaged

lightcurve. As we will now see, the quality of this fit can be improved by allowing an extended

source.

7.4.2.2 Eclipse fitting to the Swift data – an extended source

A simple generalisation to model an extended source is achieved by allowing the X-ray source

surrounding the compact object to fill some fraction α of its Roche lobe. To reflect ignorance

about the filling fraction, we impose a log-prior on α, with the constraint that the combined sizes

of the two objects, which within the Eggleton approximation is given by αrL (q) + rL

(
q−1
)
< a

(where a is the binary separation and q = Mbh/M∗ is the mass ratio).

The resulting pdfs are displayed in Figure 7.18. From plotting representative random curves from

the generated histograms against the data (Figure 7.19), it is clear that these provide a much better

description of the shape of the eclipse curve than the point source model did. The key observation
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Figure 7.16: Plot showing the covariances between different parameters in the eclipsing point
source model, as fitted to the Swift/BAT 15-50 keV data. The model parameters are the mass ratio
q−1 = M∗/Mbh, the background flux f1, the eclipsed source flux f2 (both in units of cts s−1 cm−2),
and a phase offset Φ0. Confidence intervals are given in Table 7.2.
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Figure 7.17: Binned Swift/BAT fluxes plotted against representative curves from the fitted eclips-
ing point source model parameters in Figure 7.16.
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Figure 7.18: Plot showing the covariances between different parameters in the eclipsing disc
model, as fitted to the Swift/BAT 15-50 keV data. The model parameters are the mass ratio
q−1 = M∗/Mbh, the filling factor α, the background flux f1, the eclipsed source flux f2 (both in
units of cts s−1 cm−2), and a phase offset Φ0. Confidence intervals are given in Table 7.3. Note
that the filling factor is overwhelmingly consistent with α = 1.
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Figure 7.19: Binned Swift/BAT fluxes plotted against representative curves from the fitted eclips-
ing disc model parameters in Figure 7.18.
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from inspection of the pdf on α in Figure 7.18 is that the data overwhelmingly support a filling

factor of order unity. Although there is a small tail to the pdf extending to much smaller filling

factors (Table 7.3), it appears that the X-ray source (at least for the hard X-rays observed by

Swift) is not compact, but rather is on the order of the size of the Roche lobe surrounding the

compact object.

Note also that, as we discussed in relation to the point source model, the mass ratio again points

towards q & 0.3 – indeed the pdf is even more heavily skewed towards parity in the masses.

We believe that the interpretation of these optical eclipses is that the hard X-rays are emitted (or

come from Compton up-scattering of soft X-rays or optical photons) by a hot corona above the

disc and around the base of the jet. This is the same picture as invoked by Cherepashchuk et al.

(2009) and Cherepashchuk et al. (2013).

Combined with the estimates of the total system mass from the circumbinary ring observations of

Blundell et al. (2008) we are able to estimate the approximate extent of this corona-like structure.

From our fits, we take q ' 0.7 and α ' 1.0. This value of q = Mbh/M∗ matches that of Gies

et al. (2002b) and is used in Blundell et al. (2008), to estimate the total system mass as ∼ 38 M�.

Hence, given Kepler’s law and a 13.08 d orbital period, the binary separation is a ' 5.5× 1010 m.

Then, using Equation 7.22, we find an estimate of the radius of this corona-like region as rcor '

rL (q) ' 0.35a ' 1.9× 1010 m.

We stress that the interesting point here is that the corona-like emission is extended in origin,

and comes from a region that is comparable with the size of the Roche lobe around the compact

object. Its precise numerical value is of less interest to us here, and is strongly affected by both

the true value of q (which we are unable to constrain more precisely than a factor of 3 or so),

and on the orbital separation a as determined from the total mass of the system (for which there

are conflicting values spanning a factor of 10 or so within the literature, although the value as

determined by Blundell et al. (2008) is only weakly sensitive to q, and can be trusted so long as

the identification of emission from the circumbinary ruff is correct).

We also note that, as in the point case, the Swift data appear not to be consistent with the

eclipse ephemerides given in Fabrika (2004). This is shown by the non-zero values of Φ0. One

possible explanation of this would be that the star (or, to be more precise, the X-ray opaque region

which we have identified with the companion star) shows significant non-sphericity. This might

perhaps be due to a high stellar wind, a tail of matter shed behind it as it passes through the
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disc wind, or due to the overflow through the outer Lagrange point that is believed to drive the

circumbinary outflow. Such a trailing opaque region would extend the eclipse in the sense seen in

Figure 7.17. This is not the first evidence that the eclipsing region (and the companion star) may

be more geometrically complex than the Roche lobe of the companion star. Gies et al. (2002b)

also see evidence for a distorted eclipse in monitoring data from the RXTE observatory. Filippova

et al. (2006) detect strong absorption in the X-ray spectra close to the eclipse; they argue that

this represents a stellar wind that may increase the apparent size of the eclipsing star by 20%,

although we note that Blundell et al. (2008) report no evidence for such a stellar wind in optical

spectra. If such an attenuating region means that we are overestimating the physical size of the

star’s Roche lobe, this would mean that we overestimate the relative mass of the companion, M∗,

and so underestimate the mass ratio. This may help explain the preference for lower values of

Mbh/M∗ in the existing X-ray literature than those we see here.

It is worth commenting on the degeneracies in this model. Most importantly, once the size of

the source exceeds the size of the eclipsing star (achieved either at α > 1 or logM∗/Mbh < 0),

these parameters become degenerate with the background, uneclipsed flux f1, and therefore the

full projected area of the source is never fully eclipsed. This accounts for the long tail on the

marginalised pdf of f1.

7.4.2.3 Eclipse Fitting to the MAXI 4 - 10 keV data – a point source

We have also attempted to fit the simple eclipse models to the MAXI 4-10 keV band, which displays

the best signal-to-noise ratio and the strongest orbital signal. The pdfs for the point source model

are shown in Figures 7.20 and 7.21.

The immediate observation is that the MAXI data appear to prefer vastly different mass ratios

to those supported by the Swift data, with masses for the compact object any greater than 1%

of its companion star apparently ruled out. Looking at Figure 7.21, it is easy to understand why.

Unlike the Swift data, the eclipse edge appears more abrupt, but with a comparable mean width.

This forces the fit to prefer a larger Roche lobe for the companion star (i.e., a to prefer a smaller

mass ratio).

We are not inclined to believe these small mass ratios. The information content of a data point

is dependent on its phase – we don’t learn much from good coverage at orbital phase 0.5, but we

gain a lot from increased sampling close to the start and end points of the eclipse. Hence, the fit is
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heavily shaped by the few data points very close to the eclipse edge. With more data accumulated

over a longer observation time improving the signal to noise, we might see the points at the first

edge of the eclipse actually lie closer to the trend seen in the Swift data. This would allow us to

reconcile the mass ratios estimated from these two data sets.

Notwithstanding our belief that more data are needed before we draw quantitative conclusions

about the MAXI data, there remains another puzzle. If the soft X-rays, and especially the iron-

dominated 4-10 keV band, are dominated by jet emission, and if the jet itself is geometrically thin,

then we do indeed expect an abrupt edge (as seen here), but we expect a very narrow eclipse

(which we very much don’t see here). The solution to this dichotomy is not obvious.

7.4.3 Further Discussion

7.4.3.1 Joint precessional and orbital variation

In Figures 7.22 and 7.23, we attempt to disentangle the effects of precessional and orbital variation

further. Here, we plot the average flux variation with orbital phase for those precession phases

near Φpre = 0, at which the jet is closest to the line of sight and its accretion disc is maximally

oriented towards the observer (black), and for those precession phases when the disc is closer to

edge-on, and so the disc itself obscures its inner X-ray emitting regions (red).

There are three qualitative features which we highlight:

1. In the 4-10 keV band, there is a broad eclipse feature that is most prominent close to preces-

sion phase 0, and which is not visible at those precessional phases such that the core regions

are occulted by the thick disc. Tentatively, one might see a slow modulation with orbital

phase outside the maximal opening phase, but these data are not strong enough to support

this claim to a high level of significance. We also note that the eclipsed flux at Φpre = 0

is, to within errors, the same as the uneclipsed flux at the edge-on precession phases. This

indicates that a similar fraction of the emitting region is covered by the companion as by

the (thick) disc.

2. The 2-4 keV band displays a significant (narrow) eclipse only at epochs close to Φpre =

0. Given our earlier remarks about the surprising breadth of the 4-10 keV eclipse, the

narrowness of the eclipse here suggests that the 2-4 keV X-rays are emitted within a rather

narrow region. This is consistent with the view that they arise from a rather compact region
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Figure 7.20: Plot showing the covariances between different parameters in the eclipsing point
source model, as fitted to the MAXI 4-10 keV data. The model parameters are the mass ratio
q−1 = M∗/Mbh, the background flux f1, the eclipsed source flux f2 (both in units of cts s−1 cm−2),
and a phase offset Φ0. Confidence intervals are given in Table 7.4.
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Figure 7.21: Binned MAXI 4-10 keV fluxes plotted against representative curves from the fitted
eclipsing point source model parameters in Figure 7.20.
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Figure 7.22: MAXI X-ray fluxes folded over orbital phase and averaged within bins. The data
have been split by precession phase into two subsets - the black curve is centred on precession phase
0 (i.e., the disc maximally open to the line of sight), while the red curve contains observations at
which the face of the disc is perpendicular to the line-of-sight.
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Figure 7.23: Swift 15-50 keV X-ray fluxes folded over orbital phase and averaged within bins.
The data have been split by precession phase into two subsets - the black curve is centred on
precession phase 0 (i.e., the disc maximally open to the line of sight), while the red curve contains
observations at which the face of the disc is perpendicular to the line-of-sight.

(at least in the direction perpendicular to the orbital variation – a thin jet being a possible

such solution). On the other hand, the absence of an eclipse signal at the edge-on precession

phases suggests that the eclipsed X-rays must arise near the disc, and not in the extended

jet (which is usually understood to be the origin of the soft X-rays).

3. In the Swift data, the uneclipsed mean flux when the disc is edge on is less than half that

when the disc is open to the observer. This is consistent with a picture in which the hard

X-ray emission arises in a corona close to a geometrically thick disc, or partly occulted by

other high density outflows (e.g. winds). That the eclipsed fluxes in the open and the edge-

on precession phases are comparable suggests that the extent of the corona is comparable

with the scale of the compact object’s Roche lobe.

7.4.3.2 Other possible parameters – eccentricity and the companion’s size

Within this simple model, there are two extensions that might prove insightful. Firstly, there are

differing claims in the literature as to whether or not the companion star fills its Roche lobe, as

we have assumed here. Most workers prefer a star that fills its Roche lobe (e.g., Antokhina et al.
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(1992)), or even somewhat exceeds it (by perhaps 20% – e.g. Filippova et al. (2006)). However,

since Lopez et al. (2006) observe recombination Si lines in eclipse from the eclipsed, receding

counterjet, they contend that the very base of the counterjet must be uneclipsed, requiring that

the companion star fill no more than 10% of its Roche lobe.

We have briefly experimented with allowing a filling factor for the companion star’s Roche lobe,

α∗, as an additional parameter to those used in the MCMC analysis of Section 7.4.2.2. However,

adding this parameter leaves us unable to obtain good fits to the data, most likely because the

mass ratio q and the two filling factors are degenerate in a non-trivial fashion. Both are essentially

determined by the same variable (viz. the width of the eclipse) and only the very limited subset

of the data around the eclipse transitions gives useful information with which to constrain the

fits. Cautiously, the data do seem to point towards a reasonably full Roche lobe, but more careful

analysis lies beyond the scope of the present discussion.

An important observation in this regard is that the Swift flux (which we suggest corresponds

to quasi-coronal emission close to the compact object) is as occulted in eclipse at maximal disc

opening as it is in the edge-on precession phase. This suggests that the companion must be

great enough in size to completely obscure the centre of mass of the disc/compact object system.

Crudely, this places a lower limit on the stellar radius of R∗ & a cos i0 ' 0.2a, where a is the

orbital separation and i0 = 78◦ is the angle between the line-of-sight and the normal of the orbital

plane.

Such a model precludes the geometry of Lopez et al. (2006). Plausibly, the lines observed could be

emission from elsewhere within the system, misattributed to the receding red counterjet (perhaps

a hot spot on the disc, though how this would avoid occultation in eclipse is similarly hard to

explain).

Secondly, our formulation ignored the possiblity of an eccentric orbit. As noted in Section 1.5.2,

there is evidence from the timing of flares and of jet speed variations that the binary orbit of

SS 433 is eccentric. Handling this is non-trivial – for a start, the equivalent of the Roche lobe in

an eccentric orbit is not simply calculated. Equipotential surfaces must distort, expanding and

contracting as the masses orbit one another.

In our discussion of the eclipsing of the softer X-rays, we noted that the eclipses were “too long”,

leading us to overestimate M∗ relative to Mbh. Can an eccentric orbit help us? We can get

some handle on the effect of eccentricity on the eclipse as follows. The key parameter in eclipse
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fitting is the duration of the eclipse as a fraction of the orbital period. From Kepler’s laws, the

orientation of the relative coordinate vector between the two masses varies as φ̇ ∝ r−2, where φ

is the orientation and r the separation. Hence, the eclipse duration scales as δt ∼ r2δφ where δφ

is the angular size of the eclipsing companion star. Now, since δφ ∼ R∗/r, where R∗ is the radius

of the companion star, the eclipse duration must scale as δt ∼ rR∗.

If we assume that the semi-major axis is aligned close to the line-of-sight, then the eclipse occurs

either at periastron or apastron. If the eclipse occurs at apastron (i.e., at maximum physical

separation between the binary components), then since rapastron = a (1 + e), an eccentric orbit

would indeed lead to an overestimate of the size of the eclipsing star. However, this is only

true if the size of the companion star R∗ doesn’t also scale with the eccentricity. If R∗ scales

as rperiastron = a (1− e) (which is plausible if we want to avoid the objects colliding at their

closest approach), then we find that δt ∼ a2
(
1− e2

)
– i.e., an eccentric orbit for fixed mass ratio

would reduce the size of the companion, leading us to require an even more massive M∗ than the

already high values suggested by the circular orbit. So, eccentricity helps, but only if the size of the

companion is decoupled from the eccentricity of the system. As this seems an unlikely supposition,

we conclude that eccentricity is unlikely to explain the apparently over-broad eclipses.

7.5 Spectral Properties

We began this Chapter by outlining the prevailing paradigm concerning X-ray outbursts in mi-

croquasars. Let us now consider SS 433 in view of this. The simplest test of the paradigm is

to construct hardness-intensity diagrams from the MAXI and Swift monitoring data. Does the

system soften as it enters into higher intensity states? Do we see evidence for a “turtle-head” like

that in Figure 7.1?

In Figures 7.24 and 7.25, we show the hardness-intensity diagrams for SS 433. By analogy with

those constructed using RXTE data for GX339-4 in Fender et al. (2004), we plot (the logarithm of)

the ratio between the count rates in pairs of bands against the logarithm of the sum of those bands.

The wavebands here are the hard (10-20 keV), medium (4-10 keV), and soft (2-4 keV) MAXI bands,

and the very-hard (15-50 keV) Swift band, which we label as h, m, s, and v respectively. As we

noted in Section 7.2 (and is illustrated by the histograms in Figures 7.2 and 7.3), there is a large

fraction of epochs in which it is not clear that the source is detected. To handle this, we simply



7.5. SPECTRAL PROPERTIES 179

cut any epochs in which negative fluxes are reported. For Figure 7.24, each data point represents

a single orbit of the MAXI satellite. For Figure 7.25, each data point represents a daily average,

so as to allow comparison between the two satellites.

In panels (d) - (f) of each Figure, we have plotted the same hardness-intensity diagram, but

imposing constraints on the precessional and orbital phase: we plot only uneclipsed (i.e., Φorb ∈

[0.2, 0.8]) data that are close to precession phase 0 (i.e, for Φpre ∈ [−0.25, 0.25], when the jet’s

disc face is maximally open to the observer). These epochs are chosen because it is during these

orbital and precessional phases that we expect to have the best chance to observe variation due

to the disc, rather than the jet.

It is not clear that there is a relationship between hardness and intensity of the form predicted by

the standard jet paradigm. Certainly, there is no such relationship seen in the MAXI data alone

(Figure 7.24). If anything, the opposite is true: there is a slight (though probably insignificant)

excess of hard X-rays during flares. This is noteworthy given that the state transitions in GX339-4

and in V404Cyg are seen by comparing X-rays where the “hard” band corresponds to 6.3-10.5 keV

(Fender et al. (2004)).

Figure 7.25, on the other hand, does seem to show that there is an excess of soft X-rays at epochs

of high intensity. A degree of caution is, however, required. Note that there is (especially in

the softest band – panel (c)) a sharp termination with a slope of close to −1. This is probably

artefactual, arising because the rates measured in the very-hard Swift band are lower than those

measured in the softer MAXI bands. If one plots log10 (x+ y) against log10 (x/y), then in the

limiting case that y � x, one effectively plots log10 x against (constant− log10 x) – i.e., a straight

line. Nevertheless, the data in Figure 7.25 still appear to support the suggestion that on days

when the system is brighter, it displays an excess of softer X-rays below 20 keV, and a deficit of

the hardest X-rays, about 20 keV.

In interpreting these data, what help can we draw from archival observations? There are three

examples in the literature which claim to observe SS 433 in an active X-ray state. Band (1989)

attributes differences between the properties of the X-ray variability in 1979 observations made

with the Einstein telescope and 1985 observations made with EXOSAT to SS 433 being in an

active state in 1979, and a quiescent state in 1985. He notes rapid variation (with timescales of

order days) in the 1979 observations, together with a varying spectral index (becoming flatter

(i.e., harder) at epochs of higher intensity), which are absent in the later (sparsely sampled) data.
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Figure 7.24: Hardness-intensity plots for SS 433 using X-ray data from the MAXI Observatory.
The hard (h), medium (m), and soft (s) labels correspond to the fluxes in the 10-20 keV, 4-10 keV,
and 2-4 keV wavebands respectively. Panels (a) - (c) plot hardness against intensity for all epochs
with a possible source detection; in panels (d) - (f), the data selected to show only orbital phases
0.2 ≤ Φorb ≤ 0.8 and precessional phases −0.25 ≤ Φorb ≤ 0.25. There is no evidence for an excess
of soft X-rays during periods of high intensity X-ray activity.
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Figure 7.25: Hardness-intensity plots for SS 433 using X-ray data from the MAXI Observatory
and the Swift/BAT satellite. The hard (h), medium (m), and soft (s) labels correspond to the
fluxes in the 10-20 keV, 4-10 keV, and 2-4 keV wavebands of the MAXI instrument respectively,
while v (“very-hard”) denotes the fluxes from the 15-50 keV band of the Swift satellite. Panels
(a) - (c) plot hardness against intensity for all epochs with a possible source detection; in panels
(d) - (f), the data selected to show only orbital phases 0.2 ≤ Φorb ≤ 0.8 and precessional phases
−0.25 ≤ Φorb ≤ 0.25.
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However, the sparseness of the sampling and the lack of spectral resolution prevents us from

drawing more solid conclusions.

Kotani et al. (2006) triggered observations with RXTE on a radio flare in 2001, to catch a follow

up X-ray and radio flare 15-17 days later. The most significant observation is the detection of a

relatively rapid ∼ 0.1 Hz potential QPO in the time series during the ∼ 7 d preceding the X-ray

flare. Those authors suggest that this is related to the formation of more discrete ejecta in the jet

outflow.

Lastly, Seifina and Titarchuk (2010) examined archival RXTE/PCA data (3-150 keV) at taken at

uneclipsed orbital phases. They claim (without substantiation) that SS 433 displays the properties

of an Intermediate State source in the categorisation of Fender et al. (2004), as discussed in

Section 7.1.1, and that the source moves into and out of outburst in a fashion similar to that

seen in sources that undergo repeated hardenings and softenings during flares while remaining

in outburst. The most helpful insight may be offered by the spectra given in their figure 2,

reproduced here as Figure 7.26. It appears that when SS 433 moves from quiescence to flare

(where in SS 433’s X-ray emission, these two states are most easily distinguished by the change

from slow variability to rapid variability – cf., Band (1989) discussed above), this is accompanied

by a slight increase in the soft bands (most noticeably in the 10-20 keV range), and a decrease in

the very-hard X-rays (i.e., those above 20 keV). Within the soft range covered by MAXI, all bands,

including the 6-10 keV range, dominated by the iron lines, rises slightly, but the most pronounced

change is a steepening of the spectrum, such that there is an excess in the 10-20 keV band relative

to the softest < 6 keV band. These two changes are not inconsistent with the picture we see in

Figure 7.24 and particularly Figure 7.25.

It is tempting to argue that the behaviour that we see (both here and in Seifina and Titarchuk

(2010)) is analogous to the standard picture, but at higher energies, perhaps due to SS 433’s higher,

super-Eddington accretion rate (Fabrika (2004)), compared with the sub-Eddington accretion

rate of sources such as GX339-4. In this case, there are other intriguing parts of the picture. In

particular, in both the standard picture and in SS 433, the transition from quiescence to the active

state appears to be associated with a massive, possibly discrete jet launch – in SS 433, this is seen

in the simultaneous X-ray and radio observations of Kotani et al. (2006) and in the simultaneous

optical and radio observations of Blundell et al. (2011), while it is seen in radio/X-ray monitoring

of a range of microquasars by Fender et al. (2004). There are also qualitative similarities between
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Figure omitted in
Online Version

Figure 7.26: Figure 3 from Seifina and Titarchuk (2010). Here, they plot representative x-ray spec-
tra from the INTEGRAL observatory which they claim to depict an “active” and a “quiet” state.
The unhelpful units of energy × counts per unit time per unit area per unit energy bandwidth are
used, which makes interpretation more difficult; we can, however, identify the presence of the iron
lines in the 5-10 keV band. The blue line denotes their model, consisting of Comptonized X-rays
from a surrounding corona. For our purposes, we point out that the ratio of the 20-100 keV flux
to the 10-20 keV flux is lower in the “active” state than in the “quiet” state. Note the qualitative
similarity with the soft-high and hard-low states described in Section 7.1.1.
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the differences seen in the radio jet in hard and soft states (slow and continuous vs fast and

discrete) with the picture that we outlined in Chapter 4 in relation to the observations in the 2003

movie of VLBA data, where we saw a similar transition from “slow” knots against a continuous

flow to a seemingly discrete jet made of “fast” bolides as the jet began to flare.

The biggest problem with this reasoning is that we have no evidence to support the view that we

are actually able to directly observe the disc. The standard model accounts for the softening of

the spectrum as an enhanced disc contribution from a radiatively efficient accretion flow, together

with reduced coronal emission. In SS 433, we don’t see a disc component (most likely hidden by

either the thick disc or by the disc wind), so this cannot be the cause.

Instead, we must attribute this variability to either the jet, whose bremsstrahlung emission is

believed to dominate the soft X-ray spectrum (Kotani et al. (1996), Brinkmann et al. (2005)) or

the extended corona, which the eclipse modelling of the Swift data in Section 7.4.2.2 suggested

may be comparable in size with the Roche lobe of the compact object. A plausible qualitative

picture is that during flaring episodes, the putative, corona-like structure is dispersed or at least

reduced (perhaps partially expelled by an enhanced wind or radiation pressure) while the jet

emission component rises (with a higher temperature or higher density at the jet base accounting

for the increase in 10-20 keV X-rays). Any interplay between matter outflow as a disc wind and

the possible corona is a highly unknown parameter in our understanding of this system.

This reasoning would seem to predict that the behaviour of hardness ratio should vary with

precession phase – if the enhanced . 20 keV emission is due to enhanced emission close to the base

of the jet, one would expect a stronger signal (i.e., a more prominent soft excess) at precessional

phases close to 0, when our view of the jet’s inner regions is obstructed by less of the thick disc.

However, we don’t see any clear change in the distibution of points in the hardness-intensity

diagram at precesion phases close to Φorb = 0 (panels (d)-(f) in Figures 7.24 and 7.25), though

perhaps we are limited by the relatively poor signal to noise of the MAXI data.

One would also expect to see a change in the spectral line properties, particularly of blue and

redshifted iron from the jet and counterjet (c.f., the analysis of flux ratios in the jet and counterjet

by Kotani et al. (1996)). The present data do not allow us to analyse these ratios – high resolution

spectral data during outbursts would be necessary to allow us to follow this reasoning further.

We stress again that without some probe of the accretion disc itself, it is very difficult to fully

compare the X-ray properties of SS 433 with those of other Galactic microquasars. The solution to
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this probably lies in a better understanding of the timing properties of high frequency oscillations

in SS 433’s power spectrum. We refer to the QPO-like structure seen by Kotani et al. (2006), and

also to the disc-reprocessing arguments of Atapin et al. (2015), which may allow an indirect probe

of the variability of the core regions, which are otherwise obscured by the funnel of the thick disc.

However, we have noted that the qualitative picture seen by studying hardness ratios cannot be

simply explained within the existing paradigm of microquasar phenomenology – a more complete

understanding of the behaviour of SS 433’s core is needed.

7.6 Final Discussion

Over the course of this Chapter, we have followed two significant lines of enquiry. Firstly, we have

used X-ray measurements to probe the geometry of the SS 433 binary system, concluding that the

eclipse data support a binary system where the companion star is more massive than the compact

object (i.e., q = Mbh/M∗ < 1 – see Section 7.4.2.2). Secondly, we examined the spectral properties

and found no evidence that SS 433 conforms to the paradigm of X-ray state transitions.

So, let us make one final speculation as to why SS 433 displays differing accretion behaviour to

other accreting stellar mass black-holes. We have found compelling evidence for one particular

difference betwen SS 433 and other Galactic black hole systems. This is illustrated by figure 2 of

Fender and Muñoz-Darias (2016), which sketches estimated binary parameters for 20 black hole

systems. This includes several of those sources known to display state transitions (e.g., GX339-4,

GRS1915+105, XTE J1859+226, and XTE J1550-564; see Fender et al. (2004)). Unfortunately,

references to precise values are not given, but qualitatively there is a clear pattern: in all of the

systems cited, the black hole is more massive than its companion (i.e., q = Mbh/M∗ & 1). In

SS 433 though, this is not the case.

Following this reasoning further, we note the discussion in section 4.4 of Frank et al. (2002)

regarding the evolution of Roche lobes during mass transfer from the companion to the black hole.

Crucially, there is a critical mass ratio qcrit = Mbh/M∗ ' 6/5. Below this value (q < qcrit), mass

transfer causes the Roche lobe of the companion will contract, sustaining the mass transfer, while

above it (q > qcrit), mass transfer expands the companion’s Roche lobe, potentially suppressing

the accretion flow.

It is interesting to note that SS 433’s mass ratio places it into the first category, while GX339-4 and
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the other sources mentioned fall into the second. It is also interesting to note that unlike the other

sources listed, SS 433 has a persistently super-Eddington accretion rate. King et al. (2000) discuss

these points briefly, arguing that this may point to a future common envelope evolution phase

in SS 433. Further development of this idea lies beyond the scope of this thesis. However, it is

plausible that the presence of a dynamically self-sustaining flow could help explain the differences

between SS 433 and other Galactic microquasars.

7.7 Summary

X-ray data allows us to probe the physics of the innermost regions of the SS 433 binary system.

Using the monitoring archives from the Swift and MAXI observatories, we have:

• seen evidence for orbital and precessional flux variations, and, by fitting the eclipse shapes,

estimated the mass ratio of the system;

• used the high energy Swift data to argue for the presence of an extended corona-like region

of emission around the compact object, perhaps comparable in size to the companion;

• seen that SS 433 does not obey the standard paradigm of microquasar activity, although

we have not been able to preclude the existence of limit cycles appearing in higher energy

X-rays.

There are several avenues along which further work is needed. To account for the anomalously

broad eclipses in the MAXI data, we need better geometrical models of obscurring matter in the

system – this will also allow an interpretation of the precession variability. Extending the time

baseline of the monitoring data will allow us to constrain the eclipse shapes better variability, and

hence to obtain better estimates of the binary parameters and to reconcile the disparities between

the two data sets.

From an observational perspective, the future lies in X-ray timing. We deliberately only looked at

long timescale variations here, but the time series may also contain information about variability

on sub-day scales (limited here by the weak SNR of the all-sky monitors). Examination of the

timing properties to look for QPOs or for other disc signatures (following the work of Atapin et al.

(2015)) lies beyond the scope of this work, but may offer the best chance to observe the disc itself.
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Conclusions

There are several important developments that have emerged from this study of SS 433’s remark-

able outflows. The most significant result is the first unique determination of the velocities of

individual bolide pairs in the jets of SS 433 purely from radio images. Where previous estimates

of these speeds have been dependent on the assumptions of the kinematic model (at least in the

radio jets – unique determinations of jet speeds are of course possible from the optical redshifts

(Blundell and Bowler (2005))), here we have only assumed the distance to SS 433, and that the

jets are symmetrical and move ballistically to calculate the jet speeds. As a corollary of this, we

have shown conclusively that different bolide pairs can be launched with different speeds, and that

the launch speed can vary from as low as 0.22c to as high as 0.32c within a few days. That these

launch speeds vary is entirely consistent with previous observations of variation in the speeds of

the optical jets and are highly suggestive of a common underlying phenomenology.

We accept that our method is still dependent on having prior information about the distance to

the object. We have argued that the work of Blundell and Bowler (2004) and Lockman et al.

(2007) gives us good reason to assume a distance of 5.5± 0.2 kpc. Moreover, we have been shown

that the variation in the distance estimates can be entirely accounted for as an artefact of the

true intrinsic variation in the jet speeds themselves. The varying proper motions within the 2003

VLBA observations preclude the consistent estimation of a distance by assuming a fixed launch

speed for all ejecta. A distance of close to 4.5 kpc is eminently consistent with some of the extreme

low launch speeds seen in the earlier part of the 2003 VLBA observations (Figure 4.9). That the

extreme high proper motions also seen in these observations would correspond to distances well

187
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beyond the usual distance estimates further strengthens our confidence in the value of 5.5 kpc.

The similar characteristics of the jet speed variation seen in these radio observations and in previous

optical data (especially by Blundell et al. (2011)) extends to the behaviour of the system in its

flaring mode. We have argued that the 2003 data reveal (supported to some degree by the 2011-

Dec-24 and 2012-Jan-28 images) that SS 433 occasionally enters a flaring mode, in which the

bolides launched tend to be brighter (i.e., more massive), and to possess faster launch speeds.

This displays qualitative similarities to the correlation between the optical jet emission lines and

the radio flux seen in Blundell et al. (2011), with evidence in both cases for a dip in the launch

speed immediately before the flare.

However, our attempts to relate this flaring behaviour to variability in the system’s X-ray emission

were only partially successful. Certainly SS 433 does not display the same characteristic pattern

of X-ray variation during flares as is seen in many other microquasars (GRS1915+105, V404 Cyg,

GX339-4, and others). There is no evidence in the data from the MAXI All-Sky Monitor for

systematic variability in the soft X-ray bands (below 20 keV), though a tentative anti-correlation

may exist between the harder X-rays (about 20 keV as observed by Swift) and the MAXI bands

(i.e., an excess of soft-band X-rays during flaring episodes), though the limited sensitivity of the

all-sky monitor data and the corresponding low SNR restricts our ability to draw firm conclusions

from this.

More useful information may be obtainable from multi-epoch spectra from high-energy X-ray

observatories (e.g., the INTEGRAL data, some of which is given in Seifina and Titarchuk (2010)).

The main challenge in doing this is that our understanding of the actually geometry of the system

on scales between the size of the accretion disc and the size of the binary system remains remarkably

poor – it is hard to interpret variations in the spectra without a clear understanding of which parts

of the disc, jet, wind, or possible corona dominate (or obscure) different parts of the spectra. For

instance, the consensus among those workers who have taken X-ray spectra or photometry is that

the disc itself is obscured and not directly observed (e.g., Kotani et al. (2006), Atapin et al. (2015));

if this is so, and if (as is assumed within the canonical microquasar flaring phenomenology), the

x-ray variation is due to changes in the disc, then without a clear understanding of the geometry

of the system, we are unable to interpret any reprocessed variations that we may see.

The all-sky monitor light curves given here are unable to strongly constrain the geometry, though

certain key points are worth stressing. There are clear variations with precession and orbital phase
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in the 4-10 keV MAXI band and in the Swift data. We see no variation with nutation in the data

here, though we are almost certainly limited by low signal-to-noise. In the all-sky monitor data,

we see no evidence to claim that the disc is directly observed: we note that while the precessional

variability may be described by a simple picture in which the flux varies as the projected area of a

thin accretion disc, the fact that the uneclipsed flux at precessional phases when the jets are close

to the plane of the sky (i.e., the edge of the disc is aligned with the line of sight) is comparable

to the eclipsed flux at those precession phases when the disc is at its most open to the observer

suggests that a large part of the x-ray flux is obscured by a geometrically thick and opaque disc-like

structure. This observation also indicates that a significant fraction of both the hard and soft x-

rays are emitted close to the compact object/disc. The shape of the hard eclipse data is consistent

with a picture in which the X-ray emission above 20 keV is dominated by an extended corona-like

emitting region. The smooth transition into and out of eclipse indicates that this region must be

comparable in extent to the size of the Roche surface around the compact object. For a mass

ratio Mbh/M∗ that is probably between 0.1 and 1, and with an estimate of the orbital separation

a ' 5.5 × 1010 m (assuming a total mass of 38 M� (Blundell et al. (2008)) and an orbital period

of 13.08 d), then is region must be on the order of 1-2× 1010 m in radius. Importantly, the width

of the eclipse also allows us to estimate the mass ratio, hence the values given above – the large

uncertainty in our determination means we are unable to constrain the mass ratio more precisely

than previous workers, though we note that the value we derive is consistent with some of the

higher mass ratio estimates derived from optical data (q ' 0.7; Gies et al. (2002b)), though we

are not able to exclude lower values (e.g., q . 0.3 Antokhina et al. (1992)).

Less clear is the interpretation of the low energy (4-10 keV) light curves. Here, the eclipses are

broader than we would expect. The logarithmic dependence of the Roche radius in Equation 7.22

means that a small change in the width of the eclipse (and hence the radius of the eclipsing

object) can equate to orders of magnitude change in the mass ratio estimated – the low mass ratio

estimates (q = 10−2 is perhaps an upper limit here) suggest that we probably overestimate the

width of the eclipse, and hence the size of the Roche lobe of the companion star, by at least a

factor of a few.

On the other hand, the sharpness of the eclipse edges could be consistent with a very thin emitting

region (a thin jet, as expected in models where the soft x-rays are jet dominated). We are not

helped because in essence only a tiny fraction of the orbital period (around the edges of the eclipse)

carries useful information. With already limited sensitivity in the MAXI ASM, we find ourselves
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with an insufficient number of data points to constrain the model reliably. Hence, disentangling

mass ratio and the size of the eclipsed object is difficult.

Again, the most likely way to answer these questions is with broadband, high sensitivity X-ray data.

Achieving the necessary temporal coverage to disentangle natural fluctuations from precessional

and orbital variation will not be easy, but offers the best chance of both identifying both the flaring

behaviour of SS 433 and the geometry of the emitting regions.

Though there are still ambiguities about the geometry of the inner jets and binary as revealed

by the X-ray data, the 2012-Jan-28 VLBA observation allows us, for the first time been able to

make measurements of the properties of resolved bolides on milliarcsecond scales. It is clear that

at least some of the bolides expand very rapidly – our estimate of the expansion rate (∼ 0.03c)

is faster than previous estimates of the expansion of optical bolides by at least a factor of 5, and

is equivalent to perhaps 3 times the expansion rate estimated from the opening angle of the X-

ray jet. Having some volume estimate for the bolide allowed us to make estimates of the bolide

masses and magnetic fields, assuming equipartition of energy. The estimates so derived, especially

for the masses, were far too low to be consistent with the mass outflow rates estimated from

the strengths of X-ray emission lines. We estimated that the masses of individual bolides were

M ∼ 2× 10−10 M� γ
−(5p−3)/(p+5)
0 where γ0 is the low energy cut off in the electron spectrum, and

p is the electron energy index. As a value of γ0 ∼ 103 would not be unreasonable, this means that

the mass as estimated within these assumptions may be as low as 10−13 M�. For consistency with

existing mass outflow rates (Ṁjets ∼ 10−6 – 10−7 M� yr−1), we would require these to be launched

at a rate of at least 106 yr−1 – at least four orders of magnitude higher than observations suggest

is the case. Crucially, we showed that because the number density depends on the volume of the

emitting region as n ∝ V −4/(p+5), and as this exponent lies between −1 and 0, the estimate of

the mass in the bolide M ∝ nV ∝ V (p+1)/(p+5) will decrease further if we have overestimated the

volume (i.e., if the bolide is not resolved). Instead, we argued that this gives evidence for one

of two plausible explanations: either (a) the bolides are significantly out of equipartition (with

perhaps 1010 times as much energy in the electron population than the magnetic field); or (b)

there is a large population of unobserved, cold baryons in the jet (perhaps 104 times the mass in

these unseen particles than in the relativistic electron population and its associated cold protons).

Importantly, this second possibility means we are only required to accelerate a small fraction of

the total mass to form the relativistic particle distribution.
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This may be related to the tentative and provisional results that emerged from our discussion

of the lightcurves of individual bolides. Although we have not performed a full analysis of the

coupled evolution of magnetic fields and electron energies in an evolving bolide, we offered some

simple arguments based on handling their evolutions independently. These suggested that a 3-

dimensional expansion geometry would result in more rapid fading of the lightcurve than that seen

here, while a 2-dimensional geometry – such as a spherical shell with the emission concentrated in a

thin outer layer – might be able to match the observed decay rate. This would be consistent with a

picture in which quasi-thermal bolides cool rapidly over the first 3 or 4 days after launch (emitting

first bremsstrahlung and recombination lines in the X-ray, then recombination lines in the optical

as it cools). Then, from about 2 days after launch, particles are accelerated to relativistic speeds

on the outer edges of the bolide, producing the synchrotron radiation seen at scales greater than

milliarcseconds (i.e., greater than 1012 m).

Though we have offered several insights into SS 433’s behaviour, there remain many outstanding

questions. Among these are the big questions, which we have not attempted to tackle here. For

instance how to explain the two accelerations in the system, namely the accelerations of particles

and bolides? We need to accelerate the bolides to ∼ 0.26c, and we need to so in such a way as to

produce a significant distribution in speeds. Why should the speed vary? Why should the more

massive ejecta seen in flares travel faster? But, we also need to accelerate the relativistic electron

population that produces the synchrotron emission on scales of & 1013 m. Are these present at

launch, or are they accelerated later? If both the electrons and the magnetic fields are present at

launch, can their properties be constrained from the contribution of inverse Compton scattering

to the X-ray spectra, and what should be the synchrotron contribution? A more thorough review

of existing X-ray data may help to constrain these two contributions to the spectra further.

We also still have significant ignorance about the shape and nature of the accretion flow. This is

closely linked to our earlier remarks about the uncertainty around the geometry of the system.

Again, the most profitable approach to this problem lies in high energy observations. Again,

studies of X-ray variability (and particularly a search for high frequency oscillations and QPOs)

may allow us to indirectly probe the structure of the accretion disc.

This work has pointed to three very specific individual observational questions, for which theoret-

ical explanations are needed.

Firstly, in Section 7.6, we noted that SS 433 was unique in the sample of well-studied microquasars
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in having a more massive companion star than its black hole. We cited the arguments of Frank

et al. (2002) and King et al. (2000) showing that the accretion of mass in such a system could be

rapid and self-sustaining, and could explain SS 433’s super-Eddington accretion behaviour. A full

study of this process lies beyond the remit of the current work, but more thorough analysis of this

question must offer important insights into the structure of the accretion flow in SS 433.

Secondly, we discussed the nodding of the accretion disc (Section 2.6). We noted that the Katz

et al. (1982) prescription predicts three frequencies of interest, namely 2 (|ωorb|+ |ωpre|), 2|ωorb|+

|ωpre|, and 2|ωorb|+ 3|ωpre| corresponding to periods of 6.06 d, 6.28 d, and 5.83 d respectively (see

Appendix A). These are observed with the ratios of their amplitudes A5.83 d : A6.06 d : A6.28 d in

the Fourier spectra given approximately by 1 : 0 : 4 (figure 3 of Katz et al. (1982), and figure 3(a)

of Blundell and Bowler (2005)). Although the small relative amplitude of the 5.83 d peak makes

its detection hard (e.g., Cherepashchuk et al. (2013)), this ratio has been seen in multiple optical

data sets (Katz et al. (1982), Blundell and Bowler (2005)).

However, theoretical models of this system have yet to successfully predict these relative ampli-

tudes. Though there is a significant literature on warped discs (e.g., Ogilvie and Dubus (2001)),

attempts to apply this is SS 433 (e.g., Begelman et al. (2006)), fail to explain the presence of the

5.83 d periodicity – which is often left out of the treatment entirely – and fail to explain the lack of

a signal at 6.06 d (half the synodic period). If this could be explained, it would contain a powerful

constraint on the dynamically precession of the tilted or warped accretion disc.

The third open question concerns the evolution of magnetic fields in expanding plasmons, as

discussed in Section 6.3. Here again we have a quantitative observation that cannot be understood

in terms of the existing theory as outlined in this thesis. In particular, our treatment decoupled

the evolutions of the relativistic electrons from the magnetic fields, where a more complete solution

would allow for transfer of energy between the two. This might take the form of the generataion of

magnetic fields (the magnetic dynamo), or the slowing of the expansion by the internal magnetic

forces. It should also be able to handle the way in which different expansion geometries can affect

different components of the magnetic field in different ways, meaning that an initially tangled

field may come to be dominated by one component either parallel to or perpendicular to the flow.

Again, this is a significant analytical (and, most likely, computational) problem which goes far

beyond the work here.

Throughout this work, we have seen that the most powerful tool for understanding the behaviour
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of SS 433, and hence of accretion processes around other compact objects is through time re-

solved observations. It was time-resolution that allowed us to uniquely measure the speeds of

the jets. It was time resolution that allowed us to demonstrate that jet bolides fade in a regular

and systematic fashion. And it was temporal monitoring of X-ray photometry that enabled us to

probe the geometry of this remarkable system. From an observational standpoint, we now need

quasi-simultaneous coverage at multiple wavebands, to allow us to show how the same phenom-

ena manifest themselves at different observational frequencies, and to allow us to confirm that

the qualitative similarities we have noted between different wave bands correspond to the same

underlying physics (for example, by looking for correlated variation between the jets as seen in

the optical and radio). We have also proposed three very specific questions – relating to the

super-Eddington accretion, the nutation of the accretion flow, and the energetic evolution within

individual expanding jet bolides – where theoretical predictions are needed to illuminate existing

observational facts. There is much work still to be done, and much more to be learnt.
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Appendix A

The Slaved Disc Model

In Chapter 2, we briefly discussed some of the results of the slaved disc model as set out in Katz

et al. (1982). In the first Section of this Appendix, we present our own derivation of the key results

of the Katz et al. (1982) paper, emphasising the sequence of approximations made. Then, in the

second Section, we perform the derivation of equations 7 (a)-(c) from Vermeulen (1989) (given in

a corrected form as Equations 2.39 in this work).

A.1 The slaved disc model

A.1.1 The Lagrangian & equations of motion

The model used by Katz et al. (1982) is of a rigid ring, at rest at the origin of some coordi-

nate system and subject to a time-dependent potential from an orbiting point mass. The key

approximations in this model are:

1. that the rotation frequency of the disc is much faster than the orbital frequency of the

massive companion, which is much faster than the precessional frequency;

2. that the ring radius is much less than the binary separation;

3. that the perturbations to the mean, driven motion may be treated as small.

The first of these is the most important, because (a) it allows us to treat the disc as a rigid ring (see

Collins and Scher (2002) for comments on this); (b) it allows us to neglect inertial (centrifugal)

195
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forces and treat the centre of mass of the ring as being at rest, rather than the centre of mass of

the ring–companion system being at rest; and (c) will allow us to greatly simplify the linearised

equations of motion. The second approximation will allow us to use the dipole expansion to write

down the potential up to the quadrupole (tidal) term.

In Section 2.2, we defined the jet cone opening angle and precession angles {θ, φ} by analogy with

the polar and azimuthal angles. Let us add a third angle, labelled $, denoting the rotation of the

ring about the unit vector described by {θ, φ}. This forms a set of Euler Angles (see, e.g., Kibble

and Berkshire (2004)). We can then write down the two parts of the Lagrangian.

Result A.1.1 (Kinetic energy of an axisymmetric body). The rotational kinetic energy of an

axisymmetric rigid body with moment of inertia

T = 1
2I⊥

(
θ̇2 + φ̇2 sin2 θ

)
+ 1

2I‖

(
$̇ + φ̇ cos θ

)2

(A.1)

Proof. See, e.g., Kibble and Berkshire (2004).

For a rigid ring, it can be shown that I‖ = mdrd
2 = 2I⊥. Now, we calculate the potential energy

for a ring under the influence of a point mass.

Result A.1.2 (Potential energy of rigid ring). Consider a rigid ring inclined at an angle θ to the

orbital plane, with the normal to the ring as projected onto the orbital plane making an angle φ

with the x-axis (c.f., the jet coordinate system in Section 2.2), and with the companion mass at

distance R and at an angle ψ to the x− axis. Then,

V (θ, φ;ψ) = V0 − 1
4I‖ωorb

2
(
1− 3 sin2 θ cos2 (ψ − φ)

)
(A.2)

Proof. We write the potential as:

V (R) = −
∫
Gmc dm

|R− r| = −Gmcmd

2π

∫
|R− r (α)|−1

dα

where mc is the mass of the companion, and we have used α to parametrize the points on the ring,

and where dm = (md/2πrd) dα. Then, expanding the term |R− r (α)|−1
and neglecting terms

O
(

[rd/R]
3
)

, we have:

|R− r (α)|−1
= R−1

(
1− rd

R

r ·R
rdR

+
1

2

(rd

R

)2
(

3

2

(
r ·R
rdR

)2

− 1

))
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But, from the geometry of the jet coordinate frame, we can write

r ·R = rdR (cosα cos θ cos (ψ − φ) + sinα sin (ψ − φ))

(r ·R)
2

= (rdR)
2 (

cos2 α cos2 θ cos2 (ψ − φ) + sin2 α sin2 (ψ − φ) + 1
2 sin 2α cos θ sin 2 (ψ − φ)

)

Performing the integration over α, only the terms in cos2 α and sin2 α survive. This yields:

V (θ, φ;ψ) = −Gmcmd

2πR

[
1 +

1

4

(rd

R

)2 [
3
(
cos2 θ cos2 (ψ − φ) + sin2 (ψ − φ)

)
− 2
]]

The final form is obtained by rearranging the trigonometric identities in the last square bracket.

Result A.1.3 (Equations of motion). The equations of motion for the slaved disc model can be

written:

$̇ + φ̇ cos θ = constant =
p$
I‖

(A.3a)

θ̈ = 1
2 φ̇

2 sin 2θ − 2φ̇ sin θ
(
$̇ + φ̇ cos θ

)
− 3

2 ω
2
orb sin 2θ cos2 (ψ − φ) (A.3b)

φ̈ =
2θ̇$̇

sin θ
− 3

2 ω
2
orb sin 2 (ψ − φ) (A.3c)

Proof. Using the Lagrangian L = T − V , we can write down the Euler-Lagrange equations:

d

dt
I‖

(
$̇ + φ̇ cos θ

)
= 0 (A.4a)

d

dt

(
I⊥θ̇

)
=

1

2
I⊥φ̇

2 sin 2θ − I‖φ̇ sin θ
(
$̇ + φ̇ cos θ

)
− ∂V

∂θ
(A.4b)

d

dt

(
I⊥φ̇ sin2 θ + I‖ cos θ

(
$̇ + φ̇ cos θ

))
= −∂V

∂φ
(A.4c)

where

∂V

∂θ
=

3

4
I‖ ω

2
orb sin 2θ cos2 (ψ − φ)

∂V

∂φ
=

3

4
I‖ ω

2
orb sin2 θ sin 2 (ψ − φ) .

Then, integrating Equation A.4a, we see that I‖

(
$̇ + φ̇ cos θ

)
is a constant, which we label p$.
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Differentiating Equation A.4b, and remembering that I‖ = 2I⊥, we can write:

θ̈ =
1

2
φ̇2 sin 2θ − I‖

I⊥
φ̇ sin θ

(
$̇ + φ̇ cos θ

)
− 3

4

I‖

I⊥
ωorb

2 sin 2θ cos2 (ψ − φ)

=
1

2
φ̇2 sin 2θ − 2φ̇ sin θ

(
$̇ + φ̇ cos θ

)
− 3

2
ω2

orb sin 2θ cos2 (ψ − φ)

completing the θ equation of motion. For the φ equation of motion, we see that Equation A.4c

can be written:

d

dt

(
φ̇ sin2 θ

)
+
I‖

I⊥

d

dt

(
cos θ

(
$̇ + φ̇ cos θ

))
= −3

4

I‖

I⊥
ω2

orb sin2 θ sin 2 (ψ − φ)

but
(
$̇ + φ̇ cos θ

)
= constant, so

d

dt

(
cos θ

(
$̇ + φ̇ cos θ

))
= −

(
$̇ + φ̇ cos θ

)
sin θ θ̇

and we can write

d

dt

(
φ̇ sin2 θ

)
= φ̈ sin2 θ + φ̇θ̇ sin 2θ .

Combining the last three equations, we find:

φ̈ sin2 θ = −φ̇θ̇ 2 sin θ cos θ + 2θ̇
(
$̇ + φ̇ cos θ

)
sin θ − 3

2
ω2

orb sin2 θ sin 2 (ψ − φ)

⇒ φ̈ =
2θ̇

sin θ

((
$̇ + φ̇ cos θ

)
− φ̇ cos θ

)
− 3

2
ω2

orb sin 2 (ψ − φ)

=
2θ̇$̇

sin θ
− 3

2
ω2

orb sin 2 (ψ − φ)

A.1.2 Frequency ordering & mean driven precession

We now introduce the ordering of frequencies. These follow from the approximation above, namely

that:

|$̇| � |ωorb| � |Ω0| (A.5)
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i.e., the ring rotates much faster than the companion orbits, and the companion orbits much faster

than the (driven) precession.

Let us then use our equations of motion to reproduce the mean driven precession (equation 7c in

Katz et al. (1982)). This is the frequency at which the normal to the ring will precess steadily if

the ring is able to respond immediately to the tidal forcing.

Result A.1.4 (Mean driven precession). The mean driven precession frequency, obtained by

averaging over the orbital motion, is:

Ω0 := 〈φ̇〉 = −3

4

ω2
orb

$̇
cos θ0 (A.6)

where θ0 is the inclination of the disc to the orbital plane, ωorb is the Keplerian orbital frequency,

and $̇ is the rotational frequency of the disc.

Proof. Let θ = θ0 = constant, and hence θ̇ = θ̈ = 0. Then, in Equation A.3b, we have:

0 = φ̇2 sin θ0 cos θ0 − 2φ̇ sin θ0

(
$̇ + φ̇ cos θ0

)
− 3

2 ω
2
orb sin 2θ0 cos2 (ψ − φ)

⇒ φ̇ sin θ0

(
2$̇ + φ̇ cos θ0

)
= − 3

2 ω
2
orb sin 2θ0 cos2 (ψ − φ) .

Now, invoking |$̇| � |φ̇|, we can write:

φ̇$̇ 2 sin θ0 = − 3
2 ω

2
orb 2 sin θ0 cos θ0 cos2 (ψ − φ)

⇒ φ̇ = −3

2

ω2
orb

$̇
cos θ0 cos2 (ψ − φ) .

Finally, we average over the orbital phase ψ, using 〈cos2 (ψ − φ)〉 = 1
2 to obtain the result.

This is in agreement with the Katz et al. (1982) result.

A.1.3 Linearised equations of motion

We now consider small perturbations about the mean motion. Katz et al. (1982) allow for a slaved,

rather than a driven precession – i.e., the precession occurs at Ωs 6= Ω0. In the slaved disc picture,

the companion star also undergoes precession, which can couple to the precessing accretion disc

(see also Roberts (1974), Cherepashchuk (2002)). This complicates the algebra slightly, so we will

precede without this generalisation.
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We do, however, follow the approximation made by Katz et al. (1982) in keeping the first order

terms in the expansion of the inertial terms in the equations of motion, but only retaining the

zeroth order terms in the expansion of the tidal force terms. This assumes that the nutational

motion makes only a small correction to the size of the tidal forcing terms.

Result A.1.5. If the precessing ring is perturbed from the mean motion by:

θ = θ0 + δθ

φ = φ0 + Ω0t+ δφ

then the perturbations obey:

δθ = − Ω0 tan θ0

2 (ωorb − Ω0)
cos 2 [(ωorb − Ω0) t+ ψ0 − φ0] (A.7a)

δφ =
Ω0

2 (ωorb − Ω0)
sin 2 [(ωorb − Ω0) t+ ψ0 − φ0] (A.7b)

Proof. The derivatives of θ and φ are:

θ̇ = δ̇θ φ̇ = Ω0 + ˙δφ

θ̈ = δ̈θ φ̈ = δ̈φ

We start with Equation A.3c:

sin θφ̈− 2θ̇$̇ = − 3
2 ω

2
orb sin θ sin 2 (ψ − φ)

⇒ (sin θ0 + δθ cos θ0) δ̈φ− 2$̇ δ̇θ = − 3
2 ω

2
orb sin θ0 sin 2 (ψ − Ω0t− φ0) .

Now, we neglect terms that are second order in small quantities, and we neglect the δ̈φ term – we

will shortly see that |$̇ δ̇θ| � |δ̈φ|, with the approximation justified because ˙δφ ∼ δ̇θ ∼ Ω0, and

δ̈φ ∼ Ω0ωorb, leading to $̇ � ωorb, which is true from our frequency ordering (the disk rotates

much more rapidly than the orbital period of the companion). Therefore,

θ̇ =
3

4

ω2
orb

$̇
sin θ0 sin 2 (ψ − Ω0t− φ0)

⇒ δ̇θ = −Ω0 tan θ0 sin 2 (ψ − Ω0t− φ0) (A.8)
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which agrees with Katz et al. (1982) (up to a minus sign). Now, we linearise Equation A.3b:

θ̈ − 1
2 φ̇

2 sin 2θ + 2φ̇ sin θ
(
$̇ + φ̇ cos θ

)
= − 3

2 ω
2
orb sin 2θ cos2 (ψ − φ) .

Considering the terms on the left, we have φ̇ ∼ Ω0 (to be seen in a moment) and θ̈ ∼ Ω0 ωorb

(from our expression for δ̇θ above). Recalling the frequency ordering, we have:

2φ̇ $̇ sin θ � 1

2
φ̇2 sin 2θ � θ̈

and can therefore neglect all terms apart from 2φ̇ $̇ sin θ. Inserting φ̇ = ˙δφ+ Ω0, we find:

(
˙δφ+ Ω0

)
$̇ sin θ0 = − 3

4ω
2
orb (2 sin θ0 cos θ0) 1

2 (1 + cos 2 (ψ − Ω0t− φ0))

⇒ ˙δφ+ Ω0 = Ω0 (1 + cos 2 (ψ − Ω0t− φ0))

Cancelling out the mean precessional motion, we obtain the linearised equation:

˙δφ = Ω0 cos 2 (ψ − Ω0t− φ0) (A.9)

The last step is to integrate the linearised equations of motion (Equations A.8 and A.9), taking

ψ = ψ0 + ωorbt. This yields the final Result.
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A.2 First-order velocity perturbations

Result A.2.1. Consider small perturbations to the polar, cone opening angle θ, and the azimuthal,

precession angle φ of the launch velocity vector of a precessing jet. If these perturbations are at

twice the synodic frequency, then the first order perturbations to the three components of the

launch velocity vector in the Observer’s reference frame are:

β
(1)
x̃ = A63 cosψ63 +A58 cosψ58 (A.10a)

β
(1)
ỹ =

A63

sin i0
(cosχ0 sinψ63 + cos i0 sinχ0 cosψ63)− A58

sin i0
(cosχ0 sinψ58 − cos i0 sinχ0 cosψ58)

(A.10b)

β
(1)
z̃ =

A63

sin i0
(sinχ0 sinψ63 − cos i0 cosχ0 cosψ63)− A58

sin i0
(sinχ0 sinψ58 + cos i0 cosχ0 cosψ58)

(A.10c)

Proof. In Section 2.4, we showed that the components of the velocity vector may be written:

βx̃ = β sin Θ cos Φ sin i0 + β cos Θ cos i0 (A.11a)

βỹ = β sin Θ cos Φ cos i0 sinχ0 + β sin Θ sin Φ cosχ0 − β cos Θ sin i0 sinχ0 (A.11b)

βz̃ = −β sin Θ cos Φ cos i0 cosχ0 + β sin Θ sin Φ sinχ0 + β cos Θ sin i0 cosχ0 (A.11c)

where βx̃ is the velocity component along the line-of-sight, and βỹ and βz̃ are the velocity compo-

nents in the directions of increasing Declination and Right Ascension respectively.

Let us consider small sinusoidal perturbations about the mean jet cone opening angle θ0 and the

mean precession phase angle φ̄ as follows:

θ = θ0 + δθ = θ0 + εθ cos 2 (ψ − φ) (A.12a)

φ = φ̄+ δφ = φ̄+ εφ sin 2 (ψ − φ) (A.12b)

Recall the Taylor expansions of the sine and cosine functions:

cosA = cosA0 cos δA− sinA0 sin δA = cosA0 − δA sinA0

sinA = sinA0 cos δA+ cosA0 sin δA = sinA0 + δA cosA0
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As we will only work to first order, these allow us immediately to write δθ = εθ cos 2
(
ψ − φ̄

)
and

δφ = εφ sin 2
(
ψ − φ̄

)

Then, recall also the trigonometric identities:

cosA cosB = 1
2 (cos (A−B) + cos (A+B))

sinA sinB = 1
2 (cos (A−B)− cos (A+B))

sinA cosB = 1
2 (cos (A+B) + cos (A−B))

cosA sinB = 1
2 (cos (A+B)− cos (A−B))

which we can use to write:

δθ cos φ̄ = εθ cos 2
(
ψ − φ̄

)
cos φ̄ = 1

2 εθ
[
cos
(
2ψ − 3φ̄

)
+ cos

(
2ψ − φ̄

)]
(A.13a)

δφ sin φ̄ = εφ sin 2
(
ψ − φ̄

)
sin φ̄ = 1

2 εφ
[
cos
(
2ψ − 3φ̄

)
− cos

(
2ψ − φ̄

)]
(A.13b)

δθ sin φ̄ = εθ cos 2
(
ψ − φ̄

)
sin φ̄ = 1

2 εθ
[
sin
(
2ψ − φ̄

)
− sin

(
2ψ − 3φ̄

)]
(A.13c)

δφ cos φ̄ = εφ sin 2
(
ψ − φ̄

)
cos φ̄ = 1

2 εφ
[
sin
(
2ψ − φ̄

)
+ sin

(
2ψ − 3φ̄

)]
(A.13d)

Now we will use these to expand each component of the velocity vector, keeping terms up to first

order in the perturbed quantities. First, we write the line-of-sight component, βx̃:

βx̃ = β (sin θ0 + δθ cos θ0)
(
cos φ̄− δφ sin φ̄

)
sin i0 + β (cos θ0 − δθ sin θ0)

= β
(
sin θ0 cos φ̄ sin i0 + cos θ0 cos i0

)

+ β
[
δθ
(
cos θ0 cos φ̄ sin i0 − sin θ0 cos i0

)
− δφ sin θ0 sin φ̄ sin i0

]

= β
(0)
x̃ + β

(1)
x̃ (A.14)

where we have identified the first term as the unperturbed line-of-sight velocity component (Equa-

tion A.11a). Then, using Equations A.13a and A.13b, we can write the perturbation to the velocity
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vector, β
(1)
x̃ , as:

β
(1)
x̃ =β

[
cos θ0 sin i0 δθ cos φ̄− δθ sin θ0 cos i0 − sin θ0 sin i0 δφ sin φ̄

]

⇒ β
(1)
x̃ = 1

2 β εθ cos θ0 sin i0
(
cos
(
2ψ − 3φ̄

)
+ cos

(
2ψ − φ̄

))

− β εθ cos i0 sin θ0 cos
(
2ψ − 2φ̄

)

− 1
2 β εφ sin θ0 sin i0

(
cos
(
2ψ − 3φ̄

)
− cos

(
2ψ − φ̄

))

⇒ β
(1)
x̃ =

[
1
2β sin i0 (εθ cos θ0 − εφ sin θ0)

]
cos
(
2ψ − 3φ̄

)

+ [−β εθ cos i0 sin θ0] cos
(
2ψ − 2φ̄

)

+
[

1
2β sin i0 (εθ cos θ0 + εφ sin θ0)

]
cos
(
2ψ − φ̄

)

⇒ β
(1)
x̃ =A− cos

(
2ψ − 3φ̄

)
+A0 cos

(
2ψ − 2φ̄

)
+A+ cos

(
2ψ − φ̄

)
(A.15)

where:

A− = 1
2β sin i0 (εθ cos θ0 − εφ sin θ0) (A.16a)

A0 = −βεθ cos i0 sin θ0 (A.16b)

A+ = 1
2β sin i0 (εθ cos θ0 + εφ sin θ0) (A.16c)

This reproduces equations 20 and 21 of Katz et al. (1982), with A− and A+ here corresponding to

A58 and A63 in that paper, and representing the amplitudes of the line-of-sight velocity variation

at 5.83 d and 6.28 d. We also include A0, the amplitude of the variation with the synodic period,

6.06 d.

Vermeulen (1989) states, without derivation and with a sign error, the result of extending this to

the perturbations in the other two velocity components, β
(1)
ỹ and β

(1)
z̃ . The corrected derivations

are as follows.
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First, using Equation A.11b for βỹ, we have:

βỹ =β (sin θ0 + δθ cos θ0)
(
cos φ̄− δφ sin φ̄

)
cos i0 sinχ0

+ β (sin θ0 + δθ cos θ0)
(
sin φ̄+ δφ cos φ̄

)
cosχ0

− β (cos θ0 − δθ sin θ0) sin i0 sinχ0

=β sin θ0 cos φ̄ sinχ0 cos i0 + β sin θ0 sin φ̄ cosχ0 − cos θ0 sin i0 sinχ0

+ β
(
δθ cos φ̄ cos θ0 − δφ sin φ̄ sin θ0

)
sinχ0 cos i0

+ β
(
δθ sin φ̄ cos θ0 + δφ cos φ̄ sin θ0

)
cosχ0

+ β δθ sin θ0 sin i0 sinχ0

=β
(0)
ỹ + β

(1)
ỹ , (A.17)

where, using Equations A.13, the pertubation term, β
(1)
ỹ , is

β
(1)
ỹ =β

(
1
2 εθ

[
cos
(
2ψ − 3φ̄

)
+ cos

(
2ψ − φ̄

)]
cos θ0

− 1
2 εφ

[
cos
(
2ψ − 3φ̄

)
− cos

(
2ψ − φ̄

)]
sin θ0

)
sinχ0 cos i0

+ β
(

1
2 εθ

[
sin
(
2ψ − φ̄

)
− sin

(
2ψ − 3φ̄

)]
cos θ0+

+ 1
2 εφ

[
sin
(
2ψ − φ̄

)
+ sin

(
2ψ − 3φ̄

)]
sin θ0

)
cosχ0

+ β 1
2 εθ sin θ0 sin i0 sinχ0

= 1
2β (εθ cos θ0 − εφ sin θ0) cos

(
2ψ − 3φ̄

)
sinχ0 cos i0

+ 1
2β (εθ cos θ0 + εφ sin θ0) cos

(
2ψ − φ̄

)
sinχ0 cos i0

+ 1
2β (εθ cos θ0 + εφ sin θ0) sin

(
2ψ − φ̄

)
cosχ0

− 1
2β (εθ cos θ0 − εφ sin θ0) sin

(
2ψ − 3φ̄

)
cosχ0

+ β εθ cos
(
2ψ − 2φ̄

)
sin θ0 sin i0 sinχ0

=
A−

sin i0

(
cos
(
2ψ − 3φ̄

)
sinχ0 cos i0 − sin

(
2ψ − 3φ̄

)
cosχ0

)

+
A+

sin i0

(
cos
(
2ψ − φ̄

)
sinχ0 cos i0 + sin

(
2ψ − φ̄

)
cosχ0

)

−A0 cos
(
2ψ − 2φ̄

)
tan i0 sinχ0 (A.18)

which agrees with Vermeulen (1989) up to the convention on χ0 and an overall minus sign. Lastly,
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the βz̃ component yields:

βz̃ = − β (sin θ0 + δθ cos θ0)
(
cos φ̄− δφ sin φ̄

)
cos i0 cosχ0

+ β (sin θ0 + δθ cos θ0)
(
sin φ̄+ δφ cos φ̄

)
sinχ0

+ β (cos θ0 − δθ sin θ0) sin i0 cosχ0

= − β sin θ0 cos φ̄ cosχ0 cos i0 + β sin θ0 sin φ̄ sinχ0 + cos θ0 sin i0 cosχ0

+ β
(
− δθ cos φ̄ cos θ0 + δφ sin φ̄ sin θ0

)
cosχ0 cos i0

+ β
(
δθ sin φ̄ cos θ0 + δφ cos φ̄ sin θ0

)
sinχ0

− β δθ sin θ0 sin i0 sinχ0

=β
(0)
ỹ + β

(1)
ỹ , (A.19)

where again we can use Equations A.13 to write the pertubation term, β
(1)
z̃ , as

β
(1)
z̃ =β

(
1
2 εφ

[
cos
(
2ψ − 3φ̄

)
− cos

(
2ψ − φ̄

)]
sin θ0

− 1
2 εθ

[
cos
(
2ψ − 3φ̄

)
+ cos

(
2ψ − φ̄

)]
cos θ0

)
cosχ0 cos i0

+ β
(

1
2 εθ

[
sin
(
2ψ − φ̄

)
− sin

(
2ψ − 3φ̄

)]
cos θ0+

+ 1
2 εφ

[
sin
(
2ψ − φ̄

)
+ sin

(
2ψ − 3φ̄

)]
sin θ0

)
sinχ0

− β 1
2 εθ sin θ0 sin i0 cosχ0

= 1
2β (−εθ cos θ0 + εφ sin θ0) cos

(
2ψ − 3φ̄

)
cosχ0 cos i0

− 1
2β (εθ cos θ0 + εφ sin θ0) cos

(
2ψ − φ̄

)
cosχ0 cos i0

+ 1
2β (εθ cos θ0 + εφ sin θ0) sin

(
2ψ − φ̄

)
sinχ0

− 1
2β (εθ cos θ0 − εφ sin θ0) sin

(
2ψ − 3φ̄

)
sinχ0

− β εθ cos
(
2ψ − 2φ̄

)
sin θ0 sin i0 sinχ0

= − A−
sin i0

(
cos
(
2ψ − 3φ̄

)
cosχ0 cos i0 + sin

(
2ψ − 3φ̄

)
sinχ0

)

− A+

sin i0

(
cos
(
2ψ − φ̄

)
cosχ0 cos i0 − sin

(
2ψ − φ̄

)
sinχ0

)

+A0 cos
(
2ψ − 2φ̄

)
tan i0 cosχ0 (A.20)

The final steps to complete the proof are to set A0 = 0 (determined by experiment), and to
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introduce

ψ58 := 2ψ − 3φ = (2ωorb + 3 |ωpre|) t+ constant

ψ58 := 2ψ − φ = (2ωorb + |ωpre|) t+ constant

Inserting these into Equations A.15, A.18, and A.20 completes the proof.
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T. Muñoz-Darias, J. Casares, D. Mata Sánchez, R. P. Fender, M. Armas Padilla, M. Linares,

G. Ponti, P. A. Charles, K. P. Mooley, and J. Rodriguez. Regulation of black-hole accretion

by a disk wind during a violent outburst of V404 Cygni. Nature, 534:75–78, June 2016. doi:

10.1038/nature17446.

R. Narayan and J. E. McClintock. Advection-dominated accretion and the black hole event horizon.

New A Rev., 51:733–751, May 2008. doi: 10.1016/j.newar.2008.03.002.

R. Narayan, R. Mahadevan, and E. Quataert. Advection-dominated accretion around black holes.

In M. A. Abramowicz, G. Björnsson, and J. E. Pringle, editors, Theory of Black Hole Accretion

Disks, pages 148–182, 1998.

H. B. Nersisyan, K. A. Sargsyan, D. A. Osipyan, M. V. Sargsyan, and H. H. Matevosyan. Self-

similar analytical model of plasma expansion in a magnetic field. Phys. Scr, 84(6):065003,

December 2011. doi: 10.1088/0031-8949/84/06/065003.

G. H. Newsom and G. W. Collins. SS 433. IAU Circ., 3459, March 1980.

G. H. Newsom and G. W. Collins, II. Short-period variations in the moving line spectrum of SS

433. AJ, 86:1250–1258, August 1981. doi: 10.1086/113005.

G. H. Newsom and G. W. Collins, II. Period and cone-angle changes in SS 433. AJ, 91:118–124,

January 1986. doi: 10.1086/113990.

I. D. Novikov and K. S. Thorne. Astrophysics of black holes. In C. Dewitt and B. S. Dewitt,

editors, Black Holes (Les Astres Occlus), pages 343–450, 1973.

NRAO. AIPS Cookbook. National Radio Astronomy Observatory, 1990. URL http://www.aips.

nrao.edu/cook.html.

http://www.aips.nrao.edu/cook.html
http://www.aips.nrao.edu/cook.html


BIBLIOGRAPHY 221

G. I. Ogilvie and G. Dubus. Precessing warped accretion discs in X-ray binaries. MNRAS, 320:

485–503, February 2001. doi: 10.1046/j.1365-8711.2001.04011.x.

J. C. B. Papaloizou and J. E. Pringle. The time-dependence of non-planar accretion discs. MNRAS,

202:1181–1194, March 1983. doi: 10.1093/mnras/202.4.1181.

J. C. B. Papaloizou and C. Terquem. On the dynamics of tilted discs around young stars. MNRAS,

274:987–1001, June 1995. doi: 10.1093/mnras/274.4.987.

Z. Paragi, R. C. Vermeulen, I. Fejes, R. T. Schilizzi, R. E. Spencer, and A. M. Stirling. The inner

radio jet region and the complex environment of SS433. A&A, 348:910–916, August 1999.

Z. Paragi, I. Fejes, R. C. Vermeulen, R. T. Schilizzi, R. E. Spencer, and A. M. Stirling. The

Equatorial Outflow of SS 433. In E. Ros, R. W. Porcas, A. P. Lobanov, and J. A. Zensus,

editors, Proceedings of the 6th EVN Symposium, page 263, June 2002.

S. M. Perez and K. M. Blundell. Inflow and outflow from the accretion disc of the microquasar

SS433: UKIRT spectroscopy. MNRAS, 397:849–856, August 2009. doi: 10.1111/j.1365-2966.

2009.14979.x.

E. S. Perlman, M. Georganopoulos, E. M. May, and D. Kazanas. Chandra Observations of the

Radio Galaxy 3C 445 and the Hot Spot X-Ray Emission Mechanism. ApJ, 708:1–8, January

2010. doi: 10.1088/0004-637X/708/1/1.

G. Ponti, R. P. Fender, M. C. Begelman, R. J. H. Dunn, J. Neilsen, and M. Coriat. Ubiquitous

equatorial accretion disc winds in black hole soft states. MNRAS, 422:11–15, May 2012. doi:

10.1111/j.1745-3933.2012.01224.x.

J. Poutanen, G. Lipunova, S. Fabrika, A. G. Butkevich, and P. Abolmasov. Supercritically ac-

creting stellar mass black holes as ultraluminous X-ray sources. MNRAS, 377:1187–1194, May

2007. doi: 10.1111/j.1365-2966.2007.11668.x.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numerical Recipes 3rd Edition:

The Art of Scientific Computing. Cambridge University Press, New York, NY, USA, 3 edition,

2007. ISBN 0521880688, 9780521880688.

M. J. Rees. Appearance of Relativistically Expanding Radio Sources. Nature, 211:468–470, July

1966. doi: 10.1038/211468a0.



222 BIBLIOGRAPHY

R. A. Remillard and J. E. McClintock. X-Ray Properties of Black-Hole Binaries. ARA&A, 44:

49–92, September 2006. doi: 10.1146/annurev.astro.44.051905.092532.

D. H. Roberts, J. Lehar, and J. W. Dreher. Time Series Analysis with Clean - Part One - Derivation

of a Spectrum. AJ, 93:968, April 1987. doi: 10.1086/114383.

W. J. Roberts. A slaved disk model for Hercules X-1. ApJ, 187:575–584, February 1974. doi:

10.1086/152667.

G. B. Rybicki and A. P. Lightman. Radiative Processes in Astrophysics. Wiley, 1979.

M. Ryle, J. L. Caswell, G. Hine, and J. Shakeshaft. A new class of radio star. Nature, 276:571–573,

December 1978. doi: 10.1038/276571a0.

P. A. G. Scheuer and A. C. S. Readhead. Superluminally expanding radio sources and the radio-

quiet QSOs. Nature, 277:182–185, January 1979. doi: 10.1038/277182a0.

P. A. G. Scheuer and P. J. S. Williams. Radio Spectra. ARA&A, 6:321, 1968. doi: 10.1146/

annurev.aa.06.090168.001541.

K. Schillemat, A. Mioduszewski, V. Dhawan, and M. Rupen. Exploring the Jet Proper Motions

of SS433. In American Astronomical Society Meeting Abstracts, volume 36 of Bulletin of the

American Astronomical Society, page 104.01, December 2004.

F. R. Schwab. Relaxing the isoplanatism assumption in self-calibration; applications to low-

frequency radio interferometry. AJ, 89:1076–1081, July 1984. doi: 10.1086/113605.

E. R. Seaquist, P. C. Gregory, and P. C. Crane. Nonthermal Radio Emission from H-alpha-

Emission Object. IAU Circ., 3256, August 1978.

E. Seifina and L. Titarchuk. On the Nature of the Compact Object in SS 433: Observational

Evidence of X-ray Photon Index Saturation. ApJ, 722:586–604, October 2010. doi: 10.1088/

0004-637X/722/1/586.

N. I. Shakura and R. A. Sunyaev. Black holes in binary systems. Observational appearance. A&A,

24:337–355, 1973.

D. S. Sivia and J. Skilling. Data analysis : a Bayesian tutorial. Oxford Science Publications.

Oxford University Press, Oxford, New York, 2006. ISBN 0-19-856831-2.

R. E. Spencer. A radio jet in SS433. Nature, 282:483, November 1979. doi: 10.1038/282483a0.



BIBLIOGRAPHY 223

R. E. Spencer. Flux density and structure variations in SS 433. MNRAS, 209:869–879, August

1984. doi: 10.1093/mnras/209.4.869.

A. Spitkovsky. On the Structure of Relativistic Collisionless Shocks in Electron-Ion Plasmas. ApJ,

673:L39, January 2008. doi: 10.1086/527374.

C. B. Stephenson and N. Sanduleak. New H-alpha emission stars in the Milky Way. ApJS, 33:

459–469, April 1977. doi: 10.1086/190437.

A. M. Stirling, F. H. Jowett, R. E. Spencer, Z. Paragi, R. N. Ogley, and T. V. Cawthorne.

Radio-emitting component kinematics in SS433. MNRAS, 337:657–665, December 2002. doi:

10.1046/j.1365-8711.2002.05944.x.

A. M. Stirling, R. E. Spencer, T. V. Cawthorne, and Z. Paragi. Polarization and kinematic studies

of SS 433 indicate a continuous and decelerating jet. MNRAS, 354:1239–1254, November 2004.

doi: 10.1111/j.1365-2966.2004.08285.x.

R. S. Sutherland. Accurate free-free Gaunt factors for astrophysical plasmas. MNRAS, 300:

321–330, October 1998. doi: 10.1046/j.1365-8711.1998.01687.x.

G. B. Taylor, C. L. Carilli, and R. A. Perley, editors. Synthesis Imaging in Radio Astronomy II,

volume 180 of Astronomical Society of the Pacific Conference Series, 1999.

C. E. J. M. L. J. Terquem. The Response of Accretion Disks to Bending Waves: Angular Momen-

tum Transport and Resonances. ApJ, 509:819–835, December 1998. doi: 10.1086/306505.

J. A. Tomsick, E. Kalemci, P. Kaaret, S. Markoff, S. Corbel, S. Migliari, R. Fender, C. D. Bailyn,

and M. M. Buxton. Broadband X-Ray Spectra of GX 339-4 and the Geometry of Accreting

Black Holes in the Hard State. ApJ, 680:593-601, June 2008. doi: 10.1086/587797.

S. A. Trushkin, N. N. Bursov, and N. A. Nizhelskij. The multifrequency monitoring of micro-

quasars. SS433. Bulletin of the Special Astrophysics Observatory, 56:57–90, 2003.

R. C. Vermeulen, V. Icke, R. T. Schilizzi, I. Fejes, and R. E. Spencer. Evolving radio structure

of the binary star SS433 at a resolution of 15 MARC S. Nature, 328:309–313, July 1987. doi:

10.1038/328309a0.

R. C. Vermeulen, W. B. McAdam, S. A. Trushkin, S. R. Facondi, R. L. Fiedler, R. M. Hjellming,

K. J. Johnston, and J. Corbin. Daily spectra of radio flares from SS 433 in May/June 1987.

A&A, 270:189–199, March 1993a.



224 BIBLIOGRAPHY

R. C. Vermeulen, P. G. Murdin, E. P. J. van den Heuvel, S. N. Fabrika, B. Wagner, B. Margon, J. B.

Hutchings, R. T. Schilizzi, M. H. van Kerkwijk, L. B. van den Hoek, E. Ott, L. P. Angebault,

G. K. Miley, S. D’Odorico, and N. Borisov. Monitoring of very rapid changes in the optical

spectrum of SS 433 in May/June 1987. A&A, 270:204–222, March 1993b.

R. C. Vermeulen, R. T. Schilizzi, R. E. Spencer, J. D. Romney, and I. Fejes. A series of VLBI

images of SS433 during the outbursts in May/June 1987. A&A, 270:177–188, March 1993c.

R. Vermeulen. Multi-Wavelength Studies of SS 433. PhD thesis, Leiden University, 1989.

J. F. C. Wardle and S. E. Aaron. How fast are the large-scale jets in quasars? Constraints

on both Doppler beaming and intrinsic asymmetries. MNRAS, 286:425–435, April 1997. doi:

10.1093/mnras/286.2.425.

M. G. Watson, G. C. Stewart, A. R. King, and W. Brinkmann. Doppler-shifted X-ray line emission

from SS433. MNRAS, 222:261–271, September 1986. doi: 10.1093/mnras/222.2.261.

D. P. Whitmire and J. J. Matese. The slaved disc model for SS 433. MNRAS, 193:707–712,

December 1980. doi: 10.1093/mnras/193.4.707.

D. Winske and N. Omidi. Plasma expansion in the presence of a dipole magnetic field. Physics of

Plasmas, 12(7):072514, July 2005. doi: 10.1063/1.1947487.


	Scientific Background – SS 433: An Overview
	Introduction
	SS 433
	The nature of the SS 433 phenomenon
	The binary system & the W50 remnant
	The relativistic jets
	Winds & the circumbinary outflow

	Determination of the system's properties
	Distance
	The system mass, the mass ratio, & the nature of the compact object
	Mass loss rates & the super-Eddington accretion rate

	Further complexities
	Flaring & variability
	Eccentricity

	Summary

	Scientific Background – The Kinematic Model
	Introduction
	Geometry and Coordinate Systems
	Vector components in polar coordinates

	Observing light from relativistic sources
	Proper Motions & Light Travel Time Effects
	Redshifts

	The Kinematic Model
	Best Fitting Parameter Values

	Deviations from the Kinematic Model
	Nodding
	Decay of precession period
	Stochastic variations, flares, and other

	The origin of the precessional motion 
	Summary

	VLBA Observations of SS 433
	Introduction
	Principles of long-baseline radio interferometry
	Visibilities
	The Fourier inversion & incomplete sampling

	Imaging VLBA data in AIPS
	Calibration
	Deconvolution & imaging

	2011-12 Observations
	Remarks on the images and the circumbinary ruff
	Summary

	Analysis of the Proper Motions of the SS 433 Radio Jets
	Introduction
	Calculating jet bulk speeds
	Proper motions and line-of-sight velocities in ballistic jets
	Launch epoch and intrinsic jet speed

	Observations
	2011-12 VLBA observations
	Archival VLBA observations - the SS 433 movie
	Proper motion analysis of the 2003 data
	Derived launch speeds and vectors
	Do the jets undergo deceleration?

	Discussion
	Do jet speeds and brightnesses rise in flaring episodes?
	How do these data compare with known properties of flares?
	The circumbinary ruff during radio flares
	The unified picture
	The effect of uncertainty in the distance D

	Summary & Conclusions

	The Evolution of Individual Jet Bolides I – A Resolved Pair of Bolides
	Introduction
	The remarkable expansion of bolides in the 2012-Jan-28 map
	The linear expansion rate of the bolides
	The bolide emissivity

	Review of synchrotron radiation
	Electron power law energy spectrum
	Synchrotron emission

	What is the nature of the emission?
	Synchrotron emissivity
	Other emission mechanisms – thermal bremsstrahlung

	Summary

	The Evolution of Individual Jet Bolides II – Unresolved Bolides
	Introduction
	Lightcurves for the 2003 VLBA movie
	Discussion of the 2003 VLBA movie images
	Are the bolides resolved?
	An upper limit on the expansion rate
	Lower limits on synchrotron parameters

	The adiabatic expansion of a plasmon
	Evolution of the particle distribution
	Evolution of the magnetic field
	Discussion

	Asymmetry between the jets
	Doppler boosts and other light travel time effects
	An estimate of the density of obscuring circumbinary material

	Summary

	The X-Ray Behaviour of SS 433
	Introduction
	The standard picture of microquasar phenomenology
	X-ray observations of SS 433

	X-ray monitoring of SS 433
	The MAXI Observatory on the International Space Station
	The Swift/Burst Alert Telescope

	Time Series Analysis of X-Ray Lightcurves
	Deconvolution of Irregularly Sampled Time Series
	Periodicities in X-ray photometric monitoring of SS 433

	X-Ray Variation with Precessional and Orbital Phases
	Precession Phase
	Orbital Phase
	Further Discussion

	Spectral Properties
	Final Discussion
	Summary

	Conclusions
	The Slaved Disc Model
	The slaved disc model
	The Lagrangian & equations of motion
	Frequency ordering & mean driven precession
	Linearised equations of motion 

	First-order velocity perturbations

	Bibliography

