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The predicted change in luminosity for an increase in the (Eddington scaled)
mass accretion rate. The luminosity of a neutron star svstem increases
proportionally to the mass accretion rate (as for a thin disc) as the advected
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a black hole system is surprisingly low when advection is important. rising
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Garcia & McClintock, 1997). . . . . . . . . . . . . .
A comparison between the apparent geometries of the low/hard and the
high/soft states of black hole candidates — during the soft state the jet
becomes quenched and the accretion disc is supposed to extend to the last
stable orbit around the black hole (courtesy: R.P. Fender). . . .. ... ..
Energy spectra of the black hole candidate XTE J1748-288 — clearly the
soft disc contribution is present during the high and very high states but
not during the low state (Revnivtsev, Trudolyubov & Borozdin 2000).
Power spectra of the black hole candidate XTE J1550—-561 in the low, the
high and the very high states (Wijnands 2000). . . . ... .. ... ... ..
Lightcurves of GX 339—4 in the low/hard, high/soft and off states at hard
and soft X-ray and radio wavelengths (Corbel et al. 1999) . . . . . .. . ..
Schematic illustrating the dise instability model (see Frank. King & Raine
(1992). and references within). As the mass held by the disc increases the
viscosity also changes. At a critical value of viscosity the disc becomes
unstable to further temperature perturbations — an outburst takes place
on a thermal timescale as the dise jumps to a new stable branch of the
ST curve. A second thermal transition takes place as the dise material is
depleted and limit cvele behaviour continues. . . .. ... oL
Radio lightcurves at 2.0. 3.6 and 13.3 GHz of GRS 1915+105 illustrating
the different tvpes of radio jet — continuous jet (plateau). QPO ejections
and luminous one-off ejections. The evolution of the spectral index (3.6 -
13.3 GHz) and the XTI lightcurve are also shown (Fender et al. 1999).
Schematic showing the spectrum of a typical, simple and homogeneous syn-
chrotron source — N.B. this is not to scale and the cut-offs to the opti-
cally thin spectrum are more gradual than shown here. although take place
within a decade in frequency. The source becomes optically thin to lower
[requencies as distance from the compact object increases (see Fig. 1.11).
Radio and X-ray lightcurves for the soft X-ray transients A0620—-00. GS
1124-68 and GS 2000425 - clearly some degree of correlation is present but
it is not clear exactly how the disc and jet behaviours are related (IKuulkers

etal. 1999). . o o o
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Multiwavelength Variability Of Black Hole
X-ray Binaries In The Low/Hard State
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The hehaviour of black hole X-ray binaries can he classified into five spectral states
which are defined in terms of the X-ray spectral and timing properties of the source.
These states show distinet and observable characteristics and Lransitions from one state
to another often take place.

Perhaps the most interesting of the five is the low/hard state: in this state the X-ray
emission appears to he confined to a Comptonising corona surrounding the black hole,
the optical and infrared emission comes from a cold accretion dise with a large inner disc
radius and a wealk continuous jel is emitted from the central regions of the disc.

In this thesis [ study three black hole candidates whicl show low /hard state hehaviowr
either most of the time (Cvgnus X-1). quasi-periodically (LM X-3) or tntermittently (GS
135164}, Observations were taken at X-ray, radio and optical wavelengths in order to
study the properties of the low /hard state and the relationship between the accretion disc

and the jet.
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Chapter 1

INTRODUCTION

The black hole X-ray binaries Cygnus X-1, LMC X-3 and GS 1354—64 are three very
different and yef very similar systems (see Table 1.1). Cyg X-1 is a high mass X-ray
binary, luminous at both optical and X-ray wavelengths and is a weak, but persistent,
radio source. LMC X-3 is also a high mass X-ray binary, although in this case it is
thought that the black hole is more massive than the stellar companion and it is a much
fainter source; the X-ray spectrum is considerably softer than that of Cyg X-1 and no
radio counterpart has ever been discovered. However, as both are persistently emitting
sources with comparable orbital and long term modulations, one might expect the two
systems to be similar. Of particular relevance to this work is the recent discovery of
quasi-periodic hard state behaviour in LMC X-3 which is indeed more akin to Cyg X-
1. Initially GS 1354—64 appears to be a very different object - it is a faint, low mass,
recurrent X-ray transient but may have had extremely luminous and soft X-ray outbursts
previously. However, the most recent outburst showed surprisingly hard X-ray emission
and can therefore be compared with Cyg X-1.

The three objects are considered individually in Chapters 2-8 with final comparisons
and conclusions summarised in Chapter 9. The remainder of this chapter outlines the
features of typical black hole X-ray binaries, although many of these are not exclusively
relevant to the black hole candidates. Black hole diagnostics are considered first, followed
by a description of the canonical X-ray épectra] states. Finally the various other compo-
nents of these systems are considered — the accretion disc and its corona surrounding the

black hole, the radic jets which are emitted from the centre of the disc and the stellar winds
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Table 1.1: A comparison between the three black hole candidates studied in this thesis.

Cyg X-1 LMC X-3 GS 135464
X-ray source persistent persistent transient
Black Hole Diagnostic Mass estimate Mass estimate X-ray energy/power spectra
Mass of star (Mg) ~17.8 >4 ?
Mass of black hole (M) ~ 10.1 > T ?
Orbital period (days) 5.6 1.7 ?
Super-orbital period (days) | 150 (294 ?) 2007 ?
Distance (kpc) 2.5 40-50 10

which, in the case of a high mass companion star, can lead to important observational

peculiarities. These various components are illustrated in Fig. 1.1.

1.1 Black Hole Candidate Diagnostics

The most convincing method of determining whether or not a black hole is present in an
X-ray binary system is to calculate its mass — if higher than the Oppenheimer—Volkov
{1939) limit, the theoretical maximum mass of a neutron star (i.e. 1.5-3.2 Mg}, then it
can be assumed that the compact object is a black hole.

As long as the stellar companion is bright enough for a radial velocity curve to be

constructed then this is relatively straightforward:

M:(gﬁ)z

’ ', -
Kepler's 3rd law : e 5

(1.1)

where M, and M, are the masses of the star and the X-ray source respectively, «a is
the binary separation and P is the orbital period. If the distance from the two objects to

the system centre of mass are a, and @, then ¢ = a, + a, and M,a, = M a,. Then:

t 3 2
GM; (2_”) o (1.2)
(Ms +M;)2 - \P

The projected orbital velocity observed, i.e. the semi-amplitude of the radial velocity

curve, is K, = V,sinti = 2—’rfé‘-isini. Therefore, as P and K, can be determined from
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Accretion
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(optical / UV /
soft X-ray
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Figure 1.1: Schematic showing the components of a jet-emitting X-ray binary. It is likely
that all three systems studied here are of this form, although the stellar component to GS
135464 would not be as massive as the star shown in the figure and would not emit a

stellar wind (courtesy R.P. Fender).

spectroscopic observations, the mass function can be calculated:

(M,sini)® _ PK3
(M, + M,)? 272G

f(M) = (1.3)

The inclination angle can be constrained depending on the presence or otherwise of
eclipses (upper limit) and by assuming that the rotation of the star is synchronous with
the orbit (lower limit). Additionally, a lower limit to M, can be obtained by assuming
M, = 0 and sin: = 1. A range of possible masses for the stellar companion can be
estimated depending on spectral type and luminosity and so therefore the mass of the
compact object can also be estimated. This has been achieved for an increasing number
of black hole X-ray binaries — see e.g. Charles (1998 and references within) for a list,
currently containing ~8 X-ray transients as well as 3 persistent sources.

Unfortunately, however, it is not always possible to determine the mass of the two
objects. Many of the stellar companions are too faint in quiescence for the orbital period

to be determined - indeed, a number of transient sources may only be detected during
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Figure 1.2: The predicted change in luminosity for an increase in the (Eddington scaled)
mass accretion rate. The luminosity of a neutron star system increases proportionally
to the mass accretion rate (as for a thin disc) as the advected energy is later radiated
from the neuntron star surface. The luminosity of a black hole system is surprisingly low
when advection is important, rising significantly during outburst when advection is less

significant (Naravan, Garcia & McClintock, 1997).

outburst. Therclore other characteristics have been used to distinguish between black hole
and neutron star systems: these supposed signatures of a black hole have since been found
to be unreliable - despite various systems (apparently) classified successfully using these
methods.

From an observer’s point of view. the main difference between a neutron star and a
black hole is the presence or otherwise of a solid surface — one would expect an observable
difference between matter accreting onto a neutron star and matter passing through the
event horizon of a black hole. This is indeed the case — in a number of neutron star
svstems X-ray bursts are detected, when a flux increase of up to an order of magnitude
takes place within about a second, decaying over 10-60 seconds and repeating ou timescales

of hours or days. It is thought that bursts arise when a critical amount of material has
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accreted onto the neutron star, causing a thermonuclear flash and hence X-ray emission.
Unfortunately, while bursting behaviour is an extremely reliable neutron star diagnostic,
an absence of bursts does not rule them out. Bursts are ﬁot observed in all neutron star
systems, particularly for X-ray sources in which the X-ray luminosity is approximately one
third of the Eddington luminosity or more (Van Paradijs 1998). Similarly, the presence
of X-ray pulsations is a recognised neutron star signature but, again, pulsations are not
present in all systems.

Expected signatures of accretion onto a black hole are less well understood. One would
need to show that, as material flows inwards towards the compact object, there is a point
at which the flow becomes radiatively inefficient, its energy passing through the event
horizon. A number of theories have been put forward, most notably the Advection Dom-
inated Accretion Flow (ADAF) models of e.g. Narayan, Mahadevan & Quartaert (1998
and references within, See also Section 1.3). However, again the same problem occurs -
advective flows need not only take place in black hole systems; e.g. Shahbaz et al. (1998)
suggest that one may be present in the X-ray burst source Agl X-1. Observational conse-
quences of advective flows in the two types of system are discussed by Narayan, Garcia &
McClintock (1997) — they show that, assuming energy advected onto the neutron star will
then be radiated away, there should be distinct differences between the luminosity—mass
accretion rate relationship of the two types of system (Fig. 1.2). This is supported by their
observations showing that the (non-ADAF) outbursts of black hole systems are much more
luminous relative to their (ADAF-dominated) quiescent state.

It is not only the X-ray lightcurves which can help distinguish between neutron star and
black hole systems - indeed, the majority of current black hole candidates were initially
classified on their X-ray spectral and timing similarities with Cyg X-1, the classical black
hole candidate. As shown in subsequent chapters, Cyg X-1 was originally observed in
two different ‘states’: a ‘high’ state in which the X-ray spectrum was dominated by an
ultrasoft component but also showed a high energy power law tail, and a ‘low’ state in
which only the power law was present {at all energies) and the lightcurve was dominated
by aperiodic ‘flickering’. More recently it has been shown that rapid X-ray variability, the
ultrasoft component and the hard power law tails are not exclusively found in the black
hole candidates — however it is possible that black hole candidates are the only systems in
which the power law can still dominate at high luminosities. Further details of the spectral

and temporal properties of X-ray binaries in the various spectral states can be found in
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Magnetic collimation
affecting accretion flow ?

X-ray high/
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Figure 1.3: A comparison between the apparent geometries of the low/hard and the
high/soft states of black hole candidates — during the soft state the jet becomes quenched
and the accretion disc is supposed to extend to the last stable orbit around the black hole

(courtesy: R.P. Fender).

the next section.

1.2 X-ray States

The different X-ray spectral states of black hole candidates were originally noticed in
the 1970°s when Cyg X-1 was found at either a ‘high’ or ‘low’ soft X-ray luminosity,
accompanied by different spectral behaviour. An ‘off” and a ‘very high’ state were added
later in order to describe the behaviour of newly discovered black hole candidates (GX
339—4 and GS 112468, Tanaka & Lewin (1995) and references within). This rather vague
classification was in use for about twenty years before a unified system of spectral and
temporal properties, based loosely on the mass accretion rate, was devised (Van der Klis
1994, 1995). There are now five spectral states, with the ‘intermediate’ state apparently
some hybrid between the low and the high states. A schematic showing the geometry of

the low/hard and high/soft states, predicted from X-ray spectral properties, can be seen
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Figure 1.4: Energy spectra of the black hole candidate XTE J1748—288 ~ clearly the soft
disc contribution is present during the high and very high states but not during the low

state (Revnivtsev, Trudolyubov & Borozdin 2000).

in Fig. 1.3 - the radio behaviour is also shown (see below for description). Lightcurves
and typical energy and power spectra for the various states can be seen in Figs. 1.4, 1.5
and 1.6 and explained below.

The low/hard state is perhaps the most well-studied, mainly on account of it being
the state in which Cyg X-1 is usually found. The X-ray energy spectrum shows a power
law, with no obvious soft blackbody contribution from the accretion disc. Therefore it
is thought that the disc is truncated at a large inner radius at which point the gas flow
becomes advection-dominated {e.g. Esin et al. 1998). The power law emission is thought
to be produced by the Compton upscattering of low energy {ultraviolet, optical) seed
photons (originating in the disc or ADAF7?} by a corona surrounding the compact object
{e.g. Shapiro, Lightman & Eardley 1976). Power spectra of black hole candidates in
the low/hard state typically show a flat power law (P « v77, 4 ~ 0-0.3) below the
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break frequency (~ 0.04-0.4 Hz): above the break frequency the power law steepens to
v =1- 1.7, gradually steepening further to vy = 1.5 — 2 around > 10 Hz with ‘bumps’ or
‘shoulders™ on the way. The overall shape is approximately that of a Lorentzian centred
on v = 0, although a QPO may also be present (Van der Klis 1995). The off state may
well be a faint low/hard state as the X-ray properties are similar.

When a source enters the high/soft state. possibly via the intermediate state during the
transition. the disc contribution increases significantly until the power law tail steepens
and is only apparent at high energies. It is thought that on entering the soft state, the
inner radius of the disc decreases to the last stable orbit around the black hole and that
the ADAT is restricted to the much smaller and cooler Comptonising corona - hence the
dramatic hard and soft X-ray anti-correlation during the soft state (e.g. GX 339—1 -
see IMig. 1.6). The power spectrum during the soft state simply shows a power law (4 ~
1) and a lower noise amplitude than that of the low state. It should be noted. however.,
that the observed lags between soft and hard X-rays are comparable when in the low and

high states but increase significantly during the transition - as the lag time is thought to
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Figure 1.5: Power spectra of the black hole candidate XTLE J1550—-56- in the low. the

high and the verv high states (Wijnands 2000).
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Figure 1.6: Lightcurves of GX 339—1 in the low/hard. high/soft and off states at hard

and soft X-ray and radio wavelengths (Corbel et al. 1999)

represent the crossing time of the corona, it appears that some part of the theory may be
incorrect (Pottschmidt et al. 2000).

While the X-ray energy spectrum of the very high state is comparable with that of the
high state, but with considerably higher luminosity. the power spectrum differs greatly.
Only five systems (GX 339—4 and four 5SXTs) have been observed in this state. but the
very high state power spectra appear to be characterised by a noise amplitude part way
between that of the low and high states and a QPO at significantly higher frequencies
than those of the low/hard state.

Until recently, these spectral states were only considered to be properties of the X-ray
emission — however, it appears that the radio behaviour of black hole X-ray binaries can be
clagsified into the same five states. If we assume that the radio emission from X-ray binaries
is from a synchrotron-emitting jet originating at the centre of the accretion disc (see Section
1.4). then it can be shown that a weak jet is present during the low and off states but

that it is quenched during the high state. The jet’s behaviour during the intermediate
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state is currently undetermined — there are suggestions that it may be quenched (e.g.
Corbel et al. 2000) but also that plasmon ejections take place during hard/soft state
transitions and so this may occur as the system passes through the intermediate state
{note that radio emission may still be observed during the high state due to plasmons
ejected during the transitions). Relativistic plasmon ejections may also take place during
the very high state, although distinguishing between the very high and intermediate states
is non-straightforward (Homan et al. 2000). Radio jets are summarised further in Section

1.4 and observations presented in subsequent chapters.

1.3  Accretion Discs

All three X-ray binaries studied here show evidence for an accretion disc surrounding the
compact object (see Chapters 2, 5 and 8}, While this is generally expected in a low mass
system in which accretion takes place via Roche lobe overflow, it may be surprising in the
case of a high mass wind-emitting system such as Cyg X-1 (although the wind has sufficient
angular momentum that we may expect a small disc to form). As mentioned further in
Chapters 2, 3 and 4, it is thought that the gravitational field of the black hole attracts

the wind and focusses it towards the L1 point, resulting in quasi-Roche lobe overflow.

Aceretion onto Black Holes

Simple considerations of fluild dynamics and conservation of mass, energy and angular
momentum can lead to a set of equations from which we can determine (or at least
parametrise) properties of the disc - these include surface density. viscosity and the vertical
thickness of the disc at different radii from the compact object (see e.g. Frank, King &
Raine {(1992) for further details).

Chen et al. (1995) and Narayan, Mahadevan & Quataert (1998) show that four different
solutions can be obtained from these equations when considering accretion onto a black

hole:

e Thin disc model of Shakura & Sunyaev (1973} — the accreting gas forms an opti-
cally thick, geometrically thin disc around the compact object and an approximately
blackbody spectrum should be obsérved locally. This is the classic disc solution and
has been used to describe the discs of cataclysmic variables, including during out-
bursts (see below); in the case of neutron stars and black holes it is less appropriate

dune to the additional irradiation ‘puffing up’ the disc.
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o Two-temperature disc model of Shapiro, Lightman & Bardlev (1976) (and subse-
quently Mitsuda et al. 1984, Makishima et al. 1986) - in this optically thick gas
flow the ions have a much greater temperature than the electrons. The solution
has a much hotter inner disc, as a result of which a central corona is thought to
be present. This corona is thus able to produce the observed power law spectrum
of the hard X-rays and <-rays by inverse Compton scattering soft disc photons —
a two-temperature disc plus spherical corona model has been successful recently in
describing observations of the black hole candidates Cvg X-1 and GX 339— (Nowak

et al. 1999. Wilms et al. 1999, and references within).

e Optically thick ADAT -if the accretion rate is super-Eddington then the large optical
depth of the flow is able to trap most of the radiation, advecting it into the black

hole (e.g. Abramowicz et al. 1988).

o Optically thin ADAF - in the case of a low. sub-Eddington mass accretion rate the
inflowing gas has a very low density and canunot radiate and cool efficiently. This
stored thermal energy is therefore again advected into the black hole. This model

also requires a two-temperature plasma (e.g. Naravan & Yi 1994).

Various combinations of these ADAF solutions have been suggested for the spectral
states outlined above. depending on the value of A7, relative to the Eddington limit. Esin
et al. (1998) find that the critical value is AT ~ 0.08: therefore it would scem that the low
and quiescent states are the result of an optically thin ADAF, the other three states an
optically thick ADAI.

It should be noted. that ADAF solutions for accretion onto black holes are very much
a theory, and a controversial one at that. The recent time lag observations of Pottschmidt
et al. {2000) coutradict current models for the corona and show that white the postulated
ADAF+corona fits the spectral observations, we may not vet have the system geometry
determined. However, it is certainly the case that material flows through the accretion
disc. radiating at various wavelengths until it reaches the inner regions around the black
hole. There it becomes a very inefficient radiator of light, but the mechanisms by which

it switches from efficient to inefficient are not well understood.

Disc Instability Model

It is well-known that accretion does not always continue in a smooth steady state and that

outbursts are observed in many (all?) X-ray binaries; in many cases we owe the discovery
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of the systems to the occurence of outbursts. These can take place on a timescale of
weeks for dwarf novae and decades for the case of soft X-ray transients. The outbursts are
thought to be due, not to a variable mass accretion rate, but to a build up of material in
the disc — when a critical value of surface density is reached the disc is emptied rapidly.
Ising the thin disc approximation (see Frank. King & Raine (1992), and references
within) and assuniing a slowly rotating non-magnetic star in a steady state. the solution

for an accretion disc surrounding it is:

M RN\/?
vy = 3;(1 - <?> > (1.4)

where v = viscosity, ¥ = surface density, I, is the stellar radius and R is the radius
from the star.

There seem to be two timescales which are important to the stability of an accretion
disc: viscous - the slow build up of material in the disc. prior to its reaching the critical
values of viscosity necessary for an outburst, and thermal — if the disc becomes unstable
to temperatare perturbations then a rapid thermal runaway takes place. Whether or not
the dise is stable depends on the value of ‘5—5%, where = v¥  for the disc to be stable to
temperature perturbations the gradient of a log y¢ vs. log ¥ graph must be positive (Iig. 1.7
shows the characteristic *S™ curve shape of this graph). I the disc is optically thick then

i ox Y700 optically thin then g x ¥. Thus in both cases the disc is viscously stable

because ‘:g > 0. However. at the transition between optically thick and thin. g x X 72/7
and so the disc becomes unstable.

At very large radii g = -}—7[, = ps. I py is on a stable branch of the *S™ curve and
it # i1, then the disc will evolve i — 15 on a viscous timescale and approach stability.
If s is on an unstable branch and pu # g then the disc will evolve away from y, on a
thermal timescale and enter an outburst. Thus the disc undergoes limit cycle behaviour
- see Fig. 1.7.

While this model was developed initially for the outbursts of dwarf novae it is thought
that it is also applicable to the outbursts of soft X-ray transients and also transients such
as (S 1354—64 which remained in the hard state throughout its most recent outburst (see

Chapter ).
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A-B: Slow build up of mass in the disc on a viscous timescale

B-C: Critical disc mass reached. Disc makes transition to hot state on a thermal timescale = outburst

C-D: Mass drains onto central cbject on a slow viscous timescale

D-A: Transition back to cool, low viscosity state on a thermal timescale = return to quiescence

Figure 1.7: Schematic illust}ating the disc instability model (see Frank, King & Raine

(1992), and references within). As the mass held by the disc increases the viscosity also

changes. At a critical value of viscosity the disc becomes unstable to further temperature

perturbations — an outburst takes place on a thermal timescale as the disc jumps to a

new stable branch of the ‘S’ curve. A second thermal transition takes place as the disc

material is depleted and limit cycle behaviour continues.
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Disc Precession

Long-term variations have now been discovered in various X-rayv binaries such as SS 133
(e.g. Abell & Margon 1979), Her X-1 (Tananbaum et al. 1972) and LMC X-4 (Heemskerk
& Van Paradijs 1989) and interpreted as the precession period of the accretion disc in
each svstem. It is still not understood exactly how this takes place. although there are a
number of suggestions assuming very different mechanisms.

Models of rigid disc precession induced by the gravitational pull of the companion star
were suggested by e.g. Gerend & Boynton (1976) for Her X-1 and Leibowitz (1984) for
SS 433. They all show that a tilted disc will precess about its central star — however,
while these models could reproduce the observations, they were not able to indicate how
the disc could become tilted. This was resolved by Papaloizou & Terquem (1995) who
showed that tidal forces exerted by the companion star could also tilt the disc. as long as
the sound-crossing time of the disc was small compared with the precession period. Their
work is confirmed by Larwood {1998) who shiows that the ratio of precessional to orbital
periods of Her X-1, SS 433, SMC X-1 and LMC X-4 are consistent (i.e. > 10} with such
a model. but that of Cvg X-2 is not.

Alternativelv. Pringle (1996) showed that the central X-ray source will illuminate the
disc in such a way that a radiative force will be exerted. creating a warp which causes the
disc to precess. Wijers & Pringle (1998) further argue that the tilted dise models do not
explain how the disc can precess as a whole, when the precession rate is a strong function
of radius, or how the disc avoids sinking back into the plane of the orbit on a viscous
timescale. Thev show in addition that. unlike a tidally precessing disc. the radiative warp
mechanism allows for prograde precession — as seems to be the case in e.g. Cvg X-2. if a
precessing disc is indeed the origin of its long period.

A third possible mechanism by which a disc can precess is the torque exerted by a
wind-emitting disc (e.g. Schandl & Mever 1991). As the coronal wind leaves the disc
it exerts repulsive forces. sufficient to twist and/or tilt the disc. Thus irradiation by the
X-ray source and the subsequent driving of the wind is asymmetric around the disc leading
to a self-perpetuating periodicity.

Further theoretical investigation by Ogilvie & Dubus (2000) suggests that the long
periods of X-ray binaries are not necessarily all produced by the same mechanism. Indeed,
they show that radiative warps can only produce a steadily precessing dise for a narrow

range of parameters — it appears that Her X-1, S5 433 aund LMC X-t are close to the
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stability limit; SMC X-1, Cyg X-2 and Cen X-3 are far from the stability limit and so any
precession is likely to be chaotic or quasi-periodic. They further suggest that Cyg X-1,
LMC X-3 and Sco X-1 are unlikely to show periodic precession — indeed the long periods
seen in these systems may be due to precession only partially, if at all. This is investigated

further in Chapters 4 and 6.

1.4 Radio jets

As mentioned above, the low/hard (and quiescent?) state of X-ray binaries is associated
with the ejection of a radio-emitting jet from the central regions of the accretion disc
surrounding the compact object. During the high/soft (and intermediate?) state the
jet becomes quenched, although it is possible that radio emission is still observed from
previously ejected material. Finally, the characteristics of the radio emission during the
very high state are currently undetermined - ejections of radio-bright plasmons have been
suggested but these may be the result of the state transition rather than the state itself.

Regardless of the type of ejection (i.e. a weak continuous jet, as in GX 339—4; very
luminous plasmons, as in Cyg X-3; quasi-periodic smaller plasmons, as in GRS 1915+4105;
see Fig. 1.8) the subsequent radio emission is non-thermal and shows a synchrotron spec-
trum:

For a Maxwellian distribution of electrons with energy E:
N(E)E = NgE~PdE (1.5)
Then the source flux density, S is a power law function of frequency:
Sy x vt (1.6)

where p=1 — 2« and o is known as the spectral index.
For an optically thin synchrotron source a spectral index of typically —1 is expected,
assuming that the source is simple and homogeneous (note that this is not the case for
collimated jets in which an optical depth gradient is present). A steepening of the spec-
trum, due to energy losses from the spirdling electrons and from the inverse Compton
effect, will be observed at high frequencies. A sharper turnover will also take place at the
lower end of the frequency range, typically producing a steeper, optically thick spectrum
due to synchrotron self-absorption by the jet itself; this self-absorbed part of the spectrum

will have a spectral index of +2.5, steeper than a black body as the electrons radiate
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Figure 1.8: Radio lightcurves at 2.0, 3.6 and 13.3 GHz of GRS 19154105 illustrating the
different types of radio jet — continuous jet (plateaun), QPO ejections and luminous one-off
ejections. The evolution of the spectral index {3.6 ~ 13.3 GHz) and the XTE lightcurve

are also shown (Fender et al. 1999).

at different frequencies and hence have different effective temperatures. Possible further
reduction of emission at low frequencies may take place due to absorption by an interven-
ing thermal plasma and/or the Tzsytovich-Razin effect, in which below a certain cut-off
frequency the refractive index of an intervening thermal plasma is <1 and the emission is
suppressed.

The plasmon ejections seen during e.g. state transitions and outbursts tend to be
optically thick, becoming optically thin to progressively longer wavelengths as the plasmon
expands - in this type of ejection the Van der Laan (1966) model works reasonably well. In
the case of a continuous jet the Van der Laan ‘bubble’ model breaks down; the continuous

jets of X-ray binaries in the hard state are optically thick and partially self-absorbed,
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Figure 1.9: Schematic showing the spectrum of a typical, simple and homogeneous syn-
chrotron source — N.B. this is not to scale and the cut-offs to the optically thin spectrum
are more gradual than shown here, although take place within a decade in frequency. The
source becomes optically thin to lower frequencies as distance from the compact object

increases (see Fig. 1.11}.

showing a characteristic ‘flat’ spectrum (a ~ 0).

The Flat Spectrum

The flat spectrum continuous jet is increasingly becoming a reliable characteristic of black
hole candidates in the low/hard state; it is also seen in Z-sources (horizontal branch; see
Van der Klis (1995) for definition of Z-source spectral states) with sufficiently similar
properties for there to be no distinct way of distinguishing between black hole candidate
and Z-source on the basis of their radio emission. However it appears that the Z-sources
are much more variable in their radio emission than the black hole candidates (Fender,
private communication). Conversely, atoll sources are sometimes detected in the radio
but generally only during transient outbursts (e.g. Aql. X-1) and during times of very
high mass accretion rate (e.g. GX 13+1); X-ray pulsars have never been detected at radio
wavelengths, perhaps due to the inferred high magnetic fields and/or very large ( 1000 km)
inner disc radius.

While the origin of the flat spectrum is not well-understood it is thought to be the effect



1.4 Radio jets 18

of partial self-absorption in the core. This was modelled by Blandford & Kénigl (1979)
who predicted that for a ‘simple isothermal’ conical jet the optical depth to synchrotron
self-absorption will depend on the frequency and the distance from the compact object ~
i.e, the distance from the compact object of an emission site will be r oc v~1. Therefore
the observed flux density Su;s &< #2r?T is independent of frequency and so a flat spectrum
is expected for a continuous jet.

The implications of this flat spectrum are extremely significant — for a jet with a flat

spectrum out to vpign the luminosity is Ljer o< 1455, Thus the power of the jet is:

IDjet ~ Vhi_ghSun—lF(Fr "’) (17)

where 7 is the radiative efficiency and F(T',{) is a correction factor for relativistic bulk
motion (e.g. Fender 2000). Thus assuming that (i) the flat spectrum extends to the
near-infrared (as seen in e.g. GRS 19154105, Cyg X-1), (ii} the radiative efficiency of
the jet is < 5% (based on observations and theory) and (iii) relativistic beaming of the
radio emission is negligible, then the power required by the jets of X-ray binaries in the
low/hard state is > 5% of the total accretion luminosity of the X-ray source (e.g. for Cyg
X-1 Pjey ~ 103 erg/s, compared with an obstrved X-ray luminosity of ~ 3 x 1037 erg/s.
This is not accounted for in current X-ray models. Furthermore, Fender (2000} also shows
that considerations of the bulk relativistic motions indicate that this is fairly likely to be

an underestimate.

The Disc / Jet / Corona Coupling

Various theories of producing, accelerating and cbllimating the jets have been suggested,
the most well-known being the ‘bead-on-a-wire’ magnetohydrodynamical model of Bland-
ford & Payne (1982); this invokes plasma passing along magnetic field lines, which are
frozen in to the accretion disc. If the angle between the field line and the disc is less than
60° then the plasma will be accelerated away by centrifugal forces. Collimation can then
be achieved by the poloidal component of the magnetic field (Koide et al. 1998).

There are many other theories and all require the presence of an accretion disc — what-
ever the jet origin, from both theory and observations, it appears that the accretion disc
is essential for jet production (see e.g. Falcke & Biermann, 1996 and references within).
However, simultaneous X-ray and radio observations have shown that there is no simple

connection between the two - clearly some complex coupling between the disc, the Comp-
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Figure 1.10: Radio and X-ray lightcurves for the soft X-ray transients A0620-00, GS
1124—-68 and GS 2000425 - clearly some degree of correlation is present but it is not clear

exactly how the disc and jet behaviours are related (Kuulkers et al. 1999).

tonising corona and the jet is a common feature of X-ray binaries in the low/hard state.
It would need to explain the observed, apparently self-contradictory, behaviour such as

(loosely) correlated soft X-ray transient outbursts (Fig. 1.10), the proposed disappearance
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(Mirabel & Rodriguez 1999).

of part of the inner disc into the black hole prior to ejections in the case of GRS 19154105
(Fig. 1.11) and the anti-correlated soft state behaviour (Fig. 1.6).

Correlated events between various wavelength regimes have occurred in many X-ray
binaries, including GRO J1655-40 (Tavani et al. 1996), Cyg X-3 {McCollough et al. 1998)
and V404 Cyg (Han & Hjellming 1992). The anti-correlated soft state behaviour has al-
ready been emphasised above. However, perhaps the most dramatic example of correlated
X-ray/radio emission can be found in GRS 19154105 during the periods of quasi-periodic
oscillations shown in Fig. 1.8. One of these oscillations is shown in greater detail in
Fig. 1.11 and it is clear to see that a synchrotron ejection takes place simultaneously with
X-ray dips, emitting first at infrared wavelengths and then in the radio. It was proposed
that some of the inner parts of the accretion disc fall into the black hole, causing the
X-ray dips, followed by the immediate ejection of material in the jet (e.g. Mirabel et al.

1998). As seen above, the power required for the flat synchrotron spectrum in the infrared
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is highly significant. GRS 19154105 is also well-known for its radio plateau states which

coincide with hard X-ray outbursts (Fender et al. 1999).

Polarisation

Although the polarisation of X-ray binaries tends to be weak and therefore poorly studied
and/or understood, important information can be obtained from the presence or otherwise
of polarised radio emission.

In a synchrotron source electrons are accelerated in a spiral around magnetic field lines
by the Lorentz V x B force, emitting beamed radiation. This radiation is therefore linearly
polarised at a position angle orthogonal to the magnetic field. Thus detection of linear
polarisation from an X-ray binary can determine the orientation of the jet.

Circular polarisation can also be observed in jet sources, either produced (i) intrinsically
by the synchrotron mechanism or (ii) by the passage of linearly polarised radiation through
plasma with elliptical propagation modes (Kennett & Melrose 1998). Recent work by
Fender et al. (2000a), in which circular polarisation was discovered in SS 433, showed
that theoretically it should be possible to distinguish between these two origins from their
spectra. The circular polarisation spectrum should be m. & v~1/2 in the first case and
me o« v~ (or oc v~3 if highly relativistic plasma) in the second; m. is the fractional
circular polarisation (= Stokes|V|/I).

Determination of the composition (i.e. e~et or e”p*} of the jet should also be possible,
given an estimate of the Lorentz factor, v (= (1 ~ {£)%)7"/?) - this can be determined
from the circular polarisation spectrum. Wardle et al. (1998) concluded that for the low
value of v for the source 3C 279, if each electron were accompanied by a proton then
considerably more kinetic energy would be required to power the jet than that observed
to be dissipated at the head of the jet — therefore e~¢e* pairs were deemed more likely.
While a similar method could potentially be used to determine the composition of jets in
X-ray binaries, it should be noted that in most Galactic jet sources there is no observed

hotspot and hence no way of estimating the amount of power dissipated in the ISM.

1.5 Stellar Winds

Low mass stars, such as the Sun, are thought to contain a convection zone whose motions
heat a surrounding corona. (as pressure within the corona is sufficient to overcome the

gravitational forces of the star and to drive a cool wind (e.g. the solar wind has a velocity
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of ~ 400 km/s and a mass loss rate of ~ 10713M;, /yr.). High mass stars also emit winds
(typically with velocity of ~ 10* km/s and mass loss rate of ~ 1034l /yr.) but in this
case it is via a very different mechanism. With surface temperatures of 10*-10° I, they are
thought to lack the outer convection zone and, hence, the coronal heating and subsequent
high gas pressure required to overcome their gravitational forces. Instead these hot stars
have sufficiently high surface temperatures (and therefore radiative fluxes) for radiation
pressure to drive the wind.

While hot stars with strong stellar winds can have their luminosity-mass ratio very
close to the Eddington limit, only the outer atmosphere contributes to the outflow from
the stable and gravitationally bound star. Due to the small forces produced, it is perhaps
surprising that the mechanisin by which this takes place is ‘line-scattering’, so called
because a bound electron will scatter photons of just the right energy to oscillate between
two discrete energy levels, resulting in narrow lines in the star’s energy spectrum.

However, line scattering has a resonant nature as a result of the oscillations between the
two energy levels and hence amplification is important. The amplification can theoretically
be sufficient to drive material outwards with an acceleration 10% times the gravitational
acceleration. This does not happen in practice as significant self-absorption takes place,
saturating the lines. This keeps the line-force smaller than the gravitational force, allowing
the inner atmosphere to remain bound. To counter-balance this, in the outward-moving
part of the upper atmosphere the Doppler effect red-shifts local line resonances and this
has the effect of desaturating the lines, thus covering a broader range of the spectrum.
Hence, a feedback system is established with the line-force becoming great enough to
overcome gravity and accelerate the outflow which had been required in order to create
the force in the first place. A more detailed, quantitative account of mechanisms behind
radiatively driven stellar winds is beyond the scope of this thesis but can be found in the
definitive paper Castor, Abbott & Klein (1975) or the more recent book by Lamers &
Cassinelli (1999).

The presence of a radiatively driven stellar wind will be shown in optical and UV spectra
in the form of a P Cygni profile, named after the first star in which it was observed. As
the optically thick wind column advances towards the observer it absorbs/scatters light
emitted by the star and is blue-shifted. The velocity of the blue wing of the resulting
absorption line gives the final wind velocity (v ).

At the same time, wind material from the edge of the absorption column can scatter
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Figure 1.12: Schematic showing the formation of a P Cygni profile.

radiation towards the observer, resulting in an emission line. Because one hemisphere
is approaching and one receding, this emission can be blue- or red-shifted resulting in a
symmetric profile about v = 0. This superimposition of emission line and blue-shifted
absorption trough is known as a P Cygni profile and can been seen in a schematic in
Fig. 1.12.

If the wind emitting star is part of a binary system, however, different characteristics

may be expected. Most of the wind passing within a radius r,.. will be accreted, where

GM s

Pace = —5— Urel = Ufy + v? (18)
rel
and the mass accretion rate M is
M ~ ﬂ-rzchw (1 9)
: Qa? )

where M,, is the mass loss due to the wind, § is the solid angle of the wind emission

and a is the binary separation.
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This simplified approach still does not take into account any effect that the secondary
has on the wind. If the secondary is an X-ray source, as obviously the case for X-ray bina-
ries, then X-ray heating of the wind should take place, changing the ionisation and hence
the accelerative properties of the wind, This ‘Hatchett-McCray’ (Hatchett & McCray
1977) effect is mentioned in more detail in Chapter 3.

If the secondary is a black hole then its gravitational field should also be considered
~ indeed in the case of Cyg X-1 it appears that the wind is focussed towards the L1
point of the binary system, thus the black hole accretes wind material via a quasi-Roche
lobe overflow mechanism. This has been modelled by Friend & Castor (1982) who adopt
the wind momentum equation of Castor, Abbott & Klein (1975); the wind velocity is

considered to obey a simple power law:

vwzvco[l— % (1.10)

where v, is the terminal velocity of the wind, E* is the radius of the optical star, R is
the distance from the centre of the star and « is a (constant) power law index. The original
model was adapted to include the effects of gravity and continuum radiation pressure of
the compact object and the centrifugal force due to orbital motion. By applying this
new model to five different high mass X-ray binary systems (including Cyg X-1), Friend
& Castor (1982) found that in a binary system non-sphericity of the wind is extremely
important, resulting in enhanced emission produced between the two stars — this is indeed
observed in e.g. Cyg X-1, and investigated in Chapters 3 and 4. It also appears that in
systems for which the star has a greater Roche lobe fill-out factor, this focussing effect is

more acute.



Chapter 2

INTRODUCTION TO CYGNUS XN-1

2.1 Historical Background

Cygnus X-1 is probably the best known of the black hole X-ray binaries on account of its
providing the first observational evidence for black holes. [t was discovered by Bowver
et al. (1965) during two Aerobee rocket surveys in which eight new X-ray sources were
detected, including Cyg X-2.

Webster & Murdin (1972) and Bolton (1972) independently identified the X-ray source
Cyg X-1 with the 9th magnitude supergiant HDE 226868 (spectral type O9.7 lab)  sub-
sequent radial velocity measurements resulted in a mass function of 0.12-0.16. suggestive
of a compact object more massive than 3 M. . the generally accepted maximum mass of
a neutron star (see Fig. 2.1). The values of the masses of the two components have been
refined a number of times, most recently by Herrero et al. (1995) giving 17.8 M [or the
supergiant companion star and 10.1 M;, for the black hole.

The radio counterpart to the system was also discovered in April and October 1971.
Braes & Miley (1971) and Wade & Hjellming (1972) found a source with flux density
~ 15-20 mJy in the X-ray error box - interestingly there had been no radio source above
5 mJy in February 1971 (Braes & Miley 1971). It was later shown by Tananbaum et al.
(1972a) and Hjellming (1973) that an anti-correlated X-ray/radio state change (soft —
hard) had taken place in March/April 1971. Tananbaum et al. (1972a) also noticed that
a significant hardening of the X-ray spectrum (1-100 keV) had taken place at the time of
transition.

No further changes were reported until May 1975 when a new X-ray outburst was
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Figure 2.1: The radial velocity curve of Webster & Murdin (1972) which suggested the
black hole nature of Cyg X-1. Orbital phase is on the horizontal axis, radial velocity

(km/s) on the vertical axis.

observed by the All Sky Monitor on-board Ariel — V', the flux rising by 260% (Holt et
al. 1975) — at the time it was attributed to another transition to the ‘soft state’ although
current definitions of ‘soft state’ would not include this 1975 event. Optical photometry
showed that while there was no overall change to the shape of the lightcurve (Lyuty
1985), rapid flares of up to ~ 0.1 magnitudes took place on a timescale of minutes (Natali,
Fabrianesi & Messi 1978); an increase in colour B — V was also seen. The flickering
behaviour was dampened when the X-ray sowrce returned to the low state. A radio
outburst also took place, the flux reaching a maximum of 45 mJy at 8 GHz which has
never been achieved since (Hjellming, Gibson & Owen 1975). This seemed a different
type of outburst from previously, despite the X-ray softening — this time the soft X-rays
and the radio were correlated. Observations of the downwards transition showed that the
whole outburst had lasted only ~ 30 days (Eyles et al. 1975) and was more like a soft
X-ray transient event than true state change, probably similar to the event seen in 1998
and described in Chapter 4.

Another increase in the soft X-rays, accompanied by spectral softening was observed in
1975 by C'opernicus; simultaneous optical monitoring showed that the normally sinusoidal
B band lightcurve changed shape at the time of the outburst (Walker et al. 1976). No
radio observations were reported. However there were radio observations taken in February
1976, when another anti-correlated soft X-ray/radio transition from soft to hard state was
observed (Braes & Miley 1976).

The next twenty years were relatively quiet with no reports of major outburst or state
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Figure 2.2: RXTE/ASM, CGRO/BATSE and VLA data from the 1996 state change of
Cyg X-1 - the hard and soft X-rays are clearly anti-correlated with each other and the
radio data appears to follow the behaviour of the hard X-rays, with a flare just after the

transition (from Zhang et al. 1997).
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transitions, although it is probable that some small correlated flares took place - e.g. the
1980 ‘high state’ reported by Ogawura et al. (1982) which was probably a pair of small
outbursts accompanied by spectral softening. It should be noted that all ‘transitions’ up
to this point were observed prior to the state classification of Van der Klis (1995) and so
the ‘hard’ and ‘soft’ definitions may be slightly different.

Finally in March 1996 a transition to the soft state took place; this was the first state
change for which full X-ray monitoring at low and high energies was available throughout
both upwards and downwards transitions. VLA radio data was obtained during the down-
wards transition (Zhang et al. 1997, see Fig. 2.2) and showed the expected anti-correlation
with the soft X-rays; a small flare following the return to the hard state was also observed.
Optical photometry during this period showed that the V' band flux remained constant
throughout, although small increases in magnitude for the B and to a greater extent the
U band were observed (Voloshina et al. 1997). Additional correlated flaring events have
been observed since then and are discussed in Chapter 4.

During the past twenty five years Cyg X-1 has been responsible for a huge contribution
to the literature, both in its own right and as a comparison for other potential black
hole candidates. Most of this research has investigated its X-ray properties, its various
periodicities (including many revisions of the orbital ephemeris) and the peculiar nature

of the two optical emission lines. These are discussed further in the next few sections.

2.2 Ultra-violet, Optical and Infrared Properties

Photometry

The optical counterpart to Cyg X-1 has been observed regularly since the early 1970’s.
Walker & Quintanilla {1974, 1978) and Lyuty, Sunyaev & Cherepashchuk (1973, 1974)
reported the ellipsoidal orbital variability due to tidal distortion of the star by the grav-
itational field of the compact object. They further determined system parameters which
are consistent with those obtained from spectroscopic observations (see below).

However, the mean orbital lightcurve is not simply a double-peaked sine wave. Lester
et al. (1976 and references within) found that there is a significant amount of scatter,
suggesting that intrinsic variability of the sugergiant or variable obscuration by a gas
stream is present. In addition to this, the minimum at phase 0.5 (inferior conjunction
of the X-ray source) is deeper than that at phase 0.0 and both minima are too bright to

be accounted for purely by the luminosity difference between the star and accretion disc.
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Phase dependent colour variations and luminosity differences between the two maxima
were also reported. Lyuty (1985) and Voloshina & Lyvuty (1995) further investigate the
additional radiation seen at phase zero for some, but not all, orbits. Thev suggest that this
was caused by the interaction of a wind [rom the accretion disc and the magnetosphere of
HDE 226868. Relativistic electrons in the wind then lose energy to synchrotron radiation
which can be seen as a narrow peak at phase zero.

The most detailed theoretical model of the Cyg X-1 ellipsoidal variability has been
presented by Balog, Goncharskii & Cherepashchuk (1981) and takes ellipsoidality, irradi-
ation by the X-ray source and Roche lobe filling factor into account. Parameters obtained
with this model were generallv in agreemeut with previous attempts but to a higher ac-
curacy. The data deviated from the theoretical curves slightly at phase 0.5, prompting
the suggestion of partial eclipses by the accretion disc. This is not in agreement with
the spectroscopy and would appear unlikely — given the wind accretion mechanism of the
system. ('vg N-1 would be expected to have too small a disc to partially eclipse the star.
However, as the hard state requires the disc to have a large inner disc radius to explain
the strong disc:jet connection (see Chapter 4) further investigation is important. Note
that in a larger sample of data there is evidence for a slight excess, rather than an eclipse.
possibly due to the stellar wind or accretion stream (Brocksopp et al. 1998 and Chapter
3). The model also finds that a Roche lobe filling factor of 0.9 makes a better fit to the
data than 1.0 - they note that the observed accretion phenomena are still consistent with
such a filling factor.

Infrared observations of the orbital modulation are less common but Leahy & Ananth
{1992) found that a double-peaked ellipsoidal variability was also present. with an ampli-
tude significantly greater than that in the optical - however. the two datasets were not
simultaneous and Nadzhip et al. (1996) later obtained infrared data showing amplitudes
only marginally greater than those in the optical. The infrared amplitudes are sufficiently
high to suggest a Roche lobe filling factor of 1.0 ~ this effect was assumed to be due to
the greater opacity of the stellar wind in the infrared than the optical.

Perhaps surprisingly, give the high luminosity of the supergiant, photometry of Cvg X-1
has also revealed the presence of an accretion disc. A disc is required to be a component of
the binary svstem in order to fit the X-ray properties, the possible disc precession period
and the reported ‘flickering” of the optical lightcurve (e.g. Khaliullin 1975). Bruevich et al.

(1978) create a geometric model which incorporates reflection of the stellar emission from
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Figure 2.3: Thirty vears® worth of U7, B and V band photometry and X-ray data. The two

‘states’ spanning the vears 1970-1985 and 1985-2000 can be seen clearly in the {7 band

but not in the 17 band or the X-rays (Lyuty et al. 2000, in prep.).
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the disc. This shows that the disc can actually contribute ~ 2% (a more recent estimate
is ~ 4%, Lyuty, private communication) to the total optical luminosity. A further 4% of
the X-ray luminosity can be reprocessed as optical light from the disc and this can be
estimated to contribute ~ 0.4% of the total optical luminosity (after Balog. GGoncharskii
& Cherepashehuk 1981). Study of the infrared photometry by Beall et al. (1984) does not
reveal the presence of an accretion disc, suggesting that all infrared emisison is from the
supergiant.

A recent study by Lyuty et al. (2000, in prep.) looks at the long term lightcurve of the
optical photometry. The U7 band clearly shows two distinct ‘states’ — data from 1970 to
1985 are ~ 0.1 magnitudes fainter than between 1985 and 2000. The B band data shows
similar behaviour to a lesser extent and the V" band does not appear to show it at all. The

three photometric bands are plotted with X-ray data in Fig. 2.3.

Spectroscopy

The spectrum of Clyg X-1 is that of a typical O9 supergiant with emission components at
Ha and He 11 A686, both of which are superimposed onto absorption lines (see IMig. 2.4).
Whilst there are many papers in the literature investigating the optical spectroscopy of
Cvg X-1. the majority tend to focus on either the orbital ephemeris and hence the mass
of the two components or the nature of the peculiar emission lines.

The ephemeris has been revised many times siuce the original radial velocity curves of
Webster & Murdin (1972) and Bolton (1972). Its accuracy improved considerably over the
next decade and the ephemeris of Gies & Bolton (1982) — P, = 5.59974 £ 0.0008 days
- has been quoted as the definitive value until 1998 when it was revised independently
by LaSala et al. (199%8). Sowers et al. (1998) and Brocksopp et al. (1998). The results
of all these were consistent with those of Gies & Bolton (1982) although the accuracy of
the Brocksopp et al. (1998) result was superior to the other two. particularly with the
comparison with 27 vears” worth of photometry (P,.» = 5.599829 + 0.000016 davs).

The masses of the two components of the binary system have been estimated by a
number of authors; Aab et al. (1981, 1984) determine the mass of the stellar companion
to be 19.5 M, later revising this to 37.6 M, with the inclusion of additional data. Lower
limits to the mass of the black hole were calculated to be 5.5 M., {(Brucato & Kristian 1973,
Bolton 1975) and 10 M, (Aab 1983). Gies & Bolton (1986) found that the lower limits to

the masses were 20 and 7 M. for the star and black hole respectively but suggested that
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Figure 2.4: The spectrum of HDE 226868 from 4000 to 5000 A. The emission at 4443 A is

a cosmic ray (from Herrero et al. 1995)

33 and 16 M.. were more likelv. More conservative masses (supergiant: 17.8 M.;., compact
object: 10 M) were determined by Herrero et al. (1995) using an alternative method
which was independent of the distance and the mass-luminosity relation of the source.
Some authors (e.g. Avni & Bahcall 1975) attempted to excuse the apparent black
hole nature of the secondary by invoking an early tvpe companion or triple system - no
evidence for a third star was found (e.g. Abt, Hintzen & Levy 1977) and Shafter et al.
(1980) deduced that, for a component other than a black hole to be present. the secondary
could only be four magnitudes fainter than HDE 226868 — this was clearly not the case.
Following the determination of the orbital ephemeris and parameters, few authors have
studied the absorption lines of Cyg X-1. Orbital variability in the equivalent width data
of a number of absorption lines has been claiined by Aab et al. {1983) and Canalizo et
al. (1995): the latter also discovered variations in Hj and a number of Hel line profiles
which they assumed were due to contamination by emission components from the stellar
wind - they were unable to confirm whether or not the variabilityv was orbit dependent.
The most extensive study of the absorption spectrum was by Gies & Bolton (1986) — they
find that there is no significant variability in the spectral type and the line strength of the
absorption lines is consistent with the spectral type. Hence any additional contribution
(e.g. an accretion disc) can only contribute up to 7% of the total optical emission. There

was no significant orbital variability in equivalent width data, contrary to the results of
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Aab et al. (1983) who claimed that the equivalent widths peak at phase 0.0 and 0.5, with
ninima at 0.25 and 0.75 — note that the amplitudes of these ‘modulations’ did not always
reach > 3o from the mean.

More commonly, however, it has been the emission lines of Cvg X-1 that have invoked
further study. It is clear that the Ha and He 1l A4686Alines are a superposition of an
absorption and an emission component: hence a number of authors have attempted to
subtract the absorption spectrum to leave ‘pure’ emission. This has also revealed the
presence of weak Hj3 emission (e.g. Aab et al. 1983). In most cases this was achieved
by subtracting the spectrum of a ‘normal supergiant’ (e.g. Gies & Bolton 1986G). despite
the assumptions implicit in such a procedure — these include an optically thin emission
component, identical line strengths of the two stars, no orbital variability in line strength,
although supposedly it is only the second of these which can alter the results significantly
(Gies & Bolton 1986). Aab et al. (1983) have attempted to construct the absorption line
profile from other line profiles of Cyg X-1 rather than relying on a reference star. Gies &
Bolton (1986Ga) have also computed theoretical emission line profiles based on the focussed
stellar wind model of IFriend & Castor (1982) and using the Sobolev theory (Mihalas
1978). Their results compared reasonably well with the observed profiles and the errors
were within those expected on account of assumptions required for the Sobolev theory
failing near the stellar surface.

Despite the errors in the method of separating emission and absorption coniponents.
similar results have been achieved. The radial velocity curve of the Hell emission com-
ponent is 115-120° out of phase with that of the absorption (e.g. Aab 1983a). suggesting
that the emission originates in the accretion stream near the L1 point. The Ha emission
was slightly more difficult to isolate and appeared to consist of two profiles, one of which
moved similarly to the Hel1 emission (Ninkov, Walker & Yang 1987a). More recently the
Ha has instead been treated as the superposition of a P Cygni profile. as is typical for
wind-emitting svstems, and an emission component (Sowers et al. 1998).

Evidence for variability in the stellar wind is found at ultra-violet wavelengths. In
determining the orbital inclination and mass of the compact object from IUE spectra,
Davis & Hartmann (1983) calculate the wind velocity and find that the wind is slowed
at phase 0.5 in accordance with the Hatchett-McCray effect. Treves et al. (1980} also
find orbital variability in the equivalent width data of some prominent ultra-violet absorp-

tion lines and, again, this is apparently due to the Hatchett-NcC'ray effect causing the
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disappearance of wind P Cygni profiles at orbital phase zero.

2.3 X-ray Properties

The majority of research into C'yg X-1 has been in the X-ray regime. in terms of both
spectral and temporal properties. While early observations tended to take place at the time
of transitions from one spectral state to another, more recent lines of research have included
fitting models to the energy and power density spectra. finding correlations bhetween these
spectral/temporal properties and using analysis of time lags to determine the system’s
geometry — both hard and soft states have been investigated although as the soft state
occurs so rarely this is less understood. Energy spectra for Cvg X-1 in the low. intermediate
and high states are shown in Fig. 2.5.

It should be noted that further classification into states” was observed in the 50-10000
keV data from HEAO 3 (Ling et al. 1983, 1987) — however, 4-ray observations are not

included here.

The low/hard state

The short time-scale variability (flickering) of Cvg X-1 in the hard state has been modelled
in terms of random “shot noise’ pulses, following the failure to find any periodicity (e.g.
Terrell 1972): however, a mHz QPO was detected in a number of energy ranges (e.g.
Vikhlinin et al. 1994 and references within). The shots are thought to be the result of
magnetic {lares in the accretion disc (e.g. Lochner et al. 1991 and references within). The
power spectrum of Cvg X-1 is flat below a break frequency (~ 0.0 -0.4 Hz) and follows a
power law with slope —1. steepening to =2 at ~ | Hz - as observed in EXOS AT data by
Belloni & Hasinger (1990). Theyv interpret the power spectrum in terms of a shot noise
model in which the break frequency is determined by the relaxation time of the shots.
Cross-correlation techniques have been used between X-ray lightcurves of different energy
ranges and a hard X-ray lag found. in keeping with the model of Compton upscattering
of soft photons by a corona (e.g. Miyamoto & Kitamoto 1989). The time lags have been
thought to represent the diffusion times through the corona - i.e. a small lag suggests a
small corona. However, as the smallest lag times therefore suggest a very small corona
(R < 30G' M /c?). it appears that current accretion models are insufficient to explain the
observations (Pottschmidt et al. 1998).

The energy spectrum of C'vg X-1 in the hard state can be described by a power law (with



2.3 X-ray Properties 35

—Il||] T T IIIIHI T |]IIHI, T llll]ll‘ T T TTTTT

Soft Intermediate

= i Hard ]
n 10—5 = —
9§ E 3
E - «“ ]
Q r~ -
ap - |
[
L 10-° E
@ 4
e, ]
i, C ]
||H| ] l l|llI|| i | llllHl 1 | IIIIHI ] 1
1 10 100 1000 104

E (keV)

Figure 2.5: X-rav energy spectra of the three states in which Cyg X-1 has been observed

(from Gierliniski et al. 1999).

spectral index ~ 0.6-0.7) at euergies above ~ 3 keV. with a Compton reflection continuum
component above ~ 10 keV. There is also an iron K line and an iron IKa fluorescent line
included in this reflection spectrum (e.g. Done et al. 1992). Dove et al. (1997) further
investigated the energy spectrum and found that the aceretion disc corona (ADC) model
of e.g. Titarchuk (1994) with a slab geometry did not reproduce the observed broad X-ray
spectrum of C'vg X-1 - the resultant theoretical spectra were much softer. However. they
found that an ADC model with a spherical corona could result in a self-consistent solution
of temperature and opacity which fit the observations. The model was later extended by
Nowak et al. (1999, and references within) so as to include the observed timing properties
of the svstem — thev suggested that the time delays originate in the corona. rather than
in the disc and being reprocessed. They further concluded that. since the corona is small.
if the time delays are due to linear disturbances propagating through the corona then the
propagation speeds are very slow - this is inconsistent with ADATF models. 7

The hard state of Cyg X-1 is surprisingly variable in terms of spectral and temporal
properties. although the state does not actually change. Gilfanov. Churazov & Revnivtsev
(1999) studied RXTE /PCA data and found that steepening of the hard state spectrum is
accompanied by simultaneous increases in break frequency and the amount of reflection:
they suggested that this is due to a decrease in the inner radius of the disc. Pottschmidt et
al. (1999) also found that spectral hardening is correlated with a decrease in time lags and
increase in the relaxation time of the "shots® - this might suggest that a corona with large

optical depth and/or temperature is physically smaller. As more scattering events result
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in a longer relaxation time, this is also consistent with the observed shot noise variability.

Crary et al. (1996) looked at 1100 days’ worth of ('GRO/BATSE data and found
that the slope of the energy spectrum is correlated with the intensity and variability of
the hard X-ray flux: a model by Chakrabarti & Titarchuk {1995) suggested that the mass
accretion rate is indeed correlated with spectral index and predicts a shock in the aceretion
disc surrounding a black hole. In the context of this shock model. Molteni, Sponholtz &
Chakrabarti (1996) proposed that the location of the shock and the X-ray luminosity vary

quasi-petiodically with the frequency of oscillations depending on the mass accretion rate.

The soft (intermediate?) state

The energy spectrum during the soft state has been modelled by a number of authors
but with similar results. Most recently, Gierlinski et al. (1999) described the spectram
as having a dominant soft component up to ~ 2keV with a power law tail up to ~ 800
keV'. The soft component is fit by a multi-temperature blackbody disc spectrum (optically
thick) and they suggest that for the disc to extend down to the last stable orbit would
require a black hole mass of ~ 10 M... The high energy tail is produced by the Compton
scattering of disc photons from an optically thin corona - whereas most authors (e.g. Cui
et al. 1998) have used a thermal spectrum for the corona, Gierliniski et al. (1999) claimed
a better fit with the use of a hybrid thermal/non-thermal electron distribution. Additional
features included in the model are a reflection component from the cold disc and a broad
iron Wa line,

Belloni et al. (1996) have suggested that the 1996 state change did not fully reach the
soft state and may only have achieved an intermediate state. By comparing the power
density spectra of the states before and after the upwards transition they found that there
is low frequency noise. band-limited noise and an energy-dependent QPO in the softer
state. similar to those seen in the very high state, but not consistent with the soft state.
While the luminosity was insufficient for it to have reached the very high state it may
have achieved some intermediate state - as was perhaps the case in the 1970’s. However.
Gierliniski et al. (1999) showed that the source was in the intermediate state in May 1996,

and softened further by June 1996, indeed reaching the soft state (Iig. 2.5).
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State transitions

The transition periods have also been studied by a number of authors. Zhang et al. (1997)
found that while the luminosities of 1.3-3 keV and the 100-200 keV' ranges changed dra-
matically, the overall 1.3-200 keV luminosity remained approximately constant to within
~ 15 %. thus suggesting that the increased soft X-ray emission comes from only a small
increase in A accompanied by a decrease in inner disc radius. Cui et al. 1998 noted that
the temporal and spectral properties of both the upwards and the downwards transitions
are similar. The power density spectrum shows a low frequency power law, a {lat compo-
nent in the ~ 1-3 Hz range and a steeper power law at higher frequencies - again this is
noted to be similar to the very high state. Thev also found a QPO varving from 4 to 12
Hz and becoming more prominent at higher energies.

Another interesting result seen during the transition periods is a large increase in the
hard X-ray lags. whereas the lags in the hard and soft states are comparable (Pottschmidt
et al. 2000). As the magnitude of the hard X-ray lags is thought to determine the
geonmetry of the Comptonising corona. then either this clearly has implications for models
in which there is no corouna in the soft state or the 1996 state change was indeed only
to the intermediate state. It certainly appears that it is not possible to determine the

geometry of the corona from studies of X-ray lags alone.

2.4 Radio Properties

Compared with the other wavebands there has been relatively little work on C('vg X-1 at
radio wavelengths. The two 3 mJy modulations (see Sec. 2.5 and Chapter 4) have only
been discovered recently and radio observations have generally been restricted 1o times of
X-ray variability. Futhermore, unlike some radio emitting X-rav binaries for which jets
had been detected there seemed to be little evidence for a jet in the case of Cvg X-1 (Marti
et al. 1996).

The most notable property of the radio emission of C'vg X-1 is the flat spectrum and
this was noticed at the time of the initial radio observations of the source (1jellming 1973).
More recently Fender et al. (2000) have studied the flat spectrum at radio and milimetre
wavelengths — the spectrum is indeed flat across the spectrum up to the infrared. at which
point the emission is dominated by the sugergiant (Fig. 2.6). High resolution observations
of the svstem have been attempted (UKIRT+adaptive optics - Brocksopp. unpublished:

IRAS — Fuchs 2000, private communication) but have been insufficient to resolve the jet
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(predicted K ~ 13) from the star (K ~ 6.5). This would perhaps be an interesting project
for the proposed Large Optical Array.

The flat synchrotron spectrum, (anti-)correlated X-ray/radio behaviour and the very
constant radio emission with little variability other than two regular modulations strongly
suggest that a jet is responsible for the emission - some cloud of radio emission could not
produce the observed properties of the system. However, it is only recently that a jet has
been imaged — VLBA observations of Cyg X-1 at 8 and 15 GHz have finally revealed a ~
milliarcsecond jet (Fig. 2.7, Stirling et al. 2000 in prep.).

2.5 Periodicities

Since the initial discovery of the 5.6 day orbital period in the radial velocity measurements
(Fig. 2.1), there have been numerous other detections. A double-peaked modulation was
found in the optical (Walker 1972, Lyuty 1972) and the infrared (Leahy & Ananth 1992;
Nadzhip et al. 1996) photomery, the minima of which are seen at the two conjunctions

and the maxima produced as the tidally distorted star is viewed from the side.
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Figure 2.6: The flat spectrum of Cyg X-1 extends through the millimetre wavelengths and

into the infrared, where it becomes dominated by emission from the supergiant (Fender

et al. 2000).
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Figure 2.7: The jet of Cyg X-1 has finally been imaged at 15 GGHz (top) and 8 (GHz
(bottom) with milliarcsecond resolution by the VLBA (Stirling et al. 2000. in prep.). The
jet was observed at various orbital phases but the resolution and sensitivity of the resultant

images were insufficient to determine whether any orbital variability was present.
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The orbital period has also been detected in the hard X-rays by Paciesas et al. (1997)
and the soft X-rays by Wen et al. (2000) — there was also a mention of it earlier in Bolton
(1972) and Holt et al. (1976); additionally there are a number of papers in the literature
investigating the ‘absorption dips’ just prior to orbital phase 0 (e.g. Balucinska-Church
et al. 2000). This is perhaps surprising for what is considered to be a non-eclipsing
system. DBrocksopp et al. (1999, see also Chapter 4) concluded that phase dependent
absorption by the stellar wind of the supergiant is most likely to be responsible. Wen et
al. (2000} modelled the soft X-ray modulation in terms of wind absorption. The model
worked well for the hard state data, assuming an inclination angle of ~ 30°. although they
found additionally that partial obscuration of the X-ray source by the accretion stream
is an alternative mechanism that fits the data. Finallv. the orbital period has also been
detected in the radio (Pooley, Fender & Brocksopp 1999) - this is unlikely to be the result
of partial obscuration by the accretion stream as the emission sites are a considerable
distance from the orbital plane. The radio modulation is investigated in terms of stellar
wind absorption for three different frequencies in Chapter 4.

[t is interesting to note that the uature of the modulation is very different when the
source is in the soft state — Cui. Chen & Zhang (1998) reported that the orbital period was
not present in the RXTE data during the soft state, as did Wen et al. (2000). The latter
suggested that during the soft state either the wind is suppressed in the region of the X-ray
source or the X-rayv emitting region shrinks so that obscuration by the accretion stream no
longer occurs. depending on the mechanism for the observed modulation. Voloshina et al.
(1997) suggested that the optical modulation could still be observed during the soft state
but that it had become single-peaked. This was probably due to components other than
those producing the orbital modulation dominating the emission during the soft state and
this is addressed further in Chapter 4.

There have been numerous other “periods’ mentioned in the literature. usually at-
tributed to possible third bodies, disc precession or mass transfer rate variability. A 39
(or 78) day modulation was found in three years™ (1974-1977) worth of combined {7 and
V" band polarisation data (IKemp, Herman & Barbour 1978). They also found a corre-
sponding 78 day modulation in the 3-6 keV X-ray data from the Ariel — V' /ASM. The
39 day period was also reported in the intensity ratios of certain spectral lines and in the
half-width of the He 1 Ad471 line (Kopylov & Sokolov 1984) and was assumed to be due to

precession of the rotation axis of HDE 226868, At the other end of the scale. a 4.5 vear
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Figure 2.8: V band and soft X-ray data folded on the 294 day period for different time
intervals. A single-peaked curve can be seen in the earlier data but it becomes double-
peaked in later data (Lyuty et al. 2000, in prep.). N.B. The ‘ephemeris’ used for all six

plots is that of Priedhorsky. Terril & Holt (1983) - P=294 days, Ty is the yvear 1974.05.

period was reported by Wilson & Fox (1981), thought to be due to variability in periastron
longitude for an elliptical orbit. This has never been confirmed and the orbit is believed
to be circular.

Walker & Quintanilla (1978) reported a ~ 150 day period in {our vears” worth of B
band photometrv. Presumably double this, a 291 day period was found in X-ray data by
Priedhorsky, Terrell & Holt (1983) and later by Kemp et al. (1983) in optical photometry.
More recently Pooley, Fender & Brocksopp (1999) and Brocksopp et al. (1999) have
investigated a ~ 140 day period but found little evidence for the 294 day modulation;
interestingly, C'G RO/BATSE data prior to the 1996 state change showed a more significant
294 day modulation than after the state change. They concluded that the two periods
are related, the shorter one being approximately half of the longer. No evidence for the
294 day period was found in the depths of spectral lines (Gies & Bolton 1984). however
Ninkov, Walker & Yang (1987) found that the equivalent width of the Hy and H¢ lines
was significantly greater at phase zero of the 294 day period.

It is interesting to note that in the two ‘U band states’ discovered by Lyuty et al. (2000.
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in prep.) there is no significant difference in the orbital lightcurves. However, the 294 day
mean lightcurves for the two “states’ are very different — in the first state a single-peaked
294 day modulation is clearly present in both optical and X-ray data, but in the second
the modulation becomes double-peaked, suggesting that the 140 day modulation is more

apptropriate.



Chapter 3

OPTICAL OBSERVATIONS OF CYGNUS N-1

3.1 A New Ephemeris for Cyg X-1

In collaboration with A.E. Tarasov, V.M. Lyuty & P. Roche!

The spectroscopic ephemeris has been revised many times since 1972 using a vari-
ety of spectral lines. The results of Gies & Bolton (1982} have been quoted (P, =
5.59974 £ 0.0008 days) as the definitive values for over a decade and there has been little
disagreement; while a variable orbital period was teutatively suggested (Ninkov. Walker
& Yang 1987) this has never been confirmed and appears unlikely. Likewise there is very
little evidence to suggest that the orbit may be non-circular. It is only recently that a new
ephemeris has been calculated (P, = 5.5998 + 0.0001 days) and this is within the errors
of the Gies & Bolton (1982) result (LaSala et al. 1998). A more accurate result is given as
P.., = 5.59977 £ 0.00002 davs (Sowers et al. 1998) which is subsequently fit successfully
to Hipparcos photometrical data.

The spectrum is that of a typical O9 supergiant with moderate Hn emission, presum-
ably coming from the supergiant (e.g. Brucato & Zappala 197:4), and also Hell A4636
emission. Both of these emission lines are superiinposed on absorption components and,
by distinguishing the two components, it has been shown by a number of authors (e.g.
Aab 1983) that the He 1l emission component is ~ 115 — 120° out of phase with the He1l
absorption component and the supergiant. As a result of this it is thought that the He1l

emission originates in the accretion stream.

'Published in A&A, 343, 86 (1999)
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Figure 3.1: Tvpical spectrum from the CrAO 2.6 metre telescope. showing the He 11 A4686

and He1 A4713 lines.

Neither of these absorption components are suitable for measuring radial velocity due to
the inaccuracies involved in the removal of the superimposed emission. Instead, as was the
case for previous authors, we turn to the Hel absorption lines which are uncontaminated

by emission.

3.1.1  Spectroscopy

Our spectra were obtained in 1997 June/July using the Coudé spectrograph of the Crimean
Astrophysical Observatory’s 2.6 metre telescope. The detector was a C'DS9000 (1024 x256
pixels) C'CD array. All observations were made in the second order of a diffraction grating
with reciprocal dispersion of 3;\/11]1]1 and resolution of 25000. The tvpical exposure time
for each spectrum totalled 1.5 hours resulting in a S/N of ~100.

With a spectral width of 60A, our 20 spectra centred on He1l A4GR6 also included
the He1A4713 line (see Fig. 3.1). This is the line we have used for our radial velocity
studies, although a variety of other lines have been used by other authors (see below).

Our choice of He1 A4713 was influenced by its probable lack of wind contamination and by
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Figure 3.2: Top: Radial velocity curve using accumulated data compared with theoretical

curve from Balog et al. (1981), Bottom: Residuals

its proximity to the very interesting He 11 AG86 emission line — with such high resolution
and the necessarily long exposure times it was a great advantage to obtain both lines on
the same spectrum.

The spectra were reduced using standard flat—field normalisation and sky subtraction
techniques. Wavelength calibration was achieved using ThAr comparison spectra and
to an accuracy of less than 0.5 km/s. The radial velocities were calculated by fitting a
Gaussian to the core of each line and subsequent values of V.. can be found in Table 3.1.

The radial velocities of a total of R different lines were obtained from the literature
and used in the calculation of our ephemeris ~ the majority of these can be found in Table
2 of Gies & Bolton (1982); we also use additional Hel lines (A1921, A5015. A5047. A5R75,
AGGTS8), oxygen lines (O11A4349, O 1124366, O 111 A4650), Mg 11 A4481 and N11A4630. As
with previous authors all lines were treated equally, although we note that inhomogeneities
in the atmosphere of the supergiant (due to the variety of velocities in the stellar wind)
cause greater shifting in the red Hel lines than the blue — unfortunately it is not possible

to correct for this without knowing exactly which authors used which lines for each radial
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Table 3.1: Radial velocities [or C'rimean observations of 1997

JDh (2400000+) V. (km/s) r.m.s. error

50615.4956 -48.5 1.0
50623.4675 66.4 1.4
50624.4585 -14.3 1.2
50625.4553 -63.3 2.3
50626.4792 -T2.7 1.3
50648.4623 -85 1.3
50649.5196 -7.5 1.8
50650.5054 56.8 1.3
50651.5033 62.9 1.4
50653.5095 -65.4 1.1
50658.4643 -26.1 1.0
50660.3914 -52.1 1.6
50661.3882 33.5 1.7
50663.4452 4.2 1.0
50667 4747 773 1.6
50668.41164 66.2 1.7
50669.1382 10.0 2.5
50675.3550 -44.7 1.2
50676.4727 -86.0 1.4
506774751 -28.8 14

velocity measurement.

The FOTEL3 software (Hadrava 1998) was used to calculate the ephemeris. Initially
the fourteen datasets (Table 3.2) were considered separately and the individual ~best solu-
tions™ (for P, Ty. K and f(A)) determined. Zero eccentricity was assumed. This enabled
us to weight each point by the inverse of the r.m.s. error and also to subtract centre
of mass velocities (y-velocities) for each source; this accounts for differences between the
datasets due to systematic errors of the observers, the various telescopes and instruments,

choice of lines, methods of radial velocity determination used and physical effects such as
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Table 3.2: Sources of RV velocities for C'vgnus X-1

JD Source No. of ~-vel. o-C
(2400000+) spectra (km/s)  (km/s)
4115911588 Smith et al., 1973 9 0.1£2.2 6.3

11163-41255  Webster & Murdin, 1972 16 0.1£2.7 10.5
41213-14795 Gies & Bolton, 1982 78 -1.8+0.8 6.6
4121441477 Brucato & Kristian, 1973 12 1.1+£1.7 5.8

11269-11012 Mason et al.. 1974 14 2.542.3 8T
4151512670 Walker et al., 1978 13 -0.6£1.0 3.7

41844-141290 Brucato & Zappala, 1974 17 -3.9£1.8 7.6

42205-12910 Abt et al., 1977 79 -T.9+1.1 7.9
43090-44768 Aab, 1983 24 -6.3+1.3 5.9
A4513-45895 Ninkov et al., 1987 84 -5.6+0.7 6.6
1633216635 Sowers et al., 1998 14 -G8t 5.
1921719538 Canalizo et al.. 1995 6 10.6£1.9 3.6
50228-50255 LaSala et al.. 1998 33 0918 10.2
50615-50677  Crimea 1997 (this work) 20 -1+ 8.4

Table 3.3: The Orbital Elements of C'vgnus X-1

IZlement Spectroscopic Photometric

Period (days) 5.599829+0.000016 5.599836+0.000037
Ty (JDh) 2441874.70740.009  2441163.52910.009
Ny (km/s) 74.93+0.56

FAD{M:) 0.244
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hidden emission in the red wings of lines (this can be caused by the stellar wind. resulting
in a bluewards shift in y-velocity).

To obtain the orbital solution the software was then run on the dataset as a whole over
~ G iterations. Prior to the second iteration we rejected those spectra for which Q-C
> 20 km/s — with so many radial velocities from fourteen different sources we still had a
total of 421 points from which to determine the orbital parameters (N.B. in retrospect |
acknowledge that this was not a good rejection criterion). We have also omitted the results
of Sevfert & Popper (1941) due to their considerable uncertainties and the inclusion of
hydrogen lines in determining the radial velocities. The resultant radial velocity curve
for the whole of our compiled dataset is shown in Fig. 3.2: residuals are also plotted and
show a delinite lack of structure. The orbital parameters were obtained and can be found
in Table 3.1.1, along with the elements calculated using the photometric data (see next
section). \We calculate the orbital period to be P15, = 5.599829 & 0.000016 days and
define Ty as the time of superior conjunction of the black hole.

Our new, high quality spectra have enabled us to extend the baseline for the ephemeris
by over 400 days. As well as improving the accuracy of the radial velocity curve it also
emphasizes the stability of the orbit of Cygnus X-1 over long time intervals. In order
to check this stability a model dataset has been computed, with similar sampling to the
original. Random noise and a sinusoidal period have been added and the Lomb-Scargle
periodogram calculated. This was compared with that of the real data and it was found
that the FWHM of the peaks match to within the errors of the ephemeris - had any
variability in P taken place over the course of the observations then the FWHM would be

significantly different.

3.1.2  Photometry

The photometric BV data were obtained at the 60cm telescope at the Crimean Labora-
tory (Nauchny, C'rimea) of the Sternberg Astronomical Institute during 1971-1997 by V.M.
Lyuty. The pulse-counting photometer was used except for eight nights in July—August
1997 when it was changed to a C'CD photometer with ST6V Camera (SBIG). All obser-
vations were made with reference to the standard BD 435°3816, V" = 97.976. B - \" =
0".590, (" — B = 0™.064 (Lyuty 1972). We therefore have a homogeneous photometric
dataset spanning 26 vears and containing more than 800 observtions. For this reason we

did not use the photometric data of other authors except those of Khaliullin & Khaliullina
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(1981) which were obtained with the same telescope. photometer and local standard.
A Discrete Fourier Transform was used to obtain the photometric period in each of the
U/, B and V filters. The mean for the three filters, P, 5o = 5.599836 £ 0.000024 days,
is in remarkable agreement with the spectroscopic period. We do not present the power
spectrum here as the peak corresponding to the photometric period (and its aliases) is the
only significant peak in the frequency range from zero up to the Nvquist frequency.
Previously Kemp et al. (1987) gave the most accurate value for the photometric period

and the epoch of primary minimum (superior conjunction of X-ray source) as:
Min I = JD2441163.631(£0.005) + 5.59985(£0.00012) E'days

The low accuracy of the period value mayv be due to combining different datasets.
However, using the same data Llovd & Walker (1989) obtained P,.;, = 5.59982+ 0.00005.
which coincides with the more accurate value of 5.59982(£.00004) (Voloshina et al. 1997).
Nadzhip et al. (1996) also improved the epoch of primary minimum to JD 244 1163.547£0.005.

Our new epoch of superior conjunction (Table 3.1.1) corresponds to primary minimum

at JD2441163.529 £ 0.009, so. we can give the most accurate ephemeris as:
Min I = JD2441163.529(£0.009) 4 5.599829(£0.000016) E

Using this ephemeris we have constructed the mean BV curves for our 27 years’
worth of photometric data (Fig. 3.3). To increase the homogeneity of the dataset we
have not used all available measurements, but only 1-5 per night. totalling 827 "BV
measurements (while only ~ 3 points were taken during most nights. on some occasions
~ 50 points were made in order to study the fast variability - it was in these instances
that ~ .J=5 points were selected from the beginning, middle and end of the night in order
to be consistent with the rest of the dataset). The observed mean curves are compared
with the theoretical ellipsoidal curves of Balog, Goncharskij & Cherepashchuk (1981), for
which 7 = 50°% ¢ = 0.33. 4 = 0.9. T, = 30000K.

The discrepancy between the observed mean lightcurves and the theoretical curve could
be explained in terms of the stellar wind - at phase 0.5 the star is furthest from us and
so we observe the part of the wind which is accelerated by the gravitational field of the
black hole. Were the accretion disk responsible then we would require a hot disc. radiating
significantly at the blue end of the spectrum in order to produce the greater discrepancy

in the 7 band (see Fig. 3.3). Further analysis of the photometry is in preparation.
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3.2 Evidence for a Photo-ionisation Wake?

In colluboration with P. Roche & L. Kaper

The stellar wind of an OB star, such as the optical counterpart to Cvg X-1. is emitted
by radiation pressure in the star’s outer atmosphere which scatters and absorbs photons
in various spectral lines formed in the wind. The acceleration of the wind is influenced by
the degree of X-ray heating and ionisation from a compact object situated in the path of
the wind (Hatchett & McCray 1977). While an increase in X-ray luminosity increases the
line-driving force and hence the wind velocity, once the X-ray luminosity is of the order
10" ergs/s the line force and wind velocity begin to decrease again. This is due to the
increasing proportion of highly ionised species and an increase in optical depth of the lines.
By the time the X-ray luminosity reaches 5 x 107! ergs/s the high ionisation in the region
around the compact object is sufficient to overcome the line-driving force. thus quenching
the radiative acceleration (Macgregor & Vitello 1982).

This region of high ionisation around the compact object is known as the Strémgren
zone. On colliding with the Strémgren zone the stellar wind is attenuated. resulting in
the formation of strong shocks and dense sheets of gas trailing the X-ray source {Fransson
& Fabian 1980). Predicted theoretically (Hatchett & MceCray 1977, Fransson & Fabian
1980), observational evidence for this ‘plioto-ionisation’ wake at certain phases of the
binary orbit has now been discovered in the HMXB systems Vela X-1 and AU 1700-37
(Kaper et al. 1994).

In a HMXB, such as Vela X-1. one would not expect to see anyv orbital variability
in the absorption lines — other than the radial velocity of the binary system. However.
distinct orbital variability is seen in some of the lines from the wind of Vela X-1. The
Hi3 and He1 A4471 profiles of Kaper et al. {1994) are shown in IFig. 3.4 - the spectrum at
phase 0.37 is single, the rest are composites of two or three. The dashed line represents
the average of all spectra and clearly indicates the presence of an additional blue-shifted
absorption component at phases 0.6-0.9. A red-shifted emission component is also present
at phases 0.6 and 0.9.

These features can be explained in terms of a photo-ionisation wake forming at the
interface between the Stromgren zone and the stellar wind and trailing out almost halfway
round the orbit. At the orbital phases for which the photo-ionisation wake passes in front

of the supergiant a blue-shifted absorption component can be seen in the spectra; the
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Figure 3.5: A schematic showing the components of the Vela X-1 system. The line of sight
to the OB star passes through additional absorption at phases 0.5-0.8. due to the presence

of a photo-ionisation wake trailing after the neutron star. (Irom Kaper et al. 199:1)

amount of red-shifted emission that can be observed is determined by the position of the
Stromgren zone relative to the line of sight. A schematic showing this taking place in
Vela X-1 can be seen in Fig. 3.5. Also shown are a tidal stream from the OB star to the
neutron star and an accretion wake which forms as the neutron star passes through the
stellar wind.

While the orbital variability has been tentatively explained in terms of obscuration
by the tidal stream and/or accretion wake, these components are too small to produce
the significant amounts of absorption seen (Kaper et al. 1994 and references within). It
therefore seems that the photo-ionisation model fits the data much more satisfactorily.

Given the similar “OB supergiant + compact object” natures of ('vg X-1 and Vela X-1.

it was suggested that ('vg X-1 may also be a suitable candidate for investigating a photo-
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ionisation wake. Notable differences between the two systems are that Clyg X-1 has a black
hole compact object to Vela X-1's neutron star and that whereas Vela X-1 is an eclipsing
binary (as is 4U 1700—37), the inclination of Cyg X-1 is thought to be ~ 30° (e.g. Gies
& Bolton 1986).

3.2.1 Observations and Data Reduction

The spectra were obtained by I.J. Zuiderwijk over seven nights at the 2.5m Isaac Newton
Telescope, La Palma in July 1994; the Intermediate Dispersion Spectrograph and Tek3
chip were used. Various wavelength regions were observed. notably the peculiar emission
lines of Ha and He11 A4686 as well as a number of absorption lines: the spectra were
centred on AAI113, 4405, 4627, 4938, 6560 A with a reciprocal dispersion of 6-9 A/mm.
The unreduced data were subsequently obtained from the INT archive.

IRAF was used for the reduction of the spectra which consisted of standard bias sub-
traction, flat field division, optimal extraction, wavelength calibration and continuum
normalisation. Further details of the reduction are outlined below.

The bias frames from each night were checked individually and then combined using
IMCOMBINE. producing an average of approximately ten frames with which any structure
in the bias across the CCD could be removed. A very simple rejection algorithm was used
{(mimmax) in which the highest pixel in each frame was rejected. Frames were weighted
according to their median value. INARITI was then used to subtract this average bias from
the flat field, arc and object frames. The median of approximately forty columns of the
overscan region for each frame was determined; the columns were then fitted with a first
order Chebyshev polynomial. rejecting points 3o from the fit. The fitting and subsequent
subtraction of the fit from each column of the data were achieved using CoLBIAS.

As only a total of five flat field frames (tungsten lamp) at each wavelength had heen
taken over the seven nights 1 have averaged them all together, again with INCOMBINE but
this time using a more sophisticated rejection method (crreject) — the spread of data points
was determined, taking the gain and read-noise into account, and points 3¢ above this fit
were rejected. The combined flat fields were normalised to unity using RESPONSE. The
arc and object frames were then divided (IMARITH) by the resultant in order to remove
any pixel-to-pixel variations in response.

Extracting the spectra involved a number of steps, all using the IRAF package APALL.

The extraction window was defined so as to include all the light from the star — given
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the high luminosity of the optical counterpart to Clvg X-1 it was possible to allow some
light from the wings of the spatial profile to escape in order to maximise the signal-to-
noise ratio. It was also possible to refrain from removing the relatively insignificant sky
background - a process which can introduce noise to the spectrum. While the shape of
the spatial profile should not vary along the dispersion axis this is not necssarily true of
the intensity: the position of the peak may also vary with wavelength due to the optical
properties of the telescope and spectrograph. It is therefore necessary to trace the peak of
the spatial profile across the CCD prior to extraction. For the extraction itself the counts
within the extraction window were summed - any changes in the shape of the spatial
profile were assumed smooth and pixels at the centre of the profile were weighted more
heavily than those in the wings. in accordance with the optimal extraction algorithm of
Horne (1986]).

The arc frames (copper-argon and copper-neon lamps) were extracted similarly to their
corresponding object frames. Each was then examined and their emission lines identified.
IDENTIFY was used to fit a Gaussian to each identified line in order to determine its pixel
value and hence assign a wavelength. The dispersion solution was obtained by fitting a low
order cubic spline through these points - in the majority of cases a minimum of 10-15 lines
were fit with an RMS less than 10% of a pixel. Finally. the object spectra were calibrated
by applying the dispersion solutions of their corresponding arc frames (DISPCOR).

As there were no observations of a spectrophotometric standard taken it was not possi-
ble to flux calibrate the spectra. Instead CONTINUUM was used to fit the continuum with
a-cubic spline and normalise its flux to unity. Finally ASTHEDIT and SETID were used to
determine airmass and the heliocentric Julian dates.

In order to determine radial velocities using the cross-correlation technique it was
necessary to re-do the last few steps. The dispersion solutions were reapplied. this time
using a log-linearised scale with identical wavelength ranges for all spectra. Lollowing
normalisation SARITH was used to subtract one from cach of the spectra. Further details

for the reasoning behind this can be found in the next section.

3.2.2  Results - absorption lines

From the large selection of lines available in the spectra at these five wavelength ranges |
have chosen the strongest hydrogen and helium lines for investigation. While the signal-

to-noise ratio of the spectra is relatively good. the resolution is not as high as that of the
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spectra shown in Fig. 3.4 (Kaper et al. 1994) and so some of the detail in the weaker lines

cannot be seen clearly.

Spectral profiles

Fig. 3.6 shows the phase resolved spectra of the regions of the H/3. Hy and Hé absorption
lines. Fig. 3.7 and 3.8 show similar plots of He 1 A1026, A4121, AL14d. A 1388, AL171 and
24923, In all cases it can be seen that, while there is clearly some orbital variability of the
line. it is the velocity rather than the profile that is changing. Therefore the lines appear
to be purely photospheric with no significant additional variable contribution from the
wind.

This is supported by Canalizo et al. (1995) who found that while the amount of
absorption in the blue wing of He 1 A5876 and HJ (and, to a lesser extent, some other He [
lines) does vary with orbital phase. the minimum absorption occurs at phase 0.6 — there
is no additional blue-shifted absorption. This would be expected as the reduction in both
wind speed and line-driving force caused by the Stromgren zone surrounding the X-ray
source can be observed at this orbital phase (e.g. Davis & Hartmann 1983, Treves et al.
1980).

Alternatively. this variation in absorption has also been considered as a hidden emis-
sion component. To investigate these hidden emission components a number of previous
authors have attempted to subtract the absorption spectra of various standard OB stars
from that of ('vg X-1 (e.g. Gies & Bolton 1986). The residuals have revealed weak emis-
sion components in the Balmer lines and in some He 1l lines. Unfortunately. the potential
for error in the methods used to obtain the ‘pure emission” components is too great (par-
ticularly if the observed absorption line depths vary with orbital phase) and the data
quality too poor to attempt to investigate the emission profiles for the subtle features seen
in Fig. 3.4. Likewise, while the shapes of the Balmer lines shown in Fig. 3.6 show some
variability which is probably due to contamination by wind emission. I do not feel it is
worthwhile attempting to subtract absorption components - the two reasonably strong

emission lines are investigated further in the next section.

Radial velocity curves

Using the IRAF package FXCOR the spectra were cross-correlated with observations of

the radial velocity template 19 Cep which is of similar spectral tvpe to the companion
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of Cvg X-1. While in theory the cross-correlation technique involves shifting the target
spectra until the features match up with those in the template spectrum. in practice the
filtered I"ast Fourier Transforms of the target and template are simply multiplied together
- this is the equivalent of shifting. The FFT requires that the spectra are log-linearised
- i.e. instead of having bins of equal wavelength the bins have equal velocity (or equal
log A). As wavelength information is lost it is also important that all spectra cover the
same wavelength range — for this reason there are fewer radial velocity curves plotted in
Figs. 3.9 and 3.10 than spectral lines in Figs. 3.6, 3.7 and 3.8,

The difference in velocity between absorption lines of the template and those of Cyvg
X-1 could then be measured. The IDL routine CURVEFIT, which calculates a non-linear

least squares fit, was used to fit a sine wave of the form
V=19 4+ Ksin(2m(dorh — Aors)) (3.1)

to the radial velocity data. Here V7 is the radial velocity, + the systemic velocity. I\ is
the velocity semi-amplitude, ¢,,, is the orbital phase and No,., the orbital phase shift.
Points with 17 > 1000 km/s or associated error > 100 km/s were rejected from the fit.
although this was not the case for any of the data points here. The (it was then computed
again, this time rejecting any points more than 4o from the fit - again none was rejected
here. Giaussian weights were applied (i.e. the points were weighted by the inverse square
of their associated error). Radial velocity curves for the hydrogen and helium lines are
shown in Figs. 3.9 and 3.10 respectively. The error bars shown on the plots correspond to
\Z jueea = | and reflect uncertainties in the cross-correlation procedure - such as noise in
the spectrum and differences between the line shapes of Clvg X-1 and 19 Cep which cause
the cross correlation function to deviate from Gaussian behaviour.

Clearly the radial velocity curves fit the sinusoid very well. There is no evidence for any
deviation around phase 0.5 or 0.6 which we would expect if an additional blue-shifted wind
component were present. [ note that there is some discrepancy between the value of A" for
the system (Table 3.1.1) and the values for some of the individual lines - this is probably
due to contamination by wind emission and/or line-formation at different levels of the
atmosphere but is still within the scatter seen in Fig. 3.2. As this is merely a simple radial
velocity study to determine whether or not there is any evidence for a photo-ionisation
wake it was not necessary to deblend any of the lines prior to cross correlation - this may

also contribute to some of the variability in A and 7.
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Figure 3.10: Radial velocity curves for the helium absorption lines showing a good fit to

a sinusoid. Error bars correspond to x2,;, .4 = 1. Note that He1,A4121 is blended with

Si1v A4116 which may contribute to K and v. There is also a number of very small O11

lines close to He1A4471
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3.2.3 Results - emission lines

For completeness the two prominent emission lines, Ha and He 1T A4686 are now considered.
The line profiles are shown in Fig. 3.11. Both lines show that more than one component
is present — Ha is thought to be the superposition of a wind P Cygni profile and an
additional emission component; He 11 A4686 is a superposition of photospheric absorption
and an emission component. Both additional emission components are thought to be
produced in the accretion stream in the region of the L1 point on account of their radial
velocity curves (e.g. Aab et al. 1983, Sowers et al. 1998). While these plots contain
no particularly interesting new results, they do have more complete phase coverage and
a better signal-to-noise ratio than any published text on Cyg X-1. To achieve full phase
coverage previous authors have resorted to using spectra from more than one orbit. As
noted by Walker., Yang & Glaspey (1978) and as investigated in the next chapter. this
should not be tried as there is significant orbit-to-orbit variability.

Figs. 3.12 and 3.13 show trailed spectrograms of the two emission lines. which have
been created using the velocity and phase binning routines in MOLLY and plotting routines
in L (shading in red indicates emission; yellow indicates absorption). This is the first
such plot created for the He 11 line and while Sowers et al. (1999) published a Ha trailed
spectrogram, their data were from various different orbits and of significantly worse signal-
to-noise ratio. Unfortunately the phase coverage for the Ha spectra shown here is far from
complete but an absorption component can be seen hlueward of the (stationary) emission
component. as can the appearance of an additional emission component at phase 0.3-
0.5, blue-shifted to a velocity of ~ -400 km/s. The Hen has better coverage and the
absorption component can be seen to shift around the emission component. Comparison
of the two trailed spectrograms would suggest that the additional emission of both lines
is blue-shifted during phases 0-0.5 and then red-shifted for the second half of the orbit -
when. in the case of Ha, it combines with the P Cygni emission

In order to study these emission lines previously. authors have attempted to subtract
the absorption spectrum of a standard star of similar spectral type (e.g. Gies & Bolton
1986, Ninkov, Walker & Yang 1987a). As well as being a somewhat dubious method (for
reasons given in Gies & Bolton 1986 and Chapter 2) this method is particularly unsuitable
for Ha with its P Cygni profile rather than a simple photospheric absorption line.

It is interesting to note that Hutchings, Crampton & Bolton (1979) recovered the

‘pure” Ha emission using this method and discovered what appeared to be a variable blue-
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can be seen that more than one component is present — it is thought that an emission
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Figure 3.12: Trailed spectrogram of the peculiar Ha emission line. The additional blue-

shifted emission (plotted in red) component can be seen at orbital phases 0.3-0.5 but

merges with the P Cygni profile after this.
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Figure 3.13: Trailed spectrogram of the peculiar He 11 A4686 emission line. The additional
emission (plotted in red) component can be seen throughout the orbit, moving almost in

antiphase (~ 120° e.g. Hutchings et al. 1973) with the photospheric absorption (plotted

in yellow).
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shifted absorption component in the residual profiles and therefore possible evidence for
a photo-ionisation wake. However, the absorption trough appeared at phase 0.2, reached
a maximum depth at phase 0.5 and was only just present at phase 0.7. If these results
were due to a photo-ionisation wake then the geometry of the model would need to be
re-assessed. The low signal-to-noise of the data and dubious method of obtaining the
emission profiles probably renders this unnecessary.

To investigate all the emission lines accurately (including all the Balmer lines etc) of
Cyg X-1. be it the emission or the absorption components, it appears that a new method
is necessary. Sowers et al. (1998) use a tomographic analysis to build a two component
profile of Ha and are relatively successful. However, to improve on what they have done, all
the emission lines should be studied (ideally simultaneously as the emission components
probably originate in the same region) with high resolution, high signal-to-noise data
spanning all phases of « single orbit. Without this then the orbit-to-orbit variations

considered in the next chapter will cause confusion.

3.3 Conclusions and Further Work

Our new, high quality spectra from the CrAO have enabled us to extend the baseline
for the ephemeris by over 400 days. Consequently we have refined the orbital period
of C'vg X-1 and remain within agreement of the results of many other authors. OQur
value of 5.599829 days for the orbital period also provides an accurate fit to 27 vears’
worth of photometry. As well as improving the accuracy of the radial velocity curve it
also emphasizes the stability of the orbit of Cyg X-1 over long time intervals. Further
multiwavelength analysis will follow in the next chapter.

Despite looking at a number of absorption lines in the INT spectra of Cvg X-1. the
only orbital variability appears to be the Doppler shifting of photospheric lines as the star
approaches and recedes. There is no evidence for an additional blue-shifted absorption
component due to a photo-ionisation wake, either in the spectra themselves or in the radial
velocity curves. | note that previous authors have found hidden emission components
in various lines (particularly the Balmer lines), diminishing at orbital phase 0.5 — this
would be expected in accordance with the Hatchett-McCray (1977) effect. However, the
low resolution of the data and the many errors involved in attempting to subtract the
absorption spectrum make it unwise to investigate this hidden emission here.

It scems unlikely that a black hole system, such as Cvg X-1. which is a bright X-
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ray source should not be observed to heat and hence attenuate the wind sufficiently to
produce an optically thick photo-ionisation wake as in the case of Vela X-1. In fact it is
more likely that with an X-ray luminosity of > 107 ergs/s (e.g. Smith. Margon & Conti
1973) the X-ray heating is sufficient to completely ionise the wind in the region of the black
hole. Consequently the wind is slowed in all but the shadow of the X-ray source and so
shocks at the interface between the fast ‘shadow’ wind and the region of high jonisation
are not probed in these data (Kaper 2000, private communication). This scenario may
not be compatible with the focussed stellar wind model of Friend & Castor (1982). Gies &
Bolton (19%6a) - however the focussed stellar wind model does not sufficiently deal with
X-ray ionisation. C(learly both models should be developed simultaneously in order to
explain the results seen here and in the next chapter. It would be an interesting exercise
to determine the wind velocity of Cyg X-1 at different orbital phases to see to what extent
the wind is fully ionised.

An alternative suggestion is simply that the inclination angle of Cvg X-1 is too small
for the photo-ionisation wake to obscure our line of sight. This could be much more easily
tested by making phase-resolved spectroscopic observations of neutron star systems of
similar X-rav luminosities and various inclination angles to determine how far out of the
orbital plane the photo-ionisation wake can be detected.

It is also interesting to note that whereas the predicted X-ray luminosity of the majority
of OB HMXBs is less than that observed this is not the case for Cyg X-1. With the X-
ray luminosity inversely proportional to the fourth power of the wind velocity (assuming
the X-rayv luminosity is due to accretion from the wind only) this suggests that in most
cases (but apparently not in Cvg X-1) the wind is slowed in the region of high ionisation
trailing the compact object. i.e. the Stromgren zone (Kaper 1998). However. the X-rav
hardness ratio of Cyg X-1 is seen to peak at high orbital phases and this could be due to
the absorption of soft X-rays by the photo-ionisation wake in the line of sight - although
other mechanisms have been suggested, e.g. absorption by the wind and/or accretion
stream (e.g. Balucifiska—Church et al. 2000). Something different takes place in the Cyg
X-1 svstem as the X-ray luminosity suggests that the wind is completely ionised in the
region of the black hole - the focussing of the wind into quasi-Roche lobe overflow may
be responsible here. As there is certainly evidence for an accretion disc and Comptonising
corona the wind accretion relationship above is probably not relevant here.

The focussed nature of the stellar wind of Cyg X-1 complicates matters as the P Cygui
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profile of the Ha emission is superimposed by an additional emission component thought
to originate in the region of the L1 point. Likewise the He 11 A1686 is also thought to be
a superposition of a photospheric absorption line and emission from the region of the L1
point. To study either of the components of each line it is important not to introduce
errors through subtraction of a standard star spectrum. The tomographic method used
by Sowers et al. (1998) has proved successful and would be a recommended way forwards.
Full phase coverage of a single orbit is required for this so that orbit-to-orbit variations
can he eliminated and it would be advisable for the Ha and He 11 Ad686 lines to be studied
together. both having additional emission components originating in a similar region.

In collaboration with A.E. Tarasov. D.R. Gies and K. Avani. HHa spectra have been
obtained by telescopes at the Crimean Astrophysical Observatory. the McDonald Ob-
servatory and the Bisei Astronomical Observatory during the same week. By observing
ssimultaneously”™ with three telscopes at such evenly spaced time zones. we should have
almost complete phase coverage of a single orbit (although the Bisei data may be of in-
sufficient resolution to be used directly) and consequently high quality tomograms should

be achievable. This is work in progress.



Chapter 4

PERIODIC AND FLARING VARIABILITY OF
CYGNUS X-1

In colluboration with R.P. Fender. V. Larionov. V.M. Lyuty. A E. Tarasor. G.(. Poolcy.
H.S. Paciesas & P. Roche!

Following the revision of the orbital ephemeris of C'vg X-1 in the previous chapter, we
now turn to a study of variability at other wavelengths.

The orbital period has been well-defined in the optical (e.g. Voloshina. Lyuty &
Tarasov 1997) and infrared photometry (Leahy & Ananth 1992, Nadzhip et al. 1996)
for over a decade. A 5.6 day modulation has also been discovered in X-ray data collected
by Ariel V/ASM (Holt et al. 1976). RXTE/ASM (Zhang. Robinson & Cui 1996) and
CGRO/BATSE (e.g. Paciesas et al. 1997). Finally, Pooley, IFender & Brocksopp (1999)
have recently reported that the orbital period is present in the radio emission. Here, for
the first time, the orbital period is studied in all wavebands simultaneously. The chap-
ter ends with a more detailed look at the orbital modulation at radio wavelengths - we
find that it can be reasonably well described by a simple model of free-free absorption by
varving optical depths of the stellar wind as the radio source moves around the supergiant.

A second "modulation” of ~ 150 days has been detected (Poolev, Fender & Brocksopp
1999) and this is probably related to the 294 day period found in X-ray data by Pried-

horsky, Terrell & Holt (1983) and in optical data by Kemp et al. (1983. 1987). We find

'Published in MNRAS, 309, 1063 (1999). Additional spectroscopy and study of the radio orbital

modulation included here.
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that the shorter period is present in all our datasets and suggest that it is caused by
precession of the accretion disc.

A number of (anti-)correlated events between the radio and X-ray emission have been
reported and these have generally taken place at the time of a transition from one X-ray
state to another. Here we look at the small scale flaring behaviour of Cvg X-1 and find
further evidence for correlated behaviour between the radio and soft X-ray lightcurves.

The presence of modulations at all wavelengths and correlated behaviour between the
X-ray and radio strongly suggest that there is a connection between the accretion disc
and the radio-emitting jet that is not probed sulficiently in current X-ray models. In this

chapter we lay the groundwork for more detailed future modelling of the jet/disc syvstem.

4.1  Observations

Data were collected between 1996 April and 1998 September, a summary of which can be
found in Table 4.1.
To ease comparison between datasets the optical and infrared magnitudes have been

converted into mJy using the O'Dell conversion factors (O'Dell et al. 1978).

Table 4.1: Summary of observations

Band Source Observation Period

Hard X-rays (20--100 keV) CGRO April 1996-Sept 1998

Soft X-rays (2-10 keV) RXTE April 1996-Sept 1998
BV SAI June 1996-Sept 1998
Spectroscopy CrAO June 1996-Sept 1998
JHK SPG4CrAO June 1997- Sept 1998
Radio RT Oct 1996- Sept 1998*

C'rAO - Crimean Astrophysical Observatory
SAI - Sternberg Astronomical Institute
SPG - St. Petersburg University

RT — Rvle Telescope, Cambridge, UIX

* There is also one point from April 1996
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X-ray

Our hard X-ray data came from the BATSE instrument on the Compton Gamma Ray
Observatory (C'(‘RO) and were processed using the standard BATSE earth occultation
software. Further details can be found in Paciesas et al. (1997). Soft X-ray data have been
obtained from the Rossi X-ray Timing Explorer (RXTE): we use the ASM public archive
data from the web (http://xte.mit.edu). A detailed description of the ASM. including

calibration and reduction is published in Levine et al. (1996).

Optical

The photometric {"BV data were obtained by the pulse-counting photometer of the
Crimean Laboratory (Nauchny. Crimea) of Sternberg Astronomical Institute: the 60 cm
telescope was used. All observations were made with reference to the local standard BD
43593816, V" = 9.976, B -V =0.590. U — B = 0.064 (Lyuty 1972).

Our spectra were taken at the Crimean Astrophvsical Observatory using the coudé
spectrograph of the 2.6 metre telescope. The detector was a ('DS9000 {1021x256 pixels)
CCD array. All observations were made in the second order of a diffraction grating with
reciprocal dispersion of 3:’\/:1) m and resolution of 25000. The typical exposure time for
cach spectrum totalled 40 minutes for Ha and 1.5 hours for He 11 A4686 resulting in a S/N
of ~100. The spectra were reduced using standard flat field normalisation and sky sub-
traction techniques. Wavelength calibration was achieved using ThAr comparison spectra.
Note that the carlier of these e 11 are the same spectra that were used previously (Chapter

2).The water lines were removed from the Ha spectra and equivalent widths calculated.

Infrared

The infrared data were collected using an [nSh photometer of St. Petershurg University
which is attached to the 0.7n1 telescope of the C'riinean Observatory. The detector operates
at the temperature of liquid nitrogen. 7 Cygni was used as the standard star and the
measurenients have an accuracy of 0.03 magnitudes. This accuracy may appear unlikely
on sceing the amount of scatter present in the infrared lightcurve compared with the
optical. However the variability is thought to increase at the longer wavelengths and so
is probably intrinsic - this has been confirmed with more accurate observations of Cyg
X-1 at Campo Imperatore (V. Larionov, private communication). LFurther analysis is in

progress.
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Radio

15 GHz radio monitoring took place at the Ryle Telescope of the Mullard Radio Astronomy
Observatory, Cambridge. The radio data are presented here as 10 minute integrations with
a typical rms uncertainty of 1 mJy: the phase calibrator used was B20054103. Further
details may be found in Pooley & Fender (1997).

We have also made use of radio data from the Green Bank Interferometer (details of
which may be found in Waltman et al. 199-) which monitors this and many other sources

at 2.25 and 8.3 GHz.

4.2  Results

Long term lightcurves for BATSE, ASM, UUBV K band photometry and the radio are
shown in Fig. 8.1.

Perhaps the most notable feature is the very distinct anticorrelation hetween the two
X-ray bands during the period MJD 50200-50330. As mentioned previously, this is typical
of the transition to the high/soft state and back to the hard again. Unfortunately we only
have one radio point during this period —on MJD 50226 the flux reached 18 mJy. However.
this was during the transition and VLA monitoring towards the end of the high/soft state
period showed that. as found during previous state changes. the radio flux had dropped
to ~3 mJy (Zhang et al. 1997). Some authors (Belloni et al. 1996, Isin et al. 1998)
have concluded that Cyvg X-1 did not fully reach the soft/high state ou this occasion in
which case we may expect the radio source to not have disappeared as before (but see also
Gierlinski et al. 1999). However, it should be noted that the radio source of (GX339—4
diminishes during its X-ray intermediate/high state (Fender et al. 1999) and. given the
many similarities between these two systems in terms of their X-rayv and radio properties,
we may expect C'vg X-1 to behave likewise.

It is also immediately apparent that there is a long term modulation in the radio.
referred to as the "150 day” period in Pooley, Fender & Brocksopp (1999): it has now been
monitored for five cycles. This is studied in more detail in Section 4.2.2.

There are many flares in the X-rav and radio light curves, the majority of which seem
to correlate between the different wavelength regimes. This is perhaps to be expected as
the emission is all thought to be associated with the black hole and accretion disc. The
majority of the X-ray flares appear to be of comparable aniplitudes but there are two in

the ASM data which increase above this level. The {lares at MJD ~50650 and ~ 51010
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Figure 4.1: BATSE, ASM, optical, infrared and radio lightcurves for the full 2.5 years or
our observations (MJD 50200-51100).
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are studied in further detail in Section 4.2.3.

In contrast to this, the optical photometry shows a very flat lightcurve with few devi-
ations, other than orbital modulation. There are a few flares but whilst the behaviour of
one optical band is generally correlated with the others, there appears to be no correlation
with the other wavelength regimes. In particular, there is one flare of note that occurred
at MJD 50583 in the U and B bands and is distinctly not correlated with any soft X-ray
behaviour. This is addressed in more detail in Bochkarev & Lyuty (1998). Therefore it
is perhaps surprising that the equivalent width of the Ha emission line was apparently
anti-correlated with the soft X-rays during the soft X-ray state, being significantly below
its usual value — indeed, the emission component of the line essentially disappeared. with
a value of ~0.25 A compared with an average value of —0.7 A during the low/hard state.
We suggest that this was due either to additional ionisation in the stellar wind at this
time, or dilution by a stronger free-free component. We do not include the equivalent
width data in Fig. 8.1 as it does not cover the full period. Instead. we address it in further
detail in Section 4.2.1 and 4.2.2.

Unfortunately our infrared data are more scattered and it is difficult to see if there are
any flares. It appears that there are none and that generally it follows the same flat shape
of the optical. However, there are a number of possible deviations from this. It appears
that the flux is slightly increased during the X-ray high/soft state and then falls to below
the mean shortly after the transition to the low/hard state. This is the case in all four
bands, although we show only the K" band here. We note that there is a single point in the
U, B and V' bands soon after this that is also well below the mean flux level. There may
also be a peak in the infrared at MJD 51055, approximately forty davs after the X-ray

flare.

4.2.1 The Orbital Period

We use the ephemeris of Brocksopp et al. (1999) with P,,.,=5.599829+0.000016 days. The
STARLINK package PERIOD was used to fold all data on the orbital period with superior
conjunction of the black hole corresponding to the zero point (JD 2441874.707).

We were surprised to sce that the optical photometry did not fold onto this period
satisfactorily, in contradiction to Brocksopp et al. (1999) when a much longer dataset was
used. We therefore separated the data according to the X-ray state and, for the hard state,

removed flares and scatter above ~ 3¢ from all datasets. The resulting mean lightcurves
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then ASM, U, B, K and radio. (We only have sufficient K band and radio monitoring
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are shown in Fig. 4.2.

The low/hard state

We now find that, during the low /hard state, the orbital modulation is much more apparent
in the optical (as found by Voloshina, Lyuty & Tarasov 1997) and the soft X-ray (this
was also found by Cui, Chen & Zhang 1998). Contrary to this, when the flares/scatter
(above ~ 3a) have been removed, the BATSE data no longer appears to modulate on the
orbital period, despite clearly showing modulated behaviour in Paciesas et al. (1997). This
suggests that either the flares occur periodically or some component modulates during the
flaring periods. The radio modulation does not change significantly when the flares are
removed.

The optical and infrared show the double-peaked ellipsoidal modulation that we would
expect from a star with a tidally distorted companion. As we have insufficient infrared
data from the time of the 1996 high/soft state we cannot say whether or not the orbital
modulation is disrupted. The amplitude of the infrared modulation is comparable with
that of Nadzhip et al. (1996) (~ 4%), not with that of Leahy & Ananth (1992) (~ 7%).

Pooley. Fender & Brocksopp (1999) discovered that the 15 GHz radio phase is offset
from the ASM data by about 0.67 davs. This delay was also apparent at other radio
frequencies and increased with wavelength. We find that extending the dataset does not
dispute this result and also notice that there is a phase difference between the minima of
all our datasets (R.H.S. of Fig. 4.2) - the optical reaches its minimum at phase zero (by
definition) with the X-rays slightly beforchand and the infrared and radio at increasing
longer delays. It is not clear exactly where these lags originate but this is probably an
optical depth effect — 1 note that the frequency-dependence is diminished on extending
the radio lightcurves further and so it is possible that this effect is not real (see Section
1.4). 1 is interesting that there is a similar phase delay between the hard and soft X-ravs
in ('vg X-3 (Matz 1997).

We also fold all of our equivalent width data for Ha and He 11 A1686 (Iig. 4.3): errors
on each point are ~ 10%. Fitting a double peaked sine wave to the two datasets vields
a reduced \? ~ 0.07 for Ha and 0.01 for He11; this suggests that while the apparent
structure seen in at least the latter may be real. more accurate error estimation would be

appropriate.
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4.2.2 The Long Term Period

A Lomb-Scargle period search suggests that there is also a period of 142.0 & 7.1 days
present in the 15 GHz radio data (the ‘150 day period’ of Pooley, Fender & Brocksopp
1999) — power spectra have also been computed for the other datasets, including 2.25 and
8.3 GHz radio data from the Green Bank Interferometer, and are shown in Fig. 4.4. The
maximum peak in each is indicated (> 95% confidence) and it is clear that this same long
period is highly significant at all three radio frequencies and also in the X-rays (note that
the X-ray datasets required some averaging in order for PERIOD to read the files — this
may have resulted in some artefacts), The orbital period is the dominant peak in the
optical dataset.

Folding the data on this 142 day period confirms that it is present at each wavelength
(Fig. 4.5) although it is not really a sinusoidal modulation (e.g. fitting a sine wave to the 15
GHz plot yields a reduced x? of 3.7 to > 95% confidence), Comparing the three radio plots
shows that this time the amplitude of modulation and the time of phase zero do not show
the strong wavelength-dependence exhibited by the orbital modulation. Ty corresponds
to JD2450395.1943. This period can also be detected in the X-rays and optical; the B
band is included in Fig. 4.5 and, while it does not initially appear to show such definite
structure, it is only an excess at phase 0.0 that makes this modulation dubious and we

find that this excess is due to the flare at ~ MJD50670. Perhaps surprisingly, we find no
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Figure 4.4: X-ray, B band photometry and radio (including GBI at 2.25 and 8.3 GHz)
Lomb-Scargle power spectra (low/hard state only). 95% confidence maximum peaks are

indicated. Note that the long modulation is the dominant peak in the radio data, the

orbital period is dominant in the optical.

evidence for the 294 day period found by Priedhorsky, Terrell & Holt (1983) and Kemp
et al. (1983, 1987).
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(N.B. Fig. 4.5 includes data from the hard X-ray state only. We also note that the
X-ray flux in Fig. 1.5 appears different from that of Fig. 1.2 (R.H.S.). This is because
flares have not been removed before folding the data on the 142 day period.)

Bruevich et al. (1978) calculate the disc contribution of the optical luninosity to be
~ 2% which is equivalent to the apparent modulation of the B Band in Fig. 4.5. We can
therefore assume that the 112 day period in the optical is related to the accretion disc.
rather than the supergiant.

If we are to assume that the modulation is due to the precession of the accretion disc
(as found in other X-ray binaries) then there is no reason to expect the period to remain
constant over a decade. This is particularly true for a system accreting via a wind. which
has a more variable accretion rate than for Roche lobe overflow. To investigate this further.
we have looked at the public access BATSE data from before the 1996 high /state transition.
While before this time there was some modulation at 142 days, it was considerably less
than since the state change. Incidentally, the 294 day modulation was slightly stronger
hefore the transition but is not present in the last 2.5 vears” worth of data. We therefore
assume that it is indeed possible for the precession period to change.

However. Larwood (1998) shows that the ratios of the orbital and precessional periods
for other X-ray binaries with precessing discs are approximately equal: 294 dayvs is too
large for Cvg X-1 to show a similar ratio, whereas 112 days is much more suitable. We
use the calculations of Larwood (1998) to calculate the angle, ¢ between the inclined disc

and the orbital plane.

P 313/2(/5’3/2(‘055 m
A T t

where [ is the orbital period, P, is the precessional period. ¢ is the mass ratio. I? is
the ratio between the Roche radius and the accretion disc radius and J=dp=Paczyviiski’s

radius (Larwood 1998, Paczynski 1977). R and 8p are given by:

Rlq) 0.49 (1.2)
() = 4.
! 0.6+ ¢3/2In(1 4 ¢=1/3)
, 1.4 ,
orla) =17 [ (1.8¢)]02 (+.3)

This gives an angle =37° between the disc and the orbital plane.
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For an accretion disc of area A inclined at angle ¢, the orbital inclination, the projected
area observed is Acos:. When the disc is tilted towards us through angle § the projected
area is increased to Acos(i — ) and the soft X-ray emission will be a maximum. Likewise
the soft X-ray emission will be a minimum for a projected area of Acos(i + §).

From Fig. 4.5 the ratio of soft X-ray maximum to minimum emission is ~ 1.62. We use
this to deduce that Larwood’s model fits our data if we assume i = 20°. This is rather low
(e.g. Bruevich et al. (1978) suggest ¢ = 40 - 60°, Kemp et al. (1979) ¢ = 60 — 70°) and
has enormous implications for the masses of the two components; it appears that some
refinement to the model is necessary.

The radiative warping model of Wijers & Pringle (1998) predicts a long period of 180
days for Cyg X-1. Again, our value of 142 is closer than 294 but it still suggests that
some aspect of the model does not fit. This model invokes more parameters which are not
well-known, such as viscosity and mass accretion rate rather than just the mass ratio, and

so it is not surprising that the predicted and actual values do not agree.

Spectrospcopy

It is perhaps surprising that no evidence for any long period in the spectroscopy has been
reported. If we assume that the accretion disc is precessing then we may expect some
obscuration of the accretion stream (and hence the emission lines} by the disc. Even if the
precession madel is incorrect and some variable mass transfer is more appropriate then
variability of the emission lines would be expected. We therefore look more closely at the
emission line spectra for the presence of a 142 day modulation.

In order to do this the dataset has been extended so as to include additional spectra
from 1998 and 1999. Unfortunately we have insufficient He 11 A4686 spectra to fully sample
the 142 days and so only He is considered here, both in terms of equivalent widths and
trailed spectrograms. It should be noted that all spectra have been taken by the same
telescope and instruments and all equivalent width points have been measured by A.E.
Tarasov, thus providing a homogeneous dataset (although admittedly it would have been
beneficial to compare results with observations of a standard star to confirm this}.

We consider first the complete equivalent width dataset which spans three years. Var-
ious methods of period searching were used, including the Lomb-Scargle and CLEAN
algorithms and an epoch-folding routine. No conclusive periods were detected.

The equivalent width data were folded on the 142 day period and are shown in the top
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Figure 4.7: Ha equivalent width data split into orbital phase bins and folded on the 142

day period. Most plots appear to be scattered, bearing no relationship to the long period

- however, it may be worth considering orbital phases 0.1-0.4 more carefully.
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part of Fig. -1.6: the spectra are plotted as a trailed spectrogram in the bottom part. While
there is clearly some variability in the equivalent width data, this would be expected due
to a component of the emission line being produced by the non-uniform stellar wind; there
is no evidence for a periodic nature. On the other hand. the trailed spectrogram hints at
possible ‘periodic’ variability, with an increase in velocity and decrease in intensity seen
at phase 0.5; alternatively these may just be selection effects determined by the orbital
phases sampled at this time.

To account for the orbital variability present in Fig. 4.6, we split the data into ten
orhital phase bins and repeat the last two plots for each bin. Again. there seems to be
no evidence for any periodic variability iu the cquivalent width data — although orbital
phases 0.1-0.4 may be worth considering further (see Fig. 4.7). Likewise it now appears
that the profiles and intensities of the lines are variable across the 142 day period just
after the two conjunctions (see Fig. 4.8). Unfortunately it is not clear whether the long
variability is periodic or not, due to insufficient phase coverage. Nevertheless, the plots
at orbital phases 0.2-0.5 and 0.6-1.0 again suggest that there is an intensity decrease
around phase 0.5 of the long period. Therefore any model presented to account for the
long modulation in Cyg X-1 should also include the possibility of emission line variability
at the corresponding orbital phases.

Given the irregular structure of a stellar wind it is likely that variations in the wind
components of the emission lines are distorted and so it would be of more benefit to study
the long period in the ‘pure emission’. As mentioned in the previous chapter. it may not
be possible to study the pure emission components (i.e. the part arising in the accretion

stream) until it is possible to separate the various components of the lines.

4.2.3  Correlated Flares

We now consider the two larger flares of MJD 50630-50670 and MJD 50980-510801n more
detail (Fig. 4.9).

During the first of these periods it can be seen that there is a pair of N-ray flares,
simultaneous in both energy bands with the radio ‘flare” occurring in between. (On removal
of the orbital period this radio flare is more pronounced). The second flaring period is
very different as this time there does not scem to be any obvious correlation between ASM
and BATSE. It is clear from Fig. 8.1 that the hard X-ray lightcurve changes very little

compared with the ASM and radio, despite some violent activity in the accretion disc. We
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Figure 4.9: X-ray and radio lightcurves and equivalent widths during flare periods M.ID

50630-50670 and 50980-51080

also note that the radio is much more active than previously - rather than just a small
flux increase it appears to roughly follow the shape of the ASM lightcurve.

Given the strong anti-correlation between ASM and BATSE during a state change and
the strong correlation during the first flare, it is possible that in this second flare we are
seeing some sort of hybrid between the two. This may have been observed before - Chui,
Chen & Zhang {1998) comment on a flare just prior to the state change during which the
ASM spectral behaviour was similar to that of the high/soft state, but clearly not a state
change. Maybe this flare is also a precursor to a state change, or possibly a ‘failed’ state
change accompanied by a radio flare which may be a typical early signature of a transition
to the high/soft state (Zhang et al. 1997).

The equivalent widths do not really show any behaviour related to the accretion disc

activity. Both flare periods show a decay in equivalent width for Ha but as single system
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Table -1.2: Spearman rank correlation coefficients () of plots in Fig. 4.10. Numbers in
brackets following the value of r indicate the number of data points in the sample - thus
it can be shown by Student’s ¢ test that all correlations in the table have a 99% confidence

limit.

Hard State  Flare 1 IFlare 2 Soft State

ASM/BATSE  0.59 (550)  0.83 (36) 0.39 (80) —0.54 (115)
ASM/Radio 0.30 (402) 0.30 (23) 0.70 (88) -
BATSE/Radio  0.25 (100) 0.27 (27) 0.31 (77) -

supergiants also show a similar equivalent width variability it is presumably independent
of the X-ray behaviour.

We then generate flux-flux plots for the X-rays and radio. (It is clear from Fig. 8.1 that
to plot radio or X-rays against the optical/infrared photometry would vield nothing: this is
also the case for the X-ray/equivalent widths). However. flux-flux plots for the optical only
show very strong correlations confirming that all bands share a common emission region).
To do this we have removed the mean orbital light curves (nn-normalized). firstly because
we know each data set shows orbital modulation and it is other correlations that we wish to
find and secondly because the radio is offset from the X-rayvs by 0.12 in orbital phase. We
note that by removing the mean lightcurve some of the residuals become negative - this
is because we have not removed flaring periods prior to subtracting the mean lightcurves.
The fluxes were then binned on 1 day and the fluxes of corresponding bins plotted.

Fig. 4.10 shows the three flux-flux plots. Stars and hollow shapes correspond to the
different flare/transition periods and the intervening low/hard state in between is shown
by crosses,

It is immediately clear that there are a number of correlations. We have alrcady
mentioned the anti-correlation between ASM and BATSE when ('vg X-1 is in the high/soft
state: this can be seen in the top plot of Fig. 1.10. There is a large amount of scatter due
to the variable flaring in the soft X-ravs. During the quiescent low/hard state there is a
reasonable correlation between the two X-ray bands, although the radio only seems loosely
correlated with the X-rays; the possible offset between the radio and X-rav long term
period seen in Fig. 1.5 may be adding to the scatter. There is a strong correlation between
the two X-ray datasets during the first flare, but again, only scatter in the radio/X-ray

plots. Finally. a strong correlation between the radio and soft X-rayvs can be seen during
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the second flare.

Spearman rank correlation coeflicients (») have been calculated for cach of the sub-
plots of Fig. 4.10 and are shown in Table 4.2. 1 is defined as the ratio of the covariance
of the two datasets to the product of their standard deviations and takes values in the
range —1.0 ~ +1.0. Most convincing correlations are obtained for hard and soft X-rays
during the first flare, high/soft state and quiescent low/hard state and for the soft X-rays
and radio during the second flare. We note that a considerably higher value of r can be
obtained if we assume that the radio lags the X-ravs by 2.5 dayvs, during the first flare
only - a value obtained by trial and error. If we are to assume that this lag is real then it
would imply that the 15 GHz radio emission becomes optically thin a maximum distance
6.5 x 10% metres from the X-ray source. However as the only lag apparent in our data is
0.67 days between the radio and X-ray orbital modulation, 2.5 days seems unlikely to be
real. r is not improved if we assume this shorter lag, although as the orbital period has

been removed prior to creating the flux-flux plots this may be expected.

4.3 Discussion

In summary. we find that the orbital period and also a longer period modulation. probably
due 1o precession of an accretion disc. are present at all wavelengths. We also find that
there is correlated behaviour between the radio and X-rays although the nature of this
correlation varies from flare to flare. This hmplies that the X-ravs and radio are coupled
as expected for a disc/jet system. The optical and infrared do not show any behaviour
related to the X-rays or radio aud appear to share a separate emitling region.

It is necessary to draw together all of the results obtained for Clvg X-1 and create a
consistent model that includes all available data - not just, for example, the N-rays as in

the case of some previous works. This model needs to address:
o The orbital modulation across the spectrum during the low/hard state

e The long period (precessional) modulation across the spectrum during the low/hard

state
e The lack of optical and soft X-ray orbital modulation during the high/soft state
e Decrease of radio emission during high/soft state

e Existence of correlated flaring behaviour between radio and X-rays
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Table -£.3: Summary of the orbital and precessional modulations across the spectrum and

their physical interpretations.

points.

For BATSE we use the dataset prior to removal of > 30

% Orbital modulation
{Standard error x10)

Physical

interpretation

BATSE 20-100 keV 1.9 (1.0) Stellar wind absorption
XTE 2-10 keV 9.0 (0.3) Stellar wind absorption

U {0.36m) 2.9 (1.4) Ellipsoidal modulation

B {0.43pm) 2.6 (0.7) Ellipsoidal modulation

V (0.55¢m) 2.4 (0.7) Ellipsoidal modulation

J (1.25pm) 1.2 (0.3) Ellipsoidal modulation

H (1.65um) 5.2 (0.4) Ellipsoidal modulation

K (2.20pm) 2.5 (0.2) Ellipsoidal modulation

RT (15 GHz) 19.4 (1.2) Stellar wind absorption
GBI (8.3 GHz) 17.6 (0.1) Stellar wind absorption

GBI (2.3 GHz)

6.8 (13.4)

Stellar wind absorption

%% Precessional modulation

(Standard error x10%)

Physical

interpretation

BATSE 20-100 keV

XTE 2-10 keV

18.0 (0.1)
25.8 (0.2)

Precession of disc/jet

Precession of disc

U (0.364m

2.6 (15.1)

)

B (0.43pm) 1.5 (2.6) Precession of disc ?

V (0.55pm) 2.1 (7.0)

J (1.25pm) ?

H (1.65um) ?

X (2.20pm) ?

RT (15 GHz) 23.9 (8.3) Beaming/projection of jet
GBI (8.3 GHz) 25.7 (41.0) Beaming/projection of jet
GBI (2.3 GHz) 17.2 (40.0) Beaming/projection of jet
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e The occasional lack of correlation between hard and soft X-ravs

e The general lack of non-modulated variability in the optical and infrared lightcurves.

other than occasional flares which appear unrelated to X-ray behaviour

The details of the periodic behaviour of Cyg X-1 are summarised in Table -1.3. The
percentage modulations are calculated using the formula

{(maxr — niin)
(mar + nin)

x 100

The orbital modulation of the optical and infrared is due to the ellipsoidal shape of the
supergiant, both due to distortion of the star itself and due to the shape of the focussed
stellar wind. In the case of the radio and X-rays, the frequency-dependent phase lags
and degree of modulation suggests line-of-sight absorption by the wind to be respousible.
Stellar wind absorption could not account for the long-period variability. particularly as
the degree of modulation does not vary with frequency, and so precession and/or radiative
warping of the accretion disc seems the most likely cause. This is supported by our
calculations in Section 4.2.2.

To account for both periods we adopt the conical jet model of Hjellming & Johnston
(19R88) for the radio emission (detailed radio modelling will be presented in a later paper).
The production of continuons syvnchrotron emission requires a continuous flow ol relativis-
tic electrons and magnetic field from the accretion disc. We therefore find it extremely
unlikely that this could occur throughout the proposed corona that is currently the only
accepted model for the X-rays. A collimated jet is much more feasible and we see no
reasont why the hard X-rayvs are not emitted from the base of this jet. produced when seed
photons from the aceretion disc are up-scattered as previously suggested. The jet model
is also supported by VLBA images at 8 and 15 GHz (Fig. 2.7, Stirling et al. (1998, 2000
in prep.).

The apparent precession of the X-rays questions previous models of Clvg X-1. While
an optically thick corona could precess with the accretion disc providing it had some non-
uniform geometry, it is generally accepted that the corona is optically thin (e.g. Cui et
al. 1997). In this case the corona would not precess with the disc unless it was a very
thin layver just above and below the disc, and therefore the BATSE modulation should be
comparable with that of ASM. This is not so and it can be seen in Table 1.3 that the
BATSE modulation is considerably less than that of ASM; in fact it is wmore comparable

with that of the radio. This suggests that the jet may be responsible for the production
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LOW /HARD STATE Optical emission lines
(from region of L1 point)

Tidally distorted O-type companion
(optical + infrared) /

Gravitationally focussed stellar wind

Comptonising corona
(related to base of jet?)

/ (hard X-rays)

. Plane of 5.6-day
& j ------ binary orbit
) Accretion disc inclined to binary
plane and precessing every ~142 days
(scft X-rays)

Large inner disc radius - ADAF important

Jets perpendicular to accretion disc(radio)

HIGH / SOFT STATE Absence of optical emission lines (?)

Absence of jets
(no radio)

Very bright accretion disc extending to last stable orbit
Lesser degree of ADAF (soft X-rays)

Additional heating of supergiant and stellar wind

Figure 4.11: Schematic showing the emission regions of Cyg X-1 during the hard and soft

X-ray states.

of the hard X-rays. Likewise if, as predicted, the low/hard state is explained by an
optically thin advection dominated accretion flow (ADAF) then neither should the soft
X-rays display the precession modulation. Therefore, either the soft X-ray flux during the
low/hard state does not entirely come from an optically thin ADAF or we must assume a
radiatively-driven warp model. Radiation warping could cause the disc to become flared
and so partial eclipses would produce the modulation. However, we feel that the Wijers &
Pringle (1998) model is not able to fit our data quantitatively and some further refinements
are necessary.

The increased mass flow during the high/soft state results in soft X-ray flaring of a
magnitude much greater than the amplitude due to the orbital variability which is why this

modulation appears to disappear. The lack of orbital modulation in the optical at this time
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is not so easily explained. Voloshina, Lyuty & Tarasov (1997) discovered that the orbital
modulation does not “disappear” but becomes single peaked with a maximum occurring
at the same phase as the X-rays, rather than the standard double peaked ellipsoidal
variability. This might suggest that, during this period, the luminosity of the accretion
disc was higher than the supergiant. However, with a disc contribution of only ~ 2%
(Bruevich et al. 1978), this is highly unlikely and we think that either the accretion disc is
bright enough for additional heating or ionization of the supergiant to become significant
and observable at orbital phase 0.5 or we are seeing the accretion stream from the L1
point.

Our results support the theories in which free-free emission in the disc produces the
soft X-ray emission. Some of these X-rays (and perhaps also lower energyv photons in the
disc) are then up-scattered by a hot corona either side of the disc, via the inverse Compton
mechanism. to higher energies. Acceleration of disc electrons along maguetic field lines
gives rise to svnchrotron radio emission. With such constant radio flux levels. a continuous
injection of electrons is required and so the radio emission must be coming from collimated
jets, rather than a more diffuse corona. [t is therefore possible that the hard X-ray flux
comes from a smaller region near the base of the jet than thought previously. We also use
the equations of Marscher (1983) to calculate that the contribution to the hard X-ray flux
of synchrotron self-Clompton scattering by the jet is probably negligible (<< 1%).

The different tvpes of correlated and anti-correlated behaviour can be explained in
terms ol different events taking place within the system. It appears that small flares
occurring in the X-rays and radio are a result of slightly increased mass flow. Transitions
to the high/soft state also involve increased mass flow but, in addition. the inner disc
racdins decreases considerably and a lesser degree of advection takes place. Where there
appears to be no correlation or anti-correlation between the hard and soft X-rays it is
possible that we have a -failed” state change: indeed, we find spectral softening in both
ASM and BATSE data at the time of this second flare. Although the radio states are
generallv thought to be anti-correlated with the soft X-rays. it seems that the transitions
from one state to another are accompanied by radio flares which may explain the relatively
strong radio flux at this time.

The apparent lack of correlation between the photometry and the X-ravs during the
low /hard state is not surprising as the supergiant is so bright that any additional luminos-

ity due to irradiation is negligible. Indeed, we show in Brocksopp et al. (1999) and Lyuty
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et al. (2000 in prep.) that the small deviations from orbital modulation are a result of
the wind, although we have shown in Section 4.2.2 that there is also a small contribution
from the accretion disc.

In drawing everything together we find that previous models need slight alterations to
explain all of our results. Fig. 4.11 shows a schematic of C'vg X-1 which tries to include
all information obtained about the systen.

During the low/hard state optical and infrared emission is dominated by that of the
stellar wind of the supergiant. In particular, the two emission lines Ha and He 11 A-1686 are
produced in the accretion stream, near the L1 point. At this time. the soft X-ray emitting
accretion disc has a large inner radius and advection dominated flow. It is inclined to
the orbital plane of the system and precesses with a period of ~142 days by means of a
radiation-driven mechanism. Small radio jets are emitted from the centre of the disc and
precess with it. Hard X-rays are emitted as the result of upscattering of the soft X-ray
photons to higher energies by a small corona at the base of the jet.

When C'vg X-1 enters the less common soft X-ray state the accretion disc extends much
further towards the black hole and the ADAF is restricted to the corona {Esin et al. 1998).
Increased activity in the disc causes additional heating and ionization of the stellar wind.
resulting in a loss of the Ha emission line. The jets and corona disappear. presumably
disrupted by either the inner edge of the aceretion disc or the heated stellar wind and the

material advected into the black hole.

4.4  The Radio Orbital Modulation

Detecting the orbital period of black hole X-ray binaries in optical and infrared photonietry
is a standard procedure and double-peaked orbital lightcurves, due to the gravitational
pull on the star by the black hole, are expected — minima occur in the lightcurves at
the two conjunctions. However, it is not so common to detect the orbital period in X-
ray or radio data — in the previous section (and Brocksopp et al. 1999) we postulate
that these modulations could be the result of phase dependent absorption by the stellar
wind. Since the publication of Brocksopp et al. 1999, Wen et al. 1999 have studied the
orbital modulation of the RXTE soft X-ray data and their model of wind absorption is
relatively successful (see Fig. 4.12). The X-ray orbital lightcurves have also been studied
by Baluciiska~Church et al. (2000) who found that the duration and phase ol the minima

arc also variable and likely to be due to *clumpiness’ in the stellar wind.
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Figure 1.12: Soft X-ray lightcurve folded on the orbital period and overplotted with model

curves for various inclination angles (from Wen et al. 2000).

[ consider now the radio lightcurve and the possibility that it too undergoes phase
dependent absorption. For the initial construction of the model I use 15 Gliz data from
the Ryle Telescope, Cambridge - most of which was used in the previous section. although
the lightcurve has been extended - and data at 8.3 and 2.25 GHz {rom the Greenbank
Interferometer. However, it is hoped that the model will eventually be able to cope with
any frequency emitted in the jets. Flares have been removed from the lightcurves. All

parameter symbols and their values are summarised in Table L.

4.4.1 The Model

In Pooley, Fender & Brocksopp (1998) it was discovered that the radio emission of Cvg
X-1 was modulated on the orbital period with an amplitude that. perhaps surprisingly,
increased with the frequency of the emission; not what we would expect for a typical free-
free absorption law. This indicates, firstly that the density of the wind cannot be treated

as constant along the line of sight — indeed, there is no stellar wind model which considers
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Figure 4.13: Schematic showing the Cyg X-1 system as considered in this simple model

for the radio modulation.

the wind density to be constant — and secondly that the optical depth along the jet is not
constant.

The work of Leitherer, Chapman & Koribalski (1995, and references within) was used
to determine the (frequency dependent) radius from the supergiant at which the stellar
wind becomes optically thin to free-free absorption of radio emission:

. Mz \*3
W, = 4.0 x 10""T~Y?(yg,)!/? (—”) cm (4.4)
UVoe

The resultant values of W, are listed in Table 4.4.

It can be seen in Table 4.4 that the stellar wind remains optically thick a significant
distance outside the binary orbit at all three frequencies considered here. It is therefore
important to consider two different absorption components — the first as the jet moves
around the binary orbit (which provides the modulation), and a second caused by absorp-

tion in the foreground between the orbit and the wind radius (which lowers the flux by a
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Table 4..4: Parameters used in construction of a simple model to explain the orbital mod-
ulation in the radio emission of C'vg X-1. Where three values are given they correspond
to frequencies 2.25, 8.3 and 15 GHz respectively. References: 1. Gies & Bolton (1986). 2.

Gies & Bolton (1986a). 3. Iriend & Castor (1982), 4. Leitherer. Chapman & Koribalski

(1995)
Parameter Symbol Value
Observed flux Sy see text
Intrinsic Hux Su see text
Frequency v 2.25. 8.3, 15 GHz
Distance to svstem D 2.5 kpe
!Orbital inclination ! 30°
10Orbital separationt d 3.3 x 101 em
2Radius of star r* 1.387 x 10! cm
Ynitial wind density Po 3.72x 107 g/cm?
2Power index a 1.05
YTemperature of star/wind T 30000 K
3Mass transfer rate M 2.0 x 1079 M., /vr
2Wind velocity U 1580 km/s
Wind radius (Eq. 4.4) W, 20, 8.2. 5.4 x 1013 c
Distance from centre of star R 0- W,
Wind density PP s see text
Distance from BH to site of radio emission 7 20. 8.2, 2.8 x10¥% em
Optical depth TpaTy see text
Absorption coefficient KoK see text
Absorption correction A, see text
tGaunt factor™ gy 6.4, 5.7, 5.1
Mass of proton/electron myamn, 167 x 107 g, 9.11 x 107® g
lonic charge z 1
Gaunt factor grs (assume) ~ 1
No. electrons/ion ¥ 1
Mean molecular weight I 1

Y= dysini(1 4+ ¢)/q. q = 0.487
*g, = 9.77(1 + 0.13 log (172 ] z1))
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constant amount),

We assume that the radio emission is absorbed by the wind via the free-free mechanism:

2
K= O.OJST_B/Zizl‘I,FII'l/-z(“ = 3.6 x 10_191/_2~—~—/—)————— 1.5
NV TGff ) )2 (4.5)
Then the observed flux is:
Sl/ — ‘Svoe,—(rlbﬁ»‘rf) — 'S'Of_ f(fid‘,-*-h'l)(l'!v (4())

The absorption components #,, and sy are determined below:

The orbital absorption

The focussed stellar wind model of Gies & Bolton (1986a) and Friend & Castor (1982) is

used. We take Equation 2 of Gies & Bolton (1986a) for the wind density:
2 po -
o= (%) ((1* r*/R)”) o

This is substituted into the equation for x above:

6.4 x 1080 R—4,—2

)
(1 - 1.387 x 1012R-1)21 (+.8)

= Ky =

The foreground absorption

Once outside the orbit the equation of Gies & Bolton (1986a) is no longer valid  however
it is sufficient just to consider the stellar wind as a spherical shell expanding at the value
of v

-3
rr= 87T Ve,

(R™2 - W% (4.9)

Again, this is substituted into the equation for & above:

= rp =2.83x 10" 2(R™2 - 122 (4.10)

The radio emission is produced at discrete positions along the jet where the distance
from the black hole to the emission site is r, - observational studies of svstems such
as GRS 19154105 (e.g. Mirabel & Rodriguez 1999. see Fig. 1.11) have indicated that
the jet becomes optically thin to high frequencies first and therefore a r, x 7% (pis a

positive constant) relationship is appropriate. Indeed. theoretical work by Blandford &
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Konigl (1979) (see Chapter 1) has predicted that a continuous jet. as seen here. will have
r, x 14 and a flat spectrum (as observed — Fender et al. 2000).

Combining (i) the work of Blandford & Kénig| (1979). (ii) the 8 and 15 GHz VLBA
images of C'yg X-1 (Stirling et al. 2000 in prep., see C'hapter 2) and (iii) the observation
that the 2.25 GHz is barely modulated and so probably at a comparable radius from the
jet as the wind radius, reasonable values of r, were estimated for each [requency and can
be scen in Table 4.4,

With knowledge of the absorption at each point in the stellar wind and the position
of the radio emission site it was possible to integrate along the line of sight from the
observer to the jet. This was repeated for 360 positions on the circle traced by the jet in
the frame of the binary system. It was assumed that the angle between the line of sight
and the circle traced by the jet remained constant and was equivalent to the inclination
angle of the binary system. It is also assumed that all radio emission comes from a single
jet - Doppler boosting of the approaching jet and Doppler de-boosting of the receding jet
lead to significant differences between the observed flux of each and so this is indeed a

reasonable assumption.

4.4.2  Results and Discussion

The model. as it stands, does not represent the observation sufficiently well. To create
the plots shown in Fig. 1.14 the above expression for #, has been multiplied by a factor
A, where A5 = /8, Ag3 = 1/2, 4335 = 1. The factors by which the orbital absorption
needs to be reduced in order for the model to fit the observations are very siguificant.
Unfortunately. it is most probable that our lack of understanding of the structure of the
stellar wind is the primary cause of error in the model. In the region of the hlack hole
the wind is heated to an extreme at which it is totally ionised and. as mentioned in the
previous chapter. the region of high ionisation is unable to support the acceleration of the
wind. The wind is therefore slowed and becomes optically thin. In the Cvg X-1 svstem
it is unknown to what radius from the black hole the high ionisation region reaches. If it
intercepts our line of sight to the radio emission then there will be a region of optically
thin wind not accounted for in the model. On the other hand, if there is no point along
the line of sight for which the wind is (ully ionised then. again. we will have over-estimated
the absorption as the wind is assumed to be fully ionised in the above equations for .

These effects of jonisation are not taken into account in the Friend & Castor (1982) model
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Figure 4.14: The radio data at 2.25, 8.3 and 15 GHz folded on the orbital period. Theroret-
ical curves are also plotted showing that the model fits the data well. once modified in

ways mentioned in Section 4.4.2.
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for the focussed stellar wind of Cyg X-1. Likewise inhomogeneities in the wind are not
included — a constant velocity has been assumed for the wind although it is expected that
a line-driven wind is ‘clumpy’ with different lines accelerating by different amounts.

At all three frequencies the foreground absorption (x;) is calculated to be zero — this
is indeed possible as the density of the wind beyond the binary orbit is very small (Gies
& Bolton 1986a). [t appears even more likely as recombination of the lonised wind at
large distances from the supergiant has not been taken into account — therefore we might
have expected to over-estimate xy. However if the flat spectrum is an intrinsic property
of the jet then this should not be the case —i.e. Sy should be the same for ecach frequency.
Instead the model requires Sp 1scnz = 13.5 mJy, Soss3a. = 16.5 mly, Spuosci = 14 mdy
suggesting that the flux has been subject to frequency dependent foreground absorption.
Further investigations should include the possibility of an obserced flat spectrum that is
not intrinsic to the system. It should also be noted that. as a result of the low flux of Cvg
X-1 in the hard state, the errors of the GBI data are generally of the order 20-40 %. It
may be that 3 mJy is an insufficient difference to discount a flat spectrum.

An additional property that is not represented by the model is the phase offset seen in
all radio lightcurves — the theoretical curves have been shifted in phase by 0.15 in order
to match the obsrvations. While Poolev, Fender & Brocksopp (1999) and Brocksopp et
al. (1999) find a frequency dependence to this offset it is not confirmed in the extended
datasets used here. However, the offset is still very much present in the mean lightcurves.
A possible cause of this could be sone sort of drag effect — as the black hole passes through
the stellar wind the jets may be ‘swept back” and trail behind slightly. Frequencies emitted
towards the far end of the jet (i.e. lower frequencies) would then be delayed by a greater
amount than frequencies emitted nearer the black hole.

This phase offset can be simply modelled - assuming that the phase delay is dominated

by self-absorption of the jet. the jet will lag the black hole by a distance l,’}":f X Uy, Where
Ujer and v, are the jet and orbital velocities respectively. This corresponds to a phase
lag of m where P,.; is the orbital period. By assuming r, ~ 8.2 x 10 cm then
a phase lag of 0.15 could be produced by a jet travelling at vj; ~ 0.0lc — while this is
mildly relativistic, it is probably an underestimate.

As mentioned a number of times previously. the presence of the orbital period in the

radio emission is unexpected — indeed the only other systems for which this has been

the case are LSI +61°303 and Cir X-1. In both cases the period is much longer than
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that of Clvg X-1 (26.5 and 16.6 days respectively) and the nature of the radio emission is
also very different. Rather than the smooth sinusoid of Cyg X-1, these two sources show
periodic radio outbursts thought to be produced at periastron of an cccentric orbit (Taylor
& Gregory 1982; Haynes, Lerche & Murdin 1980). Therefore even if the companion stars
enmit strong stellar winds (as certainly is the case for LSI +61°303), it is unlikely that the
wind absorption model can be applied here — it would predict a minimum at periastron as
this is the point at which the wind is most dense. However, it is interesting to note that
the only previous attempt to model the radio modulation of Cyvg X-1is Han (1993). She
also invokes an elliptical orbit with an inclined jet — this can be discounted given the lack
of evidence for anything other than a circular orbit in optical spectroscopy presented in
the literature (sce e.g. Chapter 2 and references within).

One important application and test of this absorption model will be the lightcurve
prediction of jet emission at other frequencies. in particular the mm and infrared emission
close to the black hole. Cyg X-1 has been detected at mm wavelengths but there is
insufficient data available to detect any orbital modulation. A comparison of the model
and lightcurves at higher frequencies would also be useful in probing the regions of higher

ionisation around the black hole.



Chapter 5

INTRODUCTION TO LMC X-3

5.1 Historical Background

Most high X-ray luminosity sources (> 10°% ergs/s) in the Galaxy are located in heavily
obscured regions. in the disc or towards the Galactic centre. The low obscuration of the
Large Magellanic Cloud (Ay < 1 mag.; Feast. Thackeray & Wesselink 1960) made it an
attractive target for the study of bright X-ray sources.

The three brightest X-ray sources in the LMNMC were discovered by the [7huru satellite
and designated LMC X-1., LMC X-2 and LMC X-3 (Leong et al. 1971). Follow up
observations by C'opernicus and OS5O-7 confirmed (and improved the accuracy of) the
positions: variability of the observed flux was also noticed (Raplev & Tuohy 1974, Markert
& Clark 1975). Long term X-ray lightcurves were obtained by the Aric/ V7 satellite with
LMC X-3 being the brightest and most variable of the five sources detected — despite
changing by a factor of ~ 10 in intensity, no regular periodicities were found in the {.5-15
day range (parts of the lightcurve were contaminated with data from other sources which
may contribute to this; Griffiths & Seward 1977).

(. B and V" photometry of the three bright LMC X-ray sources was attempted by
Warren & Penfold (1975) in order to find an optical counterpart for each one. A faint OB
star was found in the LMC X-3 X-ray error box with a B band magnitude of ~ 17 and
this seemed a likely candidate - the counterparts to LMC X-1 and LMC X-2 were less
conclusive. Spectroscopy of this star by Cowley, Crampton & Hutchings (1978) revealed a
blue OB star with strong H absorption lines, weak He I lines, weak H/ P Clvgni emission

and no evidence for either absorption or emission at He 11 A4686.
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Figure 5.1: The optical spectrum of LMC X-3 (top) compared with the spectrum of a
mormal” B3 star (bottom) in which the absorption lines are much stronger ("NS™ and

‘INST" refer to night skyv and instrumental effects respectively. Cowley et al. 1983).

Johnston et al. (1978) made observations with the, then relatively new. /£ 40 | X-
ray satellite resulting in vastly improved (by a factor of 8) positions for LMC X-1, LMC
X-2 and LMC X-3. The HF AO 1 position for LMC X-3 was consistent with the proposed
B star optical counterpart, although a second optical star (IF type) was found in the error
box. Optical spectroscopy revealed a large radial velocity for the B star, confirming that it
was indeed a member of the LMC. Further H F.40 1 observations confirmed the variable
nature of the X-ray source and revealed a series of non-periodic fluctuations on a timescale
of hours at its maximum brightness (Johnston. Bradt & Doxsey 1979).

It was not until 1983 that LMC X-3 joined Cyg X-1 as the second known black hole
candidate. Cowley et al. (1983) determined an orbital period of 1.7049 dayvs from radial
velocity measurements of H and He I absorption lines. They calculated the orbital param-
eters and, since the orbit of a short period interacting binary should quickly circularise,
they considered the eccentricity to be zero. The lack of X-ray eclipses placed an upper
limit of 70° on the inclination angle; the rotational velocity of the optical star, assuming
synchronous rotation with the orbit, implied a lower limit of 50°. The magnitude and
temperature of the optical star suggested a mass range of 4-8 M;, — consequently the
mass function required the mass of the compact object to be 7-14 M;. well above the
maximum mass for a neutron star. In this case, however, the mass of the black hole was

probably larger than the optical star and also perhaps larger than the black hole in the
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Cyg X-1 system.

Cowley et al. (1983) further classified the spectrum of the optical counterpart as that
of a B3 V star, although the absorption lines were half as strong as those in a typical
B3 star — perhaps due to an additional continuum component associated with the X-ray
source (e.g. an accretion disc). Weak H3 P Cygni profiles were also seen, but not in all
observations.

The first theoretical model for LMC X-3 was presented by Paczyiiski (1983) in order
to improve on and simplify the calculations of Cowlev et al. (1983). The model took
into account the lack of X-ray eclipses and required the optical star to not be larger
than its Roche lobe, plus knowledge of the stellar radius. Using the observed binary
parameters of Cowley et al. (1983) and a radius of 6 R.. a lower limit of 10 M:, was
obtained. Mazeh et al. (1986) used the subsequent observations of Van der Kliis. Tjemkes
& Van Paradijs (1983) to show that as there is apparently a contribution to the optical
flux from an accretion disc, the radius of the star could be considerably less than that
assumed by Paczynski (1983). Using a variety of smaller stellar radii, Mazeh et al. (1936)
calculated lower limits to the mass of the black hole (2.2-4.3M..) - although they were
probably greater than the mass of a neutron star it was decided that the possibility of a
‘heavy neutron star’” could not he ruled out. Bochkarev et al. (1988) later developed the
orbital lightcurve models to allow for the fact that the X-rav emission must be anisotropic
- previous models had assumed a spherical X-ray source, i.e. a neutron star. They
modelled the optical lightcurve, including an anisotropic X-ray emission source (i.e. a
limb-darkened accretion disc) in order to reconfirm the black hole nature of the system
and also determined the (unlikelv) parameters required for the compact object to be a
neutron star. They further suggested observations in the ultra-violet regime. which would
reveal fluorescent resonance lines of heavy elements and therefore confirm the presence of
a thick disc and its interception of the X-ray emission — this would explain the lack of
strong heating of the star.

Attempts to detect a radio counterpart have been made. In a radio survey of supersoft.
persistent and transient sources in the Magellanic Clouds, Fender, Southwell & Tzioumis
(1998) find that there is no radio source coincident with LMC X-3 above 0.12 mJyv. With
the whole survey taking place within a twelve hour run and considering that a radio source
such as Cyg X-1 placed at the distance of the LMC would have a flux density of ~ 0.05

mJy, this is hardly surprising. The radio counterpart is addressed further in Chapter 7.
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IFigure 5.2: The range of permitted masses for the two components of the LMC X-3 binary

system (Cowley et al. 1983).

5.2  X-ray Properties

It was surprising that despite being the only two black hole candidates known at the
time, LMC' X-3 and Cyg X-1 did not seem to show similar X-ray properties (Weisskopf
et al. 1983). LMC X-3 displayed a thermal spectrum, much softer than the power law
spectrum of C'yg X-1. and showed more similarities with most other bright X-ray sources.
Additionally LM X-3 did not appear to vary rapidly according to a shot-noise model, as
was the case for Cyg X-1 - this was unfortunate as it was thought that aperiodic rapid
variability was a signature of accretion onto a black hole and could hence be used in
classification. Furthermore, there was no evidence for the orbital period in the X-ray data
- whether this was on account of a low inclination angle, lack of partial occultation by
a disc or accretion stream, lack of stellar wind to provide orbital absorption effects, the
continual soft state nature of the systemn or a combination was not clear.

The problem was resolved by White & Marshall (1984) who noticed that while LMC
X-3 had an unusually soft spectrum compared with X-ray binaries in the low/hard state
(e.g. Cyg X-1, GX 339—4). it was comparable with the soft state spectra of the same
objects — indeed GX 339—1 in the soft state is even softer {(Fig. 5.3). They further noted
that the rapid variability of Cyg X-1 was absent when it was in the soft state. Although
the model of aceretion onto a black hole via a cool disc (Shakura & Sunyaev 1973) had

been modified so as to include a corona (Shapiro, Lightman & Eardley 1976) in order for
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Figure 5.3: X-ray colour-colour diagram showing 55 sources associated with accretion
processes. A class of ultra-soft sources, including LMC' X-3, seemed to be emerging (White

& AMarshall 1984).

it to fit the hard state spectrum of Cyg X-1, it was interesting to see that the original
model was indeed appropriate for LMC X-3. It therefore seemed as though an accretion
disc was present in the system.

LMC X-3 was later observed with EXOSAT and the spectrum studied in more detail
(Treves et al. 1988) —simple models of thermal bremsstrahlung, a power law or a blackbody
did not fit the data sufficiently. A combination of blackbody and thermal bremsstrahlung
gave a reasonable \? but unlikely parameters for the corona; a Comptonisation model
(after Sunvaev & Titarchuk 1980) also gave a reasonable \? but required a very low
temperature and high optical depth. severely constraining the temperature at which the
plasma becomes transparent and the possible thickness of the disc. Treves et al. (1990)
later used a disc blackbody spectrum (after e.g. Mitsuda et al. 1984, Makishima et al.
1986 — see Chapter 1) for the soft component and an additional power law to explain the
spectrum at higher energies — as a single (as opposed to a combination of two different
components), more complex model with fewer free parameters, this disc blackbody model

was physically more reliable and fit the data equally well.
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The nature of the variability of LMC X-3 was finally determined by Cowley et al.
(1991), who found a ~ 198 (or perhaps ~ 99) day period in Ginga and HEAO 1 X-ray
data. They also confirmed previous claims that the X-ray ha,rdnes; and intensity were
correlated below 13 keV, although there was no apparent relationship for higher energies.

Cowley et al. (1991) suggested that this long period could be explained in terms of disc
precession, changes in the mass transfer rate or a combination of the two. Ebisawa et al.
(1993) investigated this further using the same Ginga dataset and a “general relativistic
accretion disc” model. They confirmed the work of Treves et al. (1990) in that the spectrum
consists of a soft thermal disc component. which hardens as the intensity increases. plus
a hard power law from the corona, which is independent of any intensity increase and
hence AT. They found that the soft component variability is well-fit by an optically thick
accretion disc model with a constant inner disc radius and variable mass transfer rate.
The ~ 20 day delay between the X-rays and optical (see below) could then be explained
in terms of the disc crossing time.

One peculiar aspect of LMC X-3 (and also LMC X-1) was that it had always been ob-
served in the soft state (as defined by Van der Klis 1995). A three year RXT F monitoring
campaign by Wilms et al. (2000) finally vielded evidence for hard states, which took place
during (some of 7} the minima of the long cycle. Wilms et al. (2000) also noted that
the 198 day ‘period’ was not at all stable during the observations. varving in the range
200-300 days. They fitted the X-ray spectrum with the standard multi-temperature disc
blackbody (after e.g. Mitsuda et al. 1984, Makishima et al. 1986 — see Chapter 1) plus a
power law at higher energies and compare the fit parameters with the lightcurve. The disc
temperature and the photon index showed a clear correlation with the source intensity
(Fig. 5.4): furthermore, the spectrum of one of the observations showed no evidence for a
disc component and the spectrum of the subsequent observation showed that a transition
hack to the soft state was taking place (see Fig. 7.6). This was confirmed by Bovd & Smale
(2000) who also used a statistical approach to show that there is no long-term periodicity
in the RXTFE/ASM lightcurves but that the times between the minima are related by
rational fractions.

As no spectral evolution with source intensity is expected during a precession cycle.
these results suggest that the state changes, and hence the long modulations, are caused
by a variable mass transfer rate — as seen in Cyg X-1 and other X-ray binary systems in

which state changes are observed to take place. While this was first suggested by IZbisawa
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Figure 5.4: The RXTE lightcurve of LMC X-3 - correlations between the X-ray flux
and the spectral fit parameters can be clearly scen, indicating that the spectrum hardens

during the minima (Wilms et al. 2000)

et al. (1993), there seems to be a general assumption within the community that LMC
X-3 is a precessing disc source — these results confirm that it probably is not the case.

The nature of the modulation of LMC X-3 is investigated further in Chapter 6; a model
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invoking a wind-driven limit cycle as the cause of the variable mass transfer rate (Shields
et al. 1986) is also discussed (at the suggestion of Wilms et al. 2000).

The most recent transition to the hard state was observed again hv RXTE and the hard
spectrum showing no evidence for a disc component was confirmed (Boyd et al. 2000).
This was the first time that the full set of hard state properties had heen observed in
LMC( X-3 or in any non-Galactic source — timing analysis revealed a characteristic power

spectrum complete with QPO at 0.46 Hz.

5.3 Ultra-violet, Optical and Infrared Properties

Following the discovery of the 1.7 day orbital period in the radial velocity measurements,
", B and V" photometry of LMC X-3 was obtained by Van der Klis, Tjemkes & Van
Paradijs {(1983). Their mean lightcurves showed a minimum at phase 0.5 and. with the
addition of the 1971 data from Cowley et al. (1983) a minimum at phase 0.0 was also
revealed. Lllipsoidal variations were present, as in the case of Clyg X-1. The scatter about
a sine wave was large and it was found that each group of data had a significantly different
(< 0.5 mags.) mean magnitude. They therefore subtracted the mean magnitude from cach
dataset to confirm the orbital period in the photometry, although the new measurements
were shifted 0.1 in phase with respect to the previous ones. The authors suggested that
this apparent long term variation could be the result of intrinsic changes in the star. similar
to those observed in Be stars, or the precession of an accretion disc.

Khruzina & Cherepashchuk (1984) modelled the photometric lightcurves in terms of
cllipsoidality. X-ray heating and eclipsing of the star bv the accretion dise {and vice versa).
Theyv considered both isotropic and anisotropic X-ray sources and found that, regardless
of model used, the mass of the compact object did indeed point to a black hole nature.

Further V" band (and some B band) observations were made to a much greater accu-
racv with a C'CD camera (Van der Klis et al. 1985): although thev were unable to achieve
full phase coverage. the resultant orbital lightcurve contained significantly less scatter
than previously. They obtained a more accurate ephemeris, although it depended on the
lightcurve being symmetric ~ only the case ou verv short timescales, given the dramatic
chnages in magnitude caused by the long term variability. As it was apparent that the
minimum at phase 0.0 (i.e. superior conjunction of the X-ray source) was deeper than
that at phase 0.5, there seemed to be some other component contributing to the orbital

lightcurve. Comparisons with theoretical ellipsoidal lightcurves suggested that either mu-



5.3 Ultra-violet, Optical and Infrared Properties 112

tual partial star/disc eclipses or X-ray heating of small parts of the stellar surface could
explain this phenomenon.

Additional V7 band photometry was obtained by Van Paradijs et al. (1987), along with
simultaneous EXOSAT X-ray observations. They attempted to create two independent
curves — orbital and long variability — the second of which showed a correlation with the
X-ray flux. This suggested that X-ray heating of the disc (the star is shielded from the
X-ray source by the thick disc) was responsible for the long variability and further analysis
of the disc (following Paczyiiski 1983 and Mazeh et al. 1986) suggested that the thick disc
was rather cool (T < 15000 K) and radiated via the reprocessing of X-ravs.

A more detailed model for the orbital modulation of LMC X-3 was developed by Kuiper.
Van Paradijs & Van der Klis (1988) to explain (i) the distortion of the companion star and
its inhomogeneous surface brightness distribution. (ii) X-ray heating of the star and (iii)
the presence of an accretion disc - which contributes an additional source of light. partially
(completely?) shields the star and partially eclipses/is eclipsed by the star. This model
included the effects of a thick disc. differing from the model of Khruzina & Cherepashehuk
(1981). and had been successful in explaining the lightcurves of SMC X-1 and Cen X-3.
While their extreme lower limit to the mass of the compact object was still greater than
the maximum mass of a neutron star, they acknowledged that the model is dependent on
the long optical variability and the distance to the LMC (e.g. using distances of 0. 50
and 60 kpc vields M ~ 0.5-1.5. 1.0-3.0 and 1.5-4.8 A respectively).

With the apparent presence of an accretion disc in the LMC' X-3 system, Treves et al.
(1988a) made quasi-simultaneous ultra-violet, optical and infrared observations - LNC
X-3 was a unique black hole candidate in that it was possible to study the disc in all
three wavelengths. independently of the star (the star in C'yg X-1 dominates the disc and
the disc of A0620—00 is too faint in the ultra-violet). They estimated the ultra-violet
contribution of the B star from previous observations during a flux minimum of the long
‘period” and fit a reddened Kurucz (1979) model for a B3 V star (with 7"~ 19000 K). On
subtraction of the model from their more recent (bright state) observations a reddened
blackbody disc spectrum could be fit to the residuals.

Cowlev et al. (1991) further investigated the long variability in B. V" and R photometry
and found that the optical lightcurves preceded that of the X-ray by ~ 20 days. There
appeared to be no colour variations over the orbit but, on removal of the ellipsoidal

variations from the optical data, it appeared that the system reddened as the 17 band
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Figure 5.5: IUE spectra of LMC X-3 during bright and faint epochs of the lightcurve -
each spectrum is the composite of ten original spectra. The difference in strength of the
emission lines between the bright and faint epochs can be seen clearly. The three emission
lines associated with the accretion disc, [UE artefacts and interstellar lines are marked

(Cowley et al. 1994).

intensity increased (e.g. V ~ 176,V — B ~ —=0.25; V' ~ 16.7,VV — B ~ 0). This implied
that the disc (cooler and redder than the star) makes a significant contribution to intensity
and colour at maximum light. Thev then removed an assumed colour and magnitude for
the B star and found a correlation between the disc colour and intensity - i.e. the disc
becomes bluer as it brightens. as one would expect.

Additional ultra-violet data were obtained from H ST and IUE and showed that the 198
day ‘period” did not continue as expected. the source dropping into a low optical/ultraviolet
state — in fact, a 99 day period with some peaks missing seemed a better description of the
lightcurve (Cowley et al. 1994). The HST spectrum showed high excitation emission fea-
tures. which would usually be expected in a much hotter star. (C'1v. N v, He11) suggesting
the presence of a hot envelope or disc. Fitting the continuum with model atmospheres
also required either a hotter star or an additional (disc) component. A comparison of
IUE spectra from bright and faint parts of the lightcurve showed that the emission lines
weakened when the source became fainter and vice versa — once again, this was consistent
with a precessing accretion disc (although it was not inconsistent with changes in mass

transfer rate either; see Fig. 5.5).



Chapter 6

PERIODIC VARIABILITY OF LMC X-37

In collaboration with P.J. Groot & .J. Wilms

The recent results that LMC X-3 shows evidence of transitions to the hard state during
the minima of its long ‘period’ justify its inclusion in this thesis. Data have been obtained
in the V" and B bands for six years, initially with a view to model the lightcurves in terms
of a precessing accretion disc. Following Wilms et al. (2000). the optical lightcurves are

now investigated for signatures of a variable mass transfer rate instead.

6.1 Observations

Data were obtained by various observers (I was not one of them) at the 0.91m Dutch
Telescope of the European Southern Observatory in Chile; it was equipped with a 512x512
TEK ('CD and standard Johnson V" and B3 filters. The observations were made between
1993 and 1999 in a total of sixteen different observing runs as part of the University
of Amsterdam’s monitoring program for X-ray binaries. Each observing run lasted 1-{
weeks, typically 2-12 observations of LMC X-3 would be made in a night and significantly
more of the points were made in the ¥V band. Typical exposure times were five (17 band)
and seven {B band) minutes. Varying numbers of bias frames were taken, typically about
ten at the beginning and ends of the night, and a total of 5-10 sky and dome flats each
night. No dark frames were used.

All data were reduced as a single dataset (by hand - not automatically) using IRAF.

Bias and flat field frames were checked individually and faulty ones discarded. The bias
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frames for each night were combined with IMCOMBINE, which calculated the median value
of all the frames for each position on the chip. An empirical rejection method (sigelip)
was used in which the median was computed ignoring the lowest and highest values. the
value of o about this median was determined and then any points more than 2¢ from this
point were rejected. This was repeated for as long as there were points more than 2a from
the median. The combined bias was subtracted from each flat field and image frame using
IMARITH. COLBIAS was then used to fit the median of the overscan region with a first
order Chebyshev polynomial. to reject points 2¢ from the fit and to subtract the fit from
the flat field and image frames. The flat field frames were combined in a similar wayv to
the biases (IMCOMBINE) and were normalised to unity with NORMALIZE: finally the images
were divided by the combined and normalised flat field using INMARITH.

IRAF was again used in order to obtain the photometry. Fifteen stars were selected
on each frame. including LMC X-3. The mean FWIHAM was determined for each [rame
using INMEXAMINE and this was then used to determine the radius of the aperture and
the sky annulus — the aperture was set to 1.5 times the FWIIM. the inner radius of the
surrounding annulus of sky was 4 times the FWHM and the width of the sky annulus was
5 times the FWHM.

Instrumental magnitudes for the fifteen stars were obtained by assuming that the point
spread function of each was a Gaussian, determining the number of counts within an
aperture centred on the peak of the Gaussian and subtracting the number of counts in the
sky annulus (APPHOT): the instrumental magnitude is defined as —2.51g (gain x counts).
The resultant magnitudes were then studied for stability over the six year monitoring
campaign. Only two stars (see Van der Klis et al. 1985 for details of these two stars and a
finding chart) appeared to remain stable and thus be suitable for differential photometry.

The two reference stars were calibrated with the IRAF tasks within PHOTCAL, using
photometric standard stars in the fields of PG 02314051 and Mark A (Landolt 1992). In
order to check the calibration, zeropoints of the calibrator observations were determined
according to Equation 6.1 and hence the reference star magnitudes could be determined

by assuming that the zeropoints remained constant.

7P = Vieal — (Vinst. — (- 2.5]g(exp.time)> — (airmass x extinction Coeﬂ".)> (6.1)

Extinction coefficients for the Dutch Telescope are 0.11 (V') and 0.23 (B) and airmasses
were calculated using SETAIRMASS — I note that it would have been benelicial to monitor

the stability of these values over the period of the observations. However. since it is the
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Figure 6.1: V and B band photometry of LMC X-3 spanning 1993-1999. All available

simultaneous X-ray data from the RXTE/ASM are also plotted (daily averaged points).
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Figure 6.2: V' band photometry of LMC X-3 spanning 1993-1999 folded on the orbital

period - a surprisingly scattered plot for what was thought to be a well-defined ephemeris.

relative variability of the differential photometry that is of interest here. the absolute
magnitudes are not so important.

Thus LMC X-3 could be calibrated against the results of the reference stars. As there
was relatively little data for the standards, given the length of the monitoring campaign.
the calibration of LM(C X-3 depended heavily on the stability of the two relerence stars
used for the differential photometry over the time of the observations.

The calibrated dataset is plotted along with all available simultaneous RXTE /ASM
data (daily averaged points) in Fig. 6.1. It is apparent that some parts of the optical
lightcurve correlate well with the X-ray although this is not always the case - e.g. there is
clearly very different behaviour taking place towards the end of 1996 and the end of 1997.

These correlations are investigated further in Section 6.2.

6.2 Results — The Long Modulation

The Orbital Lightcurves

The complete dataset was initially folded on the 1.7 day orbital period. which has been
well established in radial velocity measurements and also in the optical photometry of
various authors (see Chapter 5 for references). It was therefore quite surprising to find

that the resultant plot was little more than scatter (Fig. 6.2). Clearly the large variability
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of the lightcurve is sufficient to ensure no smooth mean orbital lightcurve may be obtained
from datasets spanning such a long period of time.

While it was perhaps tempting to follow the line of research of previous authors - to
split the data into sub-datasets, subtract the mean magnitude and then recombine into
a smooth orbital curve — as the ultimate aim of the project was to investigate the long
modulation, this loss of information did not seem a productive way forward. It should
also be noted that in the case of the precessing disc system LMC X-1, Heemskerk et al.
(1989) find that on removal of the orbital period an orbital residual is left - this is caused
by the different heating effects caused at different angles of the precessing accretion disc.
Reversing this effect shows that removing the long modulation will not result in a pure
ellipsoidal curve and so I do not attempt it here.

The effect that the long modulation has on the orbital lightcurve can be seen in Fig. 6.3.
The dataset has been divided according to observing session, each session typically spans
1-14 weeks. The various sub-datasets have been folded on the 1.7 day orbital period. In a
number of the plots it can be seen that the two maxima/minima are not equal in magnitude
- while previous authors have assumed that they are observing e.g. an accretion stream.
it is clear from these plots that whether or not the lightcurve is ascending or descending
according to the ‘long period” is more likelv to be responsible. While occasional sub-
datasets show a smooth orbital lightcurve, it is more common for them to be scattered or
to show a number of superimposed double-peaked curves. The latter half of 1996 shows
clearly that within just 2—4 weeks the data from the different orbits becomes incomparable
without some method of ‘removing” the long modulation. Fitting the mean orbital curves
with splines and comparing them shows that phase shifts of up to 0.15 take place between

the different ohserving sessions.

Period Searching

The study of the long modulation is therefore of great importance if the orbital lightcurves
are ever to be understood properly: however, this is somewhat difficult on account of the
lack of periodicity to the variability. Power spectra were computed for the photometry
using the discrete Fourier transform routine in the STARLINK package PERIOD. The data
were then split into ten orbital phase bins and the power spectra computed. In all cases
there were no peaks in the power spectra that did not also appear in the window function

of the Fourier transform. The Lomb-Scargle algorithm (PERIOD) was used for comparison
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Figure 6.3: Mean orbital lightcurves in the V' band for the sixteen different observing

sessions, each lasting 1-4 weeks. The tick marks on the magnitude axis are (0.5 magnitudes

apart and the successive observing sessions have been shifted by 1 magnitude for clarity.

Large amounts of variability can be seen from one session to the next and frequently within

the few-week observing session (e.g. 1996).
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and similarly yielded no convincing modulation.
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Figure 6.4: Results of epoch-folding the optical photometry and also the RXTE/ASM
data on periods in the 30-300 day range. No discrete peaks are apparent, although all

three show maxima in the 200-300 day range.



6.2 Results — The Long Modulation 121

T, 3 —I— T
80 L ]
80 [ RXTE-ASM 4
i (50134-51213) ]
40 n -
AV | W _
30 pe 1 | =
o GINGA-ASM 1
20 :_ (46887—48532) _—
o £ -
- - .
ol C ! ; | =
2 - ‘ 1 N i -
DC.). 40 F HEAO 1 3
30 E (43373-43878) j:
20 ;r =
10 - —[A-f---->~g--=-== =
; f 1 ' ! .
10 L— ———————— A'R-I-E]:————:
. (42338-44300) 1
5 F ]
r 1

r /P\/f\f\\“‘h—awﬁ*

200 400
Period (day)
Figure 6.5: Lomb-Scargle periodgrams generated from the RX TV, Ginga. H FAO 1 and
AricI Vlighteurves, The dashed horizontal lines indicate the 99% confidence limits. Nun-
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Que reason for the lack of results in the power spectra could be the very intermittent
sampling of the optical lighteurves {(see Fig. 6.1). The alternative method of “epoch-folding”
was therefore used ~ a technique which has been developed specifically for poorty sampled
datasets. In this method the lighteurve is folded on a range of different periods and the
mean curves fit with straight lines (i.e. along the phase axis) il a period is present then
there should be a clear peak in a plot of \? vs. period. Unfortunately the results of this
were equally inconclusive - the data were treated as a whole and also as three sub-datasets.
approximately 700 days in length although the sampling for each varied, and periods in
the ranges 30 300, 30-150 and 150-300 days were tested. The process was repeated with
RXTLE data spanning approximately the last two thirds of the opticat coverage.

Fig. 6.4 shows the results of epoch-folding the optical photometry on periods in the 30-
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300 range for the complete dataset. Tor comparizon the same procedure was applied to the
RXTE/ASM data. using all available data. Note that the optical ohbservations preceded
those of the EXTE by ~ 850 days. although very few optical points were obtained during
this time: the X-ray lightcurve was extended to JD 2451521, There are no peaks relating
to a wefl-defined period in any of the three datasets. although peaks at 205, 273, 160
and 103 davs in the N-rayv plot reach more than 30 above the noise level: it is also worth
noting that the maxinm 2 for each dataset fails in the 200 300 day period range. The
sampling of the eptical datasets is probably still a major factor in this: it is also worth
etitphasising that the orbital modulation lias not been removed from the optical datasets
and is uot present in the X-ravs.

The 198 day period found by Cowley et al. {(1991) has already becu found to vary
slightly indeed Cowley et al. {199) later suggested that it was actually half this value.
More recently Wilms et al. (2000) found a broad peak in their dynamical power spectrum
suggesting that the period was variable in the 200-300 day range. The different values of
periods <uggested in the literature have been investigated by Paul, Kitamoto & Makino
(2000) who obtained and compared long tecin Hghteurves from the A L Viela 508,
Ariel V. Ginga and RX T satellites. While they confirmed the 198 day period. they
fouwd that it was only present in the HEAQ | dataset. Peaks in their Lomb-Scargle
perisdograms appeared at 105, 214 and 328 davs in the Ginga data and 104 169 and
216 davs in the RX T data (in loose agreeinent with the results of epoch-folding above -
note that a shorter dataset was used by Paul. Kitamoto & Makino 2000). They also noted
that the broad peak at 200 davs in the [{EAQ T power spectrum was resolved into two
narrower peaks in the RXTE power spectrum and that therefore the peaks at 100 and 200
davs are not related (see [ig. 6.3). They further noticed that splitting the RXTE dataset
into two halves vields different peaks in the power spectra for each. Wilms et al. (2000}
reached similar conclusions from plotting a dyvnasiical periodogram with the RXTE data.

Following the "periods” reported by Wilms ot al. (2000) and Paul. Kitamoto & Makino
(2000) the optrical lightcurves were folded on a selection of values and the resultant plots
shown in Figs. 6.6 and 6.7, In the top two plots of each column the aptical data have been
folded on values suggested by Wilins et al. {2000): the bottom part of the figure shows
the optical data folded on periods reported bv Paul. Kitamoto & Makine (20003, Dotted
lines across the plots show the mean magnitude in each filter, The zame value of JDg Lias

heen used for all plots (JTY 24115G26)  this is somewhat arhitrary but is the closest time of
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minimuim light (assuming a long period of ~ 100 days) to the orbital ephemeris of Cowlev
et al. (1933},

Atter such unsuccessful period searching it is rewarding to see at least some evidence of
the reported N-ray periods in the optical data with amplitudes significantly greater than
Jo. The T band plots suggest that periods of 101 203 and 210 may well be present in
the data. The B band dees not really confirm this but with considerably tess data points
in 1he lightcurve this is hardly surprising. However. [itting a sinc wave to the plots and
measuring \? shows that none of these “periods’ can be believed to 99%. confidence (using
reErion). This could perhaps be expected given the variabifity seen in the long period by
Paul. Nitanoto & Makino (20003 — the data sampling does not allow us to break it down
into shorter lighteurves as these authors did with the N-ray data.

Unfortunately the sampling seems (o be complicating the results again, particularly as
the I3 and V7 plots are not alwayvs consistent with each other. Again. there has been no
provision made for the presence of the orbital period in the data and theve is insufficient
coverage [or plots 1o he made for the individual orbital phase bins. This line of research
conld be vastiv improved by obtaining regularly sampled long term lightcurves in 1wo
or more optical filters - it wonld be an ideal project for a soutliern hemisphere robotic

telescope.

Comperison with the X-ray Lighteuree

As it is suspected that the optical and X-ray lightcurves are corvefated it is perhaps
surprising that the possible periodicities found in the N-ray lightcurves are not particu-
larly apparent in the optical photometry. Likewise it is surprising that the optical/NX-ray
Mlux-flux plots do not show any convincing correlation (e.g. Spearman rank correfation
coellicient ~ 0.5 for the end of 1996  the section of the lighteurve that (by eve) appears
most correlated). While the variability of the long period and the presence of the orbital
period in 1he optical data seem to be the main causes. it seems as though the sampling
of the optical data may still be contributing to this and so cross-correlation of the N-ray
aud optical lightcurves was attempted in order to confirm this correlation,

The discrete cross-correlation function was obtained for each NX-rav/optical pair and
the resultant plots shown in g, 6.8 ~ the optical magnitudes were converted into fluxes
(nJy) {using the Jolhnson conversions} in order to do this. A clear peak can be seen

in the ceutre of the plots, suggesting that the N-ray and optical lighrourves are indeed
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correlated. Furthermore, the Neray lightcurve appears to lag the optical by ~ 3 10 davs
- this iy approximately hall of the lag found by Ebisawa et al. (1003). possibly suggesting
variability in dise size or viscosity if the lag i related 1o the dise crossing tine for the mass
flow {sce below). Unfortunately the time resolution of the data is insuflicient 1o determine
any lag between the Vo and B band lightcurves, This lag would suggest thal reprocessing
of X-ravs into optical emission or irradiation of the B star is nof dominating the optical
emission in LNC X-3: the correlation between the X-ray and optical would suggest thar

ellipsoidal modulation of the star i not dominating the optical emission either.

The Optical Colours

Despite a limited amount of B band data the photometry was daily averaged and 8B — V'
colours determined. Following Cewley et al. (1991) the B — 17 data was plotted against
the 17 band. Cowlev et al. (1991) found correlated behaviour. in that the system becanme
redder when the intensity increased. suggesting that the intensity increase was doe 1o the
hrightening of a cool component. probably an aceretion dise - however, this correlation
dooes not appear 1o be present in our data. which obviously covers a much longer timeseale
(Fig. 6.9). This is a somewhat strange result and it is unlikeiy that the intensity increases
are wavelength independent. As investigated further below. it is more tikely that the poor
B band coverage and hence the daily averaging i a major contributor to this lack of
correlation.

To investigate this apparent lack of correlation further, the B — 17 colour data were
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Figure 6.9: The B — 17 colours plotted agaiust the ¥ band intensity. 11 appears that the

correlation observed by Cowley et al. (1991) does not appear in our data.
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foided on the various long periods reported iu the literature as for Figs. 6.6 and 6.7 - the
resultant plots are found in Fig. 6.10. Despile the smaller range on the magnitude axes
{compared with I'igs. 6.6 and 6.7). there is no evidence for a long modulation at any of

the suggested period values. Again. the implictions of this result are discussed below,

6.3 Discussion

While the variation of a long modulation is not accounted for in traditional models of disc
precession (e.g. Larwood 1998), more recent models including tilted /twisted dises due to
coronal winds {e.g. Schandl & Meyer [990) and/or radiatively warped dises (e.g. Wijers
& Pringle 1999) can allow for these variations. Thevefore, the fact that changes in the Jong
periad are observed in LM X-3 [and Cyg X-17 - see Chapter 4] does not rule out the
possibility that the ‘modulation” is caused by a precessing dise. However. in a precessing
system there should be a varying amount of ohscuration by the dise and & hardening of
the spectrum should be seen at low intensities {Panl. Kitamoto & Makino 2000). They
found that there is only a very weak positive correlation hetween the intensity and t1he
3-3 keV/1.5-5 keV hardness ratio whiclt is not suflicient to be suggestive of precession.
Neither are the spectral changes suggestive of a warped disc. They concluded that given
the multiple peaks present in the power spectrnm (Le. a fairly stable peak at ~ L) davs
and a highly variable one at > 130 days) it is possible that a combination of precession
and mass transfer rate variability may be present - pure mass transfer rate variabiity
seetis unlikely follwing the work of kuulkers et al. (1996) and Hasinger & Van der Klis
(1089).

The correlation hetween the N-ray and optical liglteurves again does not necessarily
distinguish between precession and varying mass transfer rate: but as the X-ray source
changes spectral state (Wilms et al. 2000} a varving mass transler rate seems likely for both
N-ray and optical emissison. given the correlation. Furthermore. the five day X-ray lag
does indeed rule out any suggestion of the optical emission being the result of reprocessing
ol N-ravs. Were reprocessing responsible for the optical emission then we would expect to
see optical delays of a few seconds instead (although obviously not in this dataser given the
insufficient time resolution). The five day lag is most likely to represent the dise crossing
time for increased mass flow passing through the disc as the syvstem changes {rom the hard
stale to the soft and vice versa. Oue would normally expect the cooler, tedder emission

to come from the outer parts of the disc, with the hotter ultra-violet and X-rayv emission
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found at smaller radii and so any new material enteriug the accretion flow would emit first
in the 17 band and (apparentlv) ~ 3 days later reach the inner, N-ray cmitting regions.

The lack of correlation between the ¥ band and the B~V calours may appear to con-
tradict this suggestion. However il the disc is imagined to consist of a series of concentric
rings emitting at X-ray. ultra-violet. {0 B. V" and infrared wavelengths witl progressively
increasing dise radins. then a 5 day optical to X-ray delay wonld probably be consistent
with a < 1 dav 1" to B band delay. Consequently the dailv averaging due 1o poor B bhand
coverage has hidden the delay inforiation and hence the correlation.

I'urthermore if the mwodulation were caused by a radiatively warped disc, as thought
to be the case for e.g. Her X-1. then we might expect to see the same moedulation in the
optical cotours. The daily averaged data would no longer be a problem as the presence of
a modulation in the colours due to radiative warping wonld not be dependent on a short
annuius crossing time - instead. additional radiation from warped parts of the aceretion
dise would contribute to the optical colours and “periodic™ varialility ol a much greater
seale than shown in Fig. 6.10 would be observed.

Alternatively. a flat. precessing dise would not be expected to show any periadic colour
vatiability as the relative amounts of 17 and B emission would nol change as different
projected arcas of the dise are observed. However, precession models reguire a rigid. tilted
dise 1o tidally precess around the compact object and it is extremely unlikely that this
would be possible; neither do the models explain what may tilt the disc in the first place. It
i~ probable that disc precession is purely an idealised simplification of a warped. precessing
dise and so it s unlikely that a flat precessing dise is present in LNC X-30 The 3 = 1
colour observations are summarised in Fig. G.11.

fn <ummary. the presence of a variable “loug period’. the hard state behaviour during
the dips of the modulation (as found by Wihns et al. 2000). the delaved correlation
between the X-rayv and the optical hghtcurves and the lack of variability of the B — 17
colours are all suggestive that the long modulation of LMC X-3 is indeed due to a variable
mass transfer rate,

Such a wodulation caused by a variable mass transfer rate could indeod take place. il
a model of an aceretion disc wind instability limit cvele is considered. Shields et al. {986
and referepces within) showed that N-rays emitted in the inner part of the accretion disc
of N-rav binaries (and also quasars. AGN, CVy) will subject the outer parts of the disc to

Cowpton heating. suflicient to drive a corona and possibly a wind from the dise. It was
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thought that such a wind could occur at a disc radius one tenth that at which the escape
velocity equals tle isothermal sound speed of the Compton-heated coronal gas. The model
was extended to include attenuation and scattering of X-rays from the central source and
the effects of inverse C'ompton cooling due to radiation emitted locaily hy the dise. thus
enabling observational consequences of the phenomenon to be predicted and tested.

If the mass loss rate of the wind is small compared with the mass aceretion rate then
the wind-driving dise can remain in a steady state. However. if the dise luminosity and
llence thie mass loss rate of the wind exceed a critical value, then the mass of the disc and
(following some delay) the mass accretion rate will decrease, reducing tle luminosity of
the X-rav source to a point at which it is insufficient to drive the Compton-heated wind.
Thus a limit evele is maintained. As the mass flow deficit passes radially through the disc
on a viscous timescale 1t can be observed first in the optically emitting region of the disc
and later in the inner X-ray emitting parts, producing the X-ray lag observed in LA X-3.
With the limit cyvele requiring > 90% ol the mass flow to be expelled from the system. the
large amplitude oscillations of LMC X-3 can also be explained,

A way in which these results could be tested would be to obtain simuitancous high
time resolution (~ hours} X-ray. uitra-violet, optical and infrared data over the course of
a cvele of variability - this would enable much more accurate timing analvsis than possible
with the dataset presented here. Further confirmation of the hard states in the dip of the
modulation could be obtalued from the discovery of a radio jet. as seen in other X-ray
binaries during the hard state - this is investigated further in the next chapter. The long
modulation of Cvg X-1 should also be re-examined in 1he context of the Compron-heated
coronal wind model as a number of authors liave thought it an unlikely pure-precession

candidate {e.g. Ogilvie & Dubus. 2000}.



Chapter 7

THE RADIO COUNTERPART OF LAC N-3

I colluboration with R.P. Feoder & . Wilms

While there are mauny similarities between Cyg X-1 and LA X-30 in the sense that they
are both found in the same two N-ray states and show periodicities on similar timeseales.
thev differ greatly in that LAMC X-3 has not been observed to have a radio counterpart.
There are a number of possible reasons for this - either there is 1o radio counterpart and
the svstems are less similar than they seem. or the observations have not bheen sufficiently
sensitive due to the large distance to the LMC. LMC X-1 cannot be detected in the radio
cither. but this is partly attributed to its location in a radio-cmitting uebula (e Fender,
Southwell & Tzioumis 1998, and references withinj.

Fender & Hendry (2000) showed that for all known radio-emitting black hole X-ray
binaries in the low/hard state and Z-sources on the horizoutal branch. their radio lux
density is inversely proportional to the square of their distance (Fig, 7.1}, Thus all black
hole X-ray hinaries and Z-sources appear to lave similar intrinsic radio fuminosities and
it is their distance from us that determines their observed flux densities,

Consequently it would appear that the lack of radio emission ohserved {rom LMV X-3
mayv he due purely to its distance from us - previous observations have tasted less than an
hour in total integration time and this is not sufficient. A longer observation was obtained

al the Australia Telescope C'ompact Array in 1998, details of whicl can e found below,



7.1 Observations 134

[l
S T " T T —r
S Bright flaring systems I
~ eg. Cyg X-3, 85 433
~
N
I ~ ]
~ \C gnus X-1

=k “ﬁﬂ‘“ X1 ]
-t 1E 1740.,7—-2942 ]

[ ~ & GRS 1758-258 ]

[ GX 339-4 . ]

S . (miy)
1
T
o
%
2
I 1 s
/

0.1

\\
JLME X-3
~

%P_ BHC +z XRP and N 1
¥ Atoll limits S ]

~
~
{ " . s L PRI,

anl, n 4 L " PR
1 10 100
distance (kpc)

0.01

Figure 7.1: A plot of the mean radio emission against distance estimate for the persistent
black hole and Z-source X-ray binaries. All sources appear to obey a S., o d=? law,
Upper limits to the radio emission from atoll sources and X-ray pulsar systems are also
included (Fender & Hendry 2000). The previous best upper limit to the flux density of
LMC X-3 is shown in the bottom right-hand corner.

7.1 Observations

Radio observations were made at the ATCA on 5 April 1998. All six telescopes were used
in the 7T50A configuration, which is characterised by baselines in the range 77-3750 metres.
The two detectors on each antenna were set to adjacent frequencies within the 6cm band
(C band; 4800, 4928 MHz) - a technique which enables a /2 improvement in signal-to-
noise. The compact radio galaxy PKS 1934—-638 was used as a flux (primary}) calibrator
and observed at the beginning of the run; a second flux calibrator (PKS 0823-500) was
also observed at the end as a back-up. The phase reference source (secondary) was PKS
0539—530 and observed for ~ 3 minutes every ~ 15 minutes.

The data recorded by a radio telescope is a collection of ‘visibilities” ~ amplitude and
phase information of the signals reaching each baseline over time, and this is obtained in
the (ground-based) uv plane of the telescope. The uv data is edited and calibrated before
being Fourier transformed back into the plane of the sky (the image plane), in order to

obtain a realistic image of the source.
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Figure 7.2: Plot showing tlhe fairly good ue coverage of the LMC' N-3 observations at

4.8-1.9 Gliz in 1998,

The LAC X-3 abservations were reduced using the MIRIAD software, whick was written
specifically for the ATCA although it can alse be used for data from other telescopes
(Sault. Teuben. Wright 1995). Standard flagging. calibration and imaging techniques

were applied. further details of which can be found below.

Flagying

Radio datasets require editing or “llagging’ of discrepant points caused Iy e.g. lerrestrial
interference. antenna tracking inaceuracies, poor weather, malfunctioning receivers. data
vecording errors ele. The first stage is shnply to determine which antennas stopped working
at any time during the observations and to flag the corresponding peints.

The visibilities were then examined more closely. I'VFLAG was used to view the ampli-
tudes of the signal for each baseline at each of the thirteen different frequency channels
for each band. The mean amplitudes were subtracted from the data and any discrepant
points in the residuals removed. The scaling of the display was then changed so that
further points could be flagged - the process was repeated until there were no further
problemns.

A second flagging technique was then used — BLFLAG plots the amplitudes against

lime, averaging over all channels, and individual points can be deleted from any haselines
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il necessary., The targetl source was not flagged uutil after calibration,

C'alibration

The target source visibility data needs to be calibrated in terms of flux, phase and polar-

isation. MIRIAD models the response of an antenna to radiation by:
g gp{v) exp(27r () (p = vy)) (7.1

where ¢{t} is the time- (but not frequency-} dependent antenna gain, g,{») is the
bandpass function which varies with {requency and 7 is the delay between arrival times
at different antennas and calculated with respect to a fixed reference frequency. Leakages
from one polarisation 1o another are also taken into account. These {complex valued)
parameters are dependent. on atmospheric and instrumental conditions at the time of
observing.

MFCAL was used to determine the bandpass function of the (unpolarised) primary cali-
brator: GPCAL was then used to determine the antenna gains. The two steps were repeated
tor the secondary aud then the flux scale, obtained from calibration of the primary, was
applied to the secondary using 6pBooT. The final stage was to copy the calibration tables
from the secondary calibrator source to LMC X-3 (GPcopy) which enabled flux (primary)

and phase, gain and polarisation (secondary) solutions to be applied.

Imaging

The calibrated we data could then be Fourier transformed back into the image plane us-
ing INVERT {image size=1500 pixels, cell size=1.3"/pixel). Multi-frequency synthesis was
used =o that all frequencies within the fwo adjacent bands could be imaged simultane-
ously without averaging. As this was a detection experiment maximum signal-to-noise
was considerably more important than resolution and so natural weighting was used
visihilitios at the centre of the vy plane, where there is denser uv coverage and lence
greater sensitivity, are given a higher weight (see Fig. 7.2},

The resultant ~dirty map” does not give direct information about the source because
it is only the Fourier transform of the mcomplete ve plane (Fig, 7.3). To reconstruct an
image of the actual source it is necessary to deconvolve the dirty map (i.e. the Tourier
transform of the sampled distribution) with the *dirty beam’™ (the Fourier transform of
the sampling function) - the deconvolution attenpts to account for those parts of the ue

plane that were unsampled. The CLEAN algorithm is used for this task and the MTRIAD
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Y

T A typical source in the image plane of the sky

The idealised Fourier transform
of the source in the uv plane

The observed dirty map of the source
does not look like the idealised FT of the
source due to the non-perfect sampling

Deconvolution with the sampling function is therefore
required in order to reconstruct an image of the source

[ignre 7.3: Schematic showing the reason why the dirty map needs CLEANIng belore a
trie image of a source can he obtained (adapted fromn lecture at MERLIN snmer school
(2000)). The synthesised image of a source (dirty map) is formed by the Fourier transform
of the observed we data. As the result of incomplete sampling of the wr plane, the dirty
map is not a good replica of the source and requires deconvolution with the dirty beam

(thie FT of the sampling function).
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Figure 7.1 The resultant “map” of LAC X-3 alter the 1998 observations - the position ol
EAC N-3 0s marked with a cross. The r.ms. noise was 0,003 mdy and contour levels are

set at -1, 0.5, 1.3, 6. 12 mlyw.

routine CLEAN awlomatically implements one of three algorithne. depending on the size of
the souree = in the case of LM N=3 the Clark (1990) algorithim was the most appropriate.
Gradually a model o the image plane is built up from the brightest point spread funetions
fomned in the dirty map. fterations should continue until all real signals in the dirty map
have been accounted for, but so that no noise or side-fobe signals are included,

Finally RESTOR was used to convolve the idealised model of the image plane. created
by cLEAN. with the Ganssian CLEAN beam so that a wore realistic map of the image
plane could be obtained (g, 7.4).

7.2 Discussion and Implications

it is clear [rom Fig. 7.1 that the observing run failed ro detect a racio source in LMC X-3

a small compact point source at the centre of the map (.o, at the cross) would have been
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Figure 7.5: The RXTE soft X-rav lighteurve of LM X-3 from the time of the monitoring
canipaign of Wilms et al. {2000). The hard states (< I cps) can be seen to be roughly
periodic. The time of the 1998 radio observations is marked  clearly the source is not in

the hard state at this time and so a radio detection should not be expected.

prosent had a detection been achieved. The 3o upper limit to the source as determined
by these observations is 0.10 mJv.

There are two reasons why these ahservations were unsuccessful, As seen in previous
cliapters, other N-rav binaries such as Cyvg N-1 and GX 339—4 do not emit a radio jet
during the soft X-rav state. When these observations of LAMC X-3 were obtained the
source was indeed in the soft state (see Mg, 7.5). Theroefore a radio counterpart should
nat have been expected {or hoped for!).

Furthermore. the observations were obtained during a total integration time of X.5
hours — a much deeper observation than anything previously. Assuming a distance of
145 kpe to the LAMC (e.g. Udalski et al. 1998) and the =2 luminosity law of Fender &
[lendry (2000). an observed flux density of 0.05 mJy can be expected from LMC X-3. The

sensitivity of the ATCA can be calculated as:
0.0195 S.ys

A‘C"rms ~ \/m

mJy (7.2)
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where XS, is the rs Box sensitiviey, Seye 15 the system sensitivity (= 420 Jv at 6 cm
- the ATCA Is marginally more sensitive at 13 ¢in than 6 cm but. as the former is highly
susceptible to interference. the latter is more appropriate for a detection experiment). ¢ is
the integration time (mins.) and B is the bandwidth (=128 mHz). Therefore to obtain
a > 3a detection of a (.05 mlJy source, a total iutegration time of 48 hours is required
considerably longer than LMC N-3 has ever heen observed for.

The signal-to-noise can be further improved by a factor of /2 by setting the two
recelvers of cach antenna to adjacent frequencies within the same wavehand - therefore
a 48 hour observation of LMC X-3 during a hard state period should definitely
result in the detection of a radio counterpart, unless LMC X-3 is considerably
different from all other X-ray binaries.

The RX T Elightcurve (Fig. 7.5) shows that the hard states can be predicted reasonably
well - thev occur approsimately every 270 & 15 days and last for t 1.5 months. Although
not every dip in the long modulation actually reaches the hard state, the N-ray spectra
clearly show when it does  Le. in Fig. 7.6 ob=ervation 28 shows a pure hard state.
observation 29 shows the subsequent 1ransition and the other two ob=ervations show the
more commaon soft state.

Unfortunately. our attempts to secure 48 hours of ATCA observing time have been
npsuceossiul i that it is seen as too much time to give to a project in which “the scientific
returt would be small™.

ltowever. the detection of a radio counterpart to LAMC X-3 is crfreneedy imporiant fo
onr understanding of N-ray binavies. [t would confirm that while the various systenis
appear to have different types of behaviour, it is actually the same physical processes
ocenrring in cach one. Of the five Xeray states apparent in N-ray binaries. it is the sofl
state that is the least understood. This s partially due 1o wellstudied svstems, sueh as
C'vg X-1. making the trawsition so rarely - Cyg N-1 radio monitoring programs have so
far been unable to record a full transition to the soft state and back to the hard {(although
this has been achieved for GX 339—1: see Fig. 1.6) - and so we are still unsure of the
characteristics of the soft state and the initial signatures of a state change, All transitions
from the hard state in LAIC X-3 look siwilar at X-ray wavelengths and occur frequently
and quasi-periodically: therefore predicting the time of the state trausition and obrerving
the formation of the jet will be possible. This is not the case for svstems such as C'vg

N-1or the soft X-ray transients, which cannot be anticipated. Hence LMC X-3 ix a vital
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Figure 7.6: The RXTIE X-ray energy spectra of LNC X=3 (Wilms et al. 2000), Obs28
shows a pure hard state spectrum with no evidence for an accvetion dise spectrum. The
dise contribution increases through the transition (Obs29) and dominates the spectrum

on returning to the soft state (Ohs30, 31},

svstom to study.

More generally, i a radio counterpart to LM X-3 could be found. it would be the
first 1ime that radio emission has been detected from any of the LAC N-rav binaries or
from any extragalactic X-ray binary (LNC X-1 is not a good alternative to study due to
its apparent lack of hard state behaviour and also to its position within a radio nebula).
This would add support to the =short” distance to the LAC (44.5 kpe. eg. Udalski et
al. 199%) and al=o to the theary that the intrinsic radio luminosity of all persistent N-ray
hinaries is similar. It would be an important result as it would enable the radio-emitting
Norav binaries (o be used as “standard candles’ lor future observations with the Square
Kilometre Array,

[t would seem that either a change of heart or a dramatic increase in sensitivity ol a

southern hemisphere radio telescope is required before these predictions can be confirmed.



Chapter 8

THE 1997 OUTBURST OF THE X-RAY TRANSIENT
GS 1354—064

Ire collaboration with P.¢;. Jonker., R.P. Fender, BT Groot. M. can der Klis &

S0 Tingay

Solt N-rayv transients are a class of low mass X-ray binaries in which Instabilities in
the aceretion dise cause a sudden increase in mass aceretion rate onto the compact object.
resulting in an cuthurst {see e.g. Charles 1995 and references withing. While reminiscent
of the dwarl novae class of cataclysmic variables {Van Paradijs 1996) these ontbursts oceur
with intervals typicallv 10 20 vears and usually decline over severai months {Tanaka &
Lewin [995: Van Paradijs & AMeClintock 1993). sometimes displaving -mini outbursts” as
thev do sa {e.g. GRO JOA22432 began to rise again ~125 davs after the onset of the
initial outburst. peaking ~15 days later. See Tanaka & Shibazaki 1996 and references
within}. In hetween outbursts the X-ray transients fie in a quiescent state and this gives
ns an excellent opportunity to study the companion star.

Althongh these objects are frequently referred to as soff Xeray transients on account of
their ultrasoft X-rav spectra during the outbursts. an increasing number of their out bursts
do not show the solt component (c.g. GRO JIT19~21. Van der Hooft et al. 1996}, Instead
the power law component dominates the energy spectrum, reminiscent of the low /hard
N-ray state of the persistent source C'vg N-1. However, as the term “hard X-ray rransient’

ras previously heen used to describe the Be star+neutron star binaries (which typically

Paceepled for publication in MNRAS
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show hard X-rav spectra) we do not use this term here,

A large number of the X-ray transients have been classified as black hole candidate
(BHC') NXeray binaries — where possible. the preferved method is to determine the mass
function (c.g. Charles 1998 and references withinj but in a large number of cases a
black hole nature has been suggested on account of the N-ray properties. Following the
unification scheme for the X-ray power density spectra of neutron stars and BHCs proposed
by Vau der Klis (1994 1995}, the power spectra of BHCs can be sorted according to the
Imass aceretion rate: this is thought 1o inerease from the low state. through the intermediate
state and the high state, up to the very high state {(but see also Honman et al. 2000). During
the Jow state strong band-limited noise is present. Tn this scheme fow frequency (< 1 Hz)
quasi-periodic oscillations {QPPOs} seen in the low state are scen as an aspect of the low
state noise. Recently, Psaltis. Belloni. & Vau der Klis {1999) reported correlations between
the froquencies of QPOs and broad band power spoctral features of nenteon star and blaek
hole N-rav binaries. Transitions between Xeray states have heen observed during the
Fise and subsequently during the decay of an outburst for a pumber of sources (e.g. GBS
112168 {Ebisawa ct al. 1991), GRO J1655-10 (Méndez et al. 1998)).

Ground-based follow up ohservations of X-ray transicnts have shown that outbursts also
oceur at optical and radio frequencies. A0620-00. GRO J1655-10. &S 20234338 (V104
(v

band GS 1121681 are examples of X-ray transients detected in all three wavelength
& ! . 4

rogimes (Fanaka & Lewin 1995, and yelerences withind: in particular. the N-ray. optical
and radio bebaviour for GS 20234338 were correlated during the 1939 outhurst {Han &
Hiellming. 1992) and it is interesting to note that during this outhurst {as in the case of
(1S 1351=61) the source remained in the low /hard state (e.g. Tanaka & Lewin 1995).
The optical emission is thought to be the result of reprocessing of Nerays in the disc -
(he dise absorbs S-ravs and re-emits them at lower energies. delaying the optical by a few
seconds as reported by Hynes (1998) i the vise of GRO JL635—40. The radio appears
to be (he result of beamed svachrotron emission taking place in relativistic cjections of
material from the centre of the dise: this mayv be in response to material being transported
through the dise by the instability and so we might expect some correlation between
the radio and the X-ray/optical behaviour. However, a comparison between the radio
lightcurves of A0620~00. GS 1124-68 and GS 2000425 suggests that their profiles depend
on inclination angle. the number of ejections, the time between them and their streagth

and speed (Kuulkers et al. 1999). Therefore. as the radio emission may be anisotropic
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in the observer’s frame. uplike {presumabiv) X-ray and optical, we might instead expect

that it is nof ohserved to be so closely correlated with these two components as they are

with eacl other.

GS 1.954—64

Ou 1987 February 13, the ASA on board the Ginge <atellite (Swinhanks 1987) discovered
QS 1351=G61, observing it until 1987 Angust {NMakino et al. 1987). The X-ray data were
wall it by a soft dise blackbody component. with inner disc temperature of ~0.7 keV. and
a hard power law with photon index 2.1 (Kitamoto ¢t al. 1990). ‘These X-rayv properties
are connnon for X-ray transients during outburst {(Tanaka and Lewin 1995) and hint at a
Llack hole nature for the compact object, 1t was also observed in the optical during the
ontburst, vielding magnitudes of Vo~ 16.9. B ~ I8 (Kitamoto et al. [990). GS 1351-61
lad not previously been observed in the radio.

The position of this source on the skv is consisient with the position ol two other
Cransient sonrees: Cen X-2 (Francey et al. 1971) and AN 1353—0G1 (Markert et al. 1979).
Con Xo2 was the first “soft Neray transient discovered and one of the brightest (Tanaka
& Lewin 199531, The outhursts of MX 1353-61 (1972) and GS 1354—64 (1987 and 1997)
reached mueh lower intensities and showed different N-ray spectral properties - if Clen X-2
and AN 1353—61 were the same source as GS 35464 then it must show at least four
different states (Nitamoto et al. 1990). This is not unfeasible - e.g. GX 339—4 has been
ahserved in four states, Cvg X-1 in three (see lender 2000. and references within) ~ and
the field is not =o crowded that it is likely that a number of different N-rayv transients
are sa close together: it is therefore prabable that thiese sources are indeed one and the
came. in which case we note that the 1997 onthurst was signilicantly sub-Eddington. The
orror circles for the positions of each “source’ can be found in Kitamoto et al. {1990). We
juvestigate the nature of the various states further in Section 4.

(1S 135 1—61 was observed in outhburst again in 1997 November. Preliminary results
from the ASAM on board the Rossi N-ray ‘Timing Explorer {RXTE) showed a rise from
16 tor 50 mCrab in the frst hall of November (Remillard. Marshall & Takeshima 1997):
the BATSE instrument on the Comoton Gannna Ray Observatory { C'GRO) detected hard
N-ravs up to 200 keV which rose from 60 to 160 mCrab (Harmon & Robinson 1997).
The optical and infrared counterparts were also detected with magnitudes of I8 ~ 1G.9.

B ~ 1%.1 (Nov. 22: Castro-Tirado. lovaisky & Peterson 1997} and J ~ 1535, K~ 13.95
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(Nov, 20: Soria. Bessell & Wood 1997). Optical spectroscopy during the decay revealed
strong emission lnes corvesponding to Ha. H.f and Hell A4636 plus weaker Hel M7
and 115 emission (Buxton et al. 1998]. The Ha emission profile varied from single- to
donble-peaked over three nights of observations during the decay from outburst. indicating
the presence of an accretion disc. The radio counterpart was detected at 2.5, 4.8 and 8.6
GHz with a flux of I 3 mJy (Nov. 21/25; Fender et al. 1997). No indication of the orbital
period was detected at any wavelength.

A recent paper by Reviivtsev et al. (2000) gives an analvsis of #XTE/ASM. HENTE
and PCA «data during the outburst. Their work indicates that the X-ray energy spectrum
i= dominated by a power law. tvpical of X-ray binaries in the low/hard state. However,
the fit i~ improved by the addition of a 6.1 keV iron line and a reflection component
suggestive of the presence of an accretion disc: low encrgy dise photons are upscatiered
by a Comptenising corona to higher energies, resulting in the X-rav emission. Ilere we
preseut B0V and B photometry and radio data from the ontburst. combining it with

further RXTE/PCA analvsis and public ASM and C'GRO/BATSE data,

8.1 Observations

We ltave obtained public RXTE/ASN RXTLE/PCA and CGROJBATSE data for the
L9097 outhurst of GS 1351-64. Lightcurves for this and for our optical and radio data are

shown in Fig. 8.1,

N Nerav

The RXTE atellite observed GS 135461 ten times with the onboard proportional connter
array (PCA: Jahoda et al 1896).  We present only the analysis of the first nine of
these since the count rates were too low and the observing time too short during the
last observation to constrain our fit parameters. During the outhurst a total ol nearly
(0 ksec of good data was obtained. A log of the observations we present here (following
background corrections) can be found in Table R.1. During ~34 of the time only 4 of
the 5 PCA detectors were active - when this was the case the data were averaged. The
count rates quoted are approximate hecause they depend on the background model and
can vary over an ohservation.

All the data were obtained in each of three modes. Tle Standard | mode has a time

resotution of 1/8 s in one energy channel (2-60 keV). The Standard 2 mode has a time
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resofution of 16 = and the effective 2-60 keV P A energy range js covered by 129 energy
channels. In additiown. high time resolution data (with a time resolution of 125 js or hetter)
were obtained lor all observations in at least G4 energy channels covering the eilective 2-60
keN PCA energy range.

Additional soft {2-12 keV) N-rav data has been obtained from the ASM on board
RXTFE: we use the public archive data from the weh (http://xte.mit.edu). A detailed
deseription of the ASM. including calibration and reduction is published in Levine et
al. (1996}, Our hard (20-100 keV) X-ray data came from the BATSE instrument on
the Compton Gamma Ray Observatory (CGRQ) and was processed using the standard
BATSE earth oceuitation software. Again. we Lhave used the public archive data {rom
the web, A detailed overview of the BATSE iustrument can be found in Fishman et al.

(1989,

S.1020 Optical

The optical counterpart to G5 1351—61 was observed on IX nights during 1997 Novem-
ber/December and 2 nights the following February.  Further observations taken a year
later revealed oo source syggesting that the =ource i quiescence has V0 = 22 (< 0.005
mdvy. The 0.90m Dutel telescope at the Luropean Southern Observatory in Chile was

nxed, cquipped with a512x512 TER CCD and standaved Jolhnson B and 47 and Cousins 17

Table X.1: Log of the RXTLE/PCA observations. The penultimate cohunn indicates the

category of the observation (see textj,

Number  Observation Date & Total on source Category Mean coonnt
n observing time (ksec. rate (cts/s)

1 20131-00-01-00  1997-11-18 3.2 rise ~750

2 20 031-01-02-00 1997-11-19 6.0 rige ~R873

3 2004310-01-03-00  1997-11-22 | rise ~900

4 20431-01-01-00  1997-12-05 7.6 top ~950

5 200131-014-05-00  1997-12-12 G.d Lop ~860

] F0401-01-01-00  1997-12-27 7.0 decavi ~700

v 304010-01-02-00  1998-01-04 7.7 decay? ~H¥H

N SO0 1-01-03-00  19H9R-01-12 G.1 decav? ~H350)

9 30401-01-014-00  L998-01-26 T decavs ~ 125
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filters. Typical exposure times were 20 minutes in B and 5 minutes in V" and R (although
there were also some 10 minute observations in all ithree bands).

The data were processed using routine bias subtraction and flat field division in 1RAF.
Aperture photometry was applied. both to GS 135464 and to cight field stars: the coor-
dinates of these stars are shown in Table 8.2, The photometry was then calihrated {also
with IRATF) using photometric standard stars in the fields of PG 02314051 and Mark A
{(Landolt 1992). Magnitudes are given in Table 8.3. The magnitudes were converted into
mdy 1o ease comparison with the radio fluxes: Johuson conversions woere used for the B

and 17 bands, C'ousins for the B hand.

8.1.3  Radio

Radio observations were made at the Australia Telescope Compact Array at 381, 2196,
L.R00 and XG0 GHz at eight epochs during the periad JD 2130773 - 1Y 2150802 (1597
November 20, 24. 25 and December 1.2, 3, 4, 19). The array was in coufiguration 6C'.
which included the 6 kin autenna. giving a nowminal anguiar resolution of ~ I aresec at R.640
GHz. Standard flagging. calibration and fiaging techuiques were used within Aaririan: the
fux calibrator was PRS 1931-638 and the phase calibrator was PAMIN J1417-3950. The
integration times for the first epoch totalled 2.5 hours at each frequency: typical integration

times for following epochs were <1 hour. vieldiug reasonable 5/N but nufortunately poor

Table ®.2: Wdentifiers, coordinates (J2000 equinox) and magnitudes of the eight refercuce
stars used in the photowmetey. The "BJE part ol the identifier refers to Brocksopp. Janker.

Fender et al. 2000 (this work)

fdentifier. RA. Dec. V' (mags) B =1V (mags) V= £ {mags]

BIE JUIS80T.07=614309.9 16,269 (0.005) 0987 (0.016)  0.632 (0.006)
BAF JI35R07.94-601309.3 16,028 (0L,004) L1l (0.013)  0.646 (G.0073)
BILI J135515.53—-G:H305.0 15,446 {0.002)  1.9085 (0.01.1) CONR (0.002)
BIF JI135811.93—644337.6  15.797 (0.003 (1.003)

(

BJIE J1358 0321643184 15.506 (0.002 1914 (0.015) L0814 {0.002)
(

B 3550771 =6.L1513.1 15,036 (0,002 0.003)  10.559 (0.002)

0.811 (0.005) 0485 (0.002)

{0L.937

0
(
(
570 (0.013)  0.803
{
(
(
BIF JI3581LL 18—644516.0  15.026 (0.002 (

)
)
BJE 1133809.39-641439.1 15,463 (0.003)  0.889 (0.006)  0.557 (0.003)
)
)
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Table 2.3: Calibrated magnitudes for our aptical photometry, Frrors are

thoses,

149

JD=2450000

B

R

TT2.8%
T80
BRI
TT6.86
TTR.86
TT9.84
77985
Y7986

PR0.85

T9h.8d
79684
R50.8%
N50.83
R50.8%
850,85
831.89

HER KR

19.18 (0.07)

18.32 (0.0}

18.70 (0.03)

18,85 (0.14)

18.02 (0.07)

18.06 {0.02)
LT.61 (0.03)
1740 (0.03)
17.55 (0.01)
17.6% {0.01)
17.71 (0.07)
17.59 {0.01)
17.75 (0.02)
17.79 (0.01)

17.75 (0.02)

17.67 (0.02)

18,95 (0.40)
18,53 (0.31)
18.95 (0.02)
19.82 (0.14)

16.89 (0.01)
17.02 (0.02)

16.62 (0.01)
16,79 (0.01)
16.93 (0.01)
16.93 (0.01)
16.99 {0.02)
16,89 {0.D1)
17.07 (0.02)
17.09 (0.01)
17.04 (0.01)
17.07 (0.05)
16.95 (0.03)
16.97 (0.01)
16.89 (0.01)
INAL (0.22)
(.28 (0.10)
1%.29 (0.06

)
18.21 (0.14)
18,14 (0.01)

)

3 (0.06

given in paren-
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wr coverage (the we plane is the projection of the antenna baselines onto the plane of
the skv). As a result, for most epochs the svuthesised beam from the observations was
extremely elongated. Forthermore the sparse wr coverage meant that the fux densities
measured were a function of the cell size used in making the maps. as a result of different
gridding in the FEFTs. Both ellects resulted in difficulty in measuring reliably the flux
densities at the epochs with the shortest observations. In order to lmprove the situation.
we combined data from two adjacent days {for Nov 24/25. Dec 01/02 and Dec 03/04).
which significantly improved the ur coverage in all three cases. In addition. as well as
performing point-source fits to the final (naturally weighted) images. we also performed
polnt-source fits in the we plane, thereby avoiding gridding errors. On Dec 3/4 data

were collected in two adjacent bands, centred on 2.210 and 2.196 Gllz respectivelv, and

Table ®.4: ATCA observing log, and results of image-plane (naturally weighted) and -

plae point-source fits to the data.

Date I‘requency Total Image plane fit  we plane fit Lincar Pol.  Circular Pol.
JD=2150000) (GHz) Time {hirs) (mdy) () (3er) {(3e)
e 1.3xd 2.5 2.6+0.2 3.6 0.1 <R < T
2,196 28401 20401 <94 <8
§.800 2.8 +0.1 2.9% 0.1 <6 <6
2.6 H 1.6£0.1 L940.1 <15 < LG
TOr-TR 184 0.7 254+ 0.5 23203
2. 196 2540.1 37402
4.800 27+ 0.1 3.7+ 003
%6140 25+ 0.4 22402
TR T8RS 2.368 0.58 3.5 0. 37303
1.800 2010.2 27402
8.6.10 1.5+0.1 2.2+ 0.3
TRG-TRT 1,800 1.25 22401 3.0 202
8,610 L40.2 3.940.5
R 1,800 0.5 0.9 0.1 Ly 2 0.1

K640 1.1+ 0.1 1.8 4 0.
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combined to improve the $/N by /2 at an effective frequency of 2.368 CiHz.

In Table 8.4 we present the ATCA observing log and results of our image-plane and we
plane fits to a poiut source, It is elear that both the image-plane and ar-plane results follow
a stnifar trend, steadily declining by a factor ~ 2 in the month between Nov 20 and Dec
19. It is also clear that the spectrum is generally flat. especially at lower (< 4.800 GHz)
frequencies. Between 1800 - 8.610 GHz the spectrum appears to be iuitially optically
thin, but gradually flattens until becoming inverted by the last detection on Dec 19. We

note that the weeplane fits invert one epoch earlier than those of the image plane.

8.2 Results and Analyvsis

N2 Nerav”

= Note that the X-rayv data reduction and coustriction of power spectra was the work of
P.G. Jonker

The N-ray lighteurves in Fig. 8.1 have a trianguiar shape, as defined by Chen, Shrader
& Livio (1997) with a possible secondary outburst during the decay at ~ J1 2150835,
[t is clear from Fig. 8.1 that the soft and hard X-rays are well correlated - we obtain
a value of 0.6 for the Spearman rank correlation coeflicient hetween the dailv averaged
BXNTE/ASN and CGRO/BATSE lighteurves, despite the poor S/N. We also note that
the energy spectra ol both X-ray bands are dominated by a power law componeut {Har-
mon & Robinson 1997, Revnivisev et al. 2000) which indicates a common origin, j.e. a
Comptonising corona which upscatters low energy (optical and UV) dise photons to higher
energios {e.g. Van Paradijs 1998). This is significantly different from the 1937 outhurst,
when the N-rays showed a soft dise blackbody spectrum (Kitamoto et al. 1990, {i the
1997 outburst the presence of an accretion disc can be inferred only indirectdy with the
mclusion of a reflection component in the soft Xeray spectrum (Revnivtsey et al. 2000).

Other than the average flux Jevels shown in Fig. X.1 for each of the RXTE/PCA obser-
valions there was no variability to be seen directly, Instead. for all PC'A observations we
calculated power spectra with a Nyquist frequency of 512 Hz using data segiments ol 512
s length each in one combined broad energy band ranging [rom 2 60 keV. To characterise
thie power spectra (1/512-512 Hz) we used a fit function consisting of a broken power
Law. plus a Lorentzian with its frequency fixed at 0 Hz to describe the low frequencey noise

component. We also inclnded a second Lorentzian to describe the QPO on top of the noise
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Table 8.5 Properties of the two Lorentzians and the broken power law component. The

frequency of the noise component was fixed at 0 Hz.

(ategory Rise Top Decayl Decay2 Decavy
rus QPO () L2 101 +2 10 +2 H+£2
FWEHAL QPO (mHbz) L1 1.5 Tl Lt 19+ 7 i1

v o (inHz) 13.6 4 0.8 27.6 £ 0.6 R+2 39+ 2 A2
Fins noise {'A) 23.14+0.2 22.1 £ 1.2 21.84+10.5 2414 0.3 2574105
FSYHAT noise (Hz) 3R1+0.06  LR8Y L 0.07 51401 {8401 4.6+ 0.2
rims break () 3314+ 06 277+ 04 27.34£0.7 26.3 &£ 0. 26,8+ 0.8
Vheeqs (11H2) A6 X5 6O £ 4 91+ 7 96 + 4 L0+ 10
o (1 << Mheeqs ) 0.594£0.07 0.100£0.001 0124005 (=3£5) » 1072 0.22+0.07
O {1 o)) L6 £0.01  1A3£0.03 1.55+0.05 [.82+0.05 1.9+ 0.1

component. The noise Lorentzian became negative when it was treated as a free parane-
ter. Errors on the fit parameters were determined using Ay2=1.0 (1o single parameter).
Power arising in the power spectrun due to Poisson noise has been subtracted - this also
takes deadtime into account. The fit to the normalised (Bellon? & Hasinger 19903 power
spoctrum of observations Fand 5 combined is showu in Fig, 8.2

We divided the outhurst into three paris ou the basis of the X-ray lighteurve: the rise.
the top. and the decay (see Table 8.1, Tig. 8.1}, The decay observations were further
subdivided into three parts in order to follow the changes in the fit parameters during the
decay of the outburst,

The properties of our fit parameters are given in Table 8.5, We detect a QPO at Jow
frequencies: its frequency increased from 13.6 £ 0.8 mHz at the rise to 16 £ 2 mHz at
the end of the decav. The FWHM also increased over this range from {1+ 1.5 mHz to
LY mlz, The break [requency increased gradually from 36 £ 5 mHz during the rise to
L1010 7 during the last part of the decay, The power law index a1 lreguencies helow
the hreak {requency changed from 0.59 £ 0.07 during the rise 10 0.100 £ 0.001 at the top.
during the decay it varied between 0.22 2007 and {—343) x 1072, At frequencies above
the break frequency the power law becanie gradually steeper with iudices of 1.46 £ 0.01
during the rise 1o 1.9+ 0.1 during the last part of the decay.

The increasing of the frequency at which the QPO and break occur suggest that the

inner radius of the disc is decreasing as the outburst takes place {Revnivisev et al. 2000).
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[ignre 8.2: Normalized (Belloni & Hasinger 1990) power spectrum of observations 1 and
5 combined. The power arising in the power spectrum due to Poisson noise has heen
subtracted, The solid line represents the best fit to the data. This best fit function i built
up by three components. The dashed line represents the contribution of the hroken power
law component, the dotted line represents the contribution of the Lorentzian component
with its frequency fixed at 0 Hz. and the dashed-dotted line represents the contribution

of the Lorentzian used to represent the QPQ,

A general softening of the spectrum. consistent witl this geometry, was also obscrved
and was seen previously in GS 1354=61 by Kitamoto et al. (H990). A similar increase in
frequency of low-frequency QPOs was discovered during an outburst of the X-ray transient
GRO JI719—-24 by Van der Hooft et al. (199G}, If the tncreasing [requencies of the QPOs
really do relate to the inner disc then it is interesting to note that the mner disc radius
does ot appear to increase again during the decay from outburst.

Frow the high fractional rms amplitude of the low frequency noise throughout the
outhburst. the hard spectrum {Reviivisev et al. 2000} and the relatively low intensity
inerease (compared with the outhursts of Cen X-2 {Francey et al. 1971) and MX 135361

(Markert et al. 1979} — we investigate this further in Section 8.3) we conclude that the
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source was in the [ow/hard state during the eutire outhurst (see for reference Van der Wlhis
1995). This is unusual as the majority of X-ray transients enter the high/solt state during
outhursts: known exceptions include GRO 30422432 {e.g. Sunvaev ot al. 1993), GRO
171921 (eg. Van der Hooft et al. 1996] and GS 2023433%. although in the latter case
it is possible that the svstem was in a soft but absorbed state at its peak. then returning
to the low /hard state (Zyeki. Done £ Smith 1999),

While the tucrease in QPO lrequency and in break {requeney during the decay of the
outhurst is nof a common feature of BIICs whilst in the low/hard state, it appears that it
o a typical feature during the outbursts of X-rav transients (see Section 4). Observations
of the persistent BHC's during fransitions from the low/hard to the high/soft state would
be useful to determine whethoer or not the QPO frequency increases at these times — RNTE
observations of the 1996 C'vg X-1 transition to the soft (intermediate?) state suggest that
although & mHz QPO was present and the frequency certainly varied, it was not simply a

frequency increase during the transition (Cui et al. 1997).

8.2.2 Optical

Qur optical observations show that the X-ray increase was accompanied by an optical
onthurst reaching B ~ 183,V ~ 7.3 and ¢ ~ 16.6 at maximun, As is typical for X-ray
transients (e.g. Van Paradijs & McClintock (1993) and references withinl. the subsequent
decline was considerably longer than that of the X-rayvs. taking at least 120 davs. Further
observations a vear later revealed no source, suggesting that there had heen a hrightening
of > 5 mags. above the quiescont level,

The photometry suggests that the optical and X-ray events were not as well correlated
as would be expected in a ‘normal” soft X-ray transient event. in which the dominant
source of optical emission would be reprocessing of X-ravs. Indeed. whereas the X-ravs
procuce a gradual rise and decay the optical photometry appears to peak at least three
times, The three apparent peaks are labelled on Fig. 8.3.

The first "peak” ovcurs prior to our observations. but can be inferred from the f-band
decline at the beginning of the dataset. The X-ravs have begun to rise by this point but
there is still & > 10 day delay after our initial £ band ohservations before the X-rayv peak
is reached. This optical peak iz uniikely to be the result of reprocessing of soft dise X-ravs
on account of the low X-ray flux and the lack of evidence for a disc component in the

N-ray energy spectrun. (It is not impossible. despite the lack of correlation e.g. GRO
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Figure .3: Dereddened R-band photometry and B-1". B—f and V"~ I colour evolution
{corrected for interstellar extinction using E{B — V') ~ 1 (Kitamoto et al. 1990) and the
A/ Ay relations of Cardelli, Clayton & Mathis (1989)). Frror bars ave plotted but ave
smaller than the svmbols in the colour plots. Arrows ou the f-band piot indicate the

three apparent peaks iu the photometry,

165510 shows an anti-correlated N-ray/optical outburst but echo mapping shows that
reprocessing of N-rays is still the dominant contributor to the optical flux during hard
N-rav flaring (HTvnes et al. 1998).)

A similar pleromenon is seen i dwarf povae - as the disc instability moves inwards
from the outer parts of the disc. the outburst is seen first in the optical and then in
the nliravioler. While it should be feasible that this phenomenon occurs also in Xeray
{ransient events. it has rarelv been observed {e.g GRO J1655—40. Orosz 1997). 1f this is
the case for this outburst of GS 135461 then our data suggests that the instability takes
> (0 davs to cross the dise and peak in the X-rays. Tlis is nat impossible - Orosz (1997)

caleulates an optical fead of 6 davs — but would place fairly large lower limits on the size
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of the orbit and/or donor star, The outburst of GRO J1655—10 was different from that of
GS 135461 in that it reached the high/soft state (possibly the very high state (Méndeg
et al. 1998)). 10 was considerably more luminous at all wavelengths and the profiles of
its rise to maximum in the BATSE and ASM data for GRO J1655-10 were considerably
longer. In particular, the hard X-rav rise occurred ~ 30 dayvs after the soft X-rays — a
phenomenon not seen in the case of G5 1354—64, where the ASM and BATSE data appear
well correlated on account of both X-ray bands being dominated by the (same?) power
law component. GRO J1655--10 may therefore not be a suitable svstem with which to
cotupare GS 13534-61.

The second peak (and only peak for which botl the rise and decay were observed) took
place during the “top” period of the X-ray lightcurve (~JD2450784) and was observed in all
three optical bands. Without full X-ray coverage and better S/N in the X-ray bands it is
not possible 1o sav whether there is any evidence for correlated N-ray/optical hehaviour.
There is the hint of a small decline in the X-ravs coincidentally with the decay of this
second optical peak but the 5/N does not affow us to be conclusive, If the optical and
N-rav were correlated then we would assune that the second optical peak was produced
by the reprocessing of N-ravs: a non-correlation would suggest that a second instabiiity
had passed through the optical-emitting regions of the disc.

The U and [ bands also suggest the presence of a thivd rise in the lighteurve, ~4£3 days
after the time of the first maximume: it may alse be hinted at in the X-ravs. although a more
significant secondary N-rav outburst takes place during the decay around JI) 2450835,
These smal} secondary maxima during the decay of an outhurst are seen commonly in
N-ray transients (e.g. GRO JO422432. Callanan et al. 1993 and are duc to additional,
smaller instabilities.

{"sing the reddening carrection determined by Kitamoto et al. (1990). /(B —17) ~ L.
and the 1,/ 1y relations of Cardelli. Clayton & Mathis (1989) we have corrected our
plotometey for interstellar extinction (g ~ L1, 4y ~ 3.1 g ~ 2.3). In Fig. 8.3 we
plot dereddened B-band magnitudes and colour evolution over time,

We have no colour wformation for peak | but the B~V B — R and V' — K colours for
peak 2 all Liut at being anti-correlated with the photometric lightcurve, although there
mayv he a delay of ~ 0.5 davs in the caze of the latter. (Alternatively it is possible that the
U — R colours are actnaliv anti-carrelated with the other colours. in which case there must

be an additional contribution to 1" — R from some other component, perhiaps the jet.) The
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colours also suggest that the source hecame bluer during the rise to peak 2: this could be
explained by a disc instability moving inwards as the temperatire and density of the disc
witl he increasing inwards, On the decay from peak 2 the colours redden, consistent with
the dise cooling. We notice that the B — V' and {to a lesser extent) the B — R colours
vary more significantly than V7 — f20 this suggests that. while the whole dise is brightening.
the Lot inner regions do so in particular and this causes a greater hrightening in the B
band than the other two. This would be expected and shows that at shorter wavelengths
the disc spectrumn dominates the optical emission. Clearly improved coverage of future
outbursts would be extremely heneficial in order to confirm these possibilities.

Although we llave only one pair of B baud/ASM points {(arnd these are separated by LS
davs). we also calculate the ratio of N-ray to optical luminosity, &€ = By + 2.5 log £, (g v,
where By is the extinction corrected B magnitude and F. i the X-ray flux {Van Paradijx
& McClintock 1995). Assuming (B —-1") ~ [ an interstellar extinction (g} ol .1 mags,
and | crab ~ 75 counts/sec (RXTE/ASM) ~ 1060 pr)v we obtain a value of £ = 19, This
is slightlv lower than that of other X-ray transients, indicating that the source might be
wnder-lnminous in the N-ravs Avpically, € = 22 (£1). We note that during the 1987
authurst the vatio was calculated to be ~ 16, This s surprisingty low and was thought
likely (o be due to errers in the reddening corrections and/or non-simultaneity of the
ob=ervations [Van Paradijs & MeClintock 1995). During the 1997 onthurst it appears
that the optical emission was dominated by viscous lheating from the dise with minimal
reprocessing. Other potential sources for the optical excess are svnchirotron emission from
the jot and/or a possible contribution due to irradiation of the companion star, although
this may be insignificant given the low magunitude of the souree in quiescence.

It has been suggested that the dwarf novae obev a relationship (Warner 1905}

M, (inax) = 3,74 — 0.25908,4(0) (s.1)

wlere M, (max) 1s the maximuin absolute visual magnitude attained during the out-
hurst by the {non-irradiated) dise. Assuming an orbital period of 15 hours (P, Charles.
private communication] then this suggests that the maximum apparent magnitude for the
dise of GS 1304-61 s V7~ 20. Since the cutburst reaches a brigher maximimum than

this it appears thar irradiation of the companion star is a significant effect,
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Figure X4 The R-band photometry and radio lighteurves at 1.4, 2.5, L8 and 8.6 Glz on
an expanded seale. Evolution of the spectral index {a) at 48 and 2.6 GHz is shown in
the bottom panel. Arrows on the K-band plot indicate the three apparent peaks in the

optical photometrs.

=23  Radio

We have observed the radio counterpart to GS 1354644 for the fivst time. Detected
at 138 21960 L and 860 Gllz it s a weak source of 1-3 muJy and our radio maps
show o evidence for extension combining data from the first two epochs suggests that
the upper limits to the source extension are }1.20 6.9 and 1.9 x 107 AU at 2.5, EX and
NG Gz respectively, assuming a distance of ~ 10 kpe (Kitamoto et al. 1990). This 1s
not really surprising given such a low flux and the rather short exposure times of our
abservations. We have also determined the radio position of GS 1354—6-14 by assuming a
point source and [itting & Gaussian — by assuming an error of 200 mas ou the position of

the phase calibrator we calculate the position of GS 1354=611 to be R.AL: PE538:09.7, dec:
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~6121B05R (£200 mas) at 1.8 GHz - the positional error is dominated by the uncert ainty
in the absolute coordinates of the phase calibrator.

Lighitcurves at all four observing frequencies are shown in Fig. 8.4. Surprisingly. the
radio frequencies are not well correlated with each other — although thev all seeni to follow
similar trends. in that some rise has taken place prior to our observations and a secoud
rise may have occured just after the second optical peak. Exact time differences canno
he measured as eacl radio point contains data spanning up to two davs. (Note that it s
possible that this appareut lack of correlation between the radio frequencies mav be an
artefact of the poor wr coverage). The lack of correlation with the N-ravs and optical
photometry is perhaps surprising and possibly due either (o our lack of data coverage or
to reasons given by Kuulkers et al. (1999). Each maximum is probably associated wirh
an ejection event as seen in e.g. A0620—-00 {Kuutkers et al. 1999].

While we would expect a certain frequency dependency in the relative delavs and [umi-
nosities for these ejection events, the lack of abvious rovretation is surprising. Correlated
radio/optical behaviour has heen observed previously {e.g. (GS 20234338, Han & Hjelln-
g 1992) and it is possible that had we better radio coverage and/or S/N then the same
tmight be true here for all radio {requencies.

Fig. 8.1 also shows the evolution of the spectral index (9, x »” where o is the spectral
index. ¢ s the frequency and S, i< the flux density at » in mdy) over the period of our
observations. The spectral indices are also tabulated in Table R4 and were determined
by fitting the above power law to the data at 1.8 and 8.6 GHz  the other frequencies
were not used to caleulate the spectral index as they were not measured at every epoch.
Clearly a is generally negative particularly at the first epoch. corresponding to optically
thin svochrotron emission. The spectrum becomes inverted at the final epoch which i
probably consistent with a partially self-absorbed continuous jet as seen in Cvg X-1 and
GX 339— 1 {e.g. Fender 2000 and references within}, Alternatively the spectrim inversion
could be indicative of a plasmeon cjection emitting optically thick synchrotron emission
which will evolve to optically thin at successively lower frequencies as the plasnion expands
(see e, INuulkers et al. 1999 for further evidence of this phenomenon)  however this is
more tvpically seen in soff Neray transient outbursts. We note that vsing the we plane
fluxes from Table 8.4 results in the speetrum inverting one epoch carlier.

By combining data from adjacent epochs, we have improved the S/N sufficiently to

measure upper lnits to the linear and circular polarisation. These limits are determined
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Table 8.6G: The spectral index calculated for each epoch of our radio observations. Qnly

the 4.8 and 8.6 GlIz data have been used so as 1o be consistent at every epoch.

JD—2450000 a error

T3 —0.95  0.07
TTT/8 —0.13 005
TR1/5 —0.19  0.12
TR6/7 031 0.12

K02 013 0.14

from {its to the image plane witl percentages calculated as a fraction of the {image plane)
total flux density: they can be [ound in Table 8L 1 is interesting to note that linear
polarisation of the soft N-ray transient 40U [630—47 {[Flux density ~ 0.5-3 mJy] was
detected at 27% le. a level that we would have picked up had it heen the case for S
1350 =G, However, observations of GS 2023433% (Han & Hjellming 19%2) and &N 339-—1
{Corbel et al. 2000) in the find state vielded linear polarisations of 1-14 and this may
turn out 1o be a value common to the hard state sources (which are probably partially
sell-absorbed).

While our optical investigation has suggested that the optical emission is the result
of one or more heating waves travelling inwards through the disc. it is also interesting to
note that the optical Huxes are comparable with those of the radio. suggesting that the
flat spectrum associated with the central radio souree might extend to higher froquencies.
A flat syrehrotron spectrum bevond the radio regime has been seen in a number of X-
ray binaries in the low/hard X-ray state e.g. Cvg N-1 to the minn wavelengths and GRS
(9154105 te the infrared (Fender et al. 20003, B is therefore feasible that there may be
a contribution to the aptical emission from the jet.

To investigate this further we plot the extinction corrected spectrum for our optical
data, plus the published infrared (J and K band) points of Soria, Bessell & Wood (1997)
and the radio fuxes quoted in Table 8.1 which are [rom the same epoch as the IR (Fig. 8.3).
We have also extended the spectrum down to 843 Mz with the inclusion of a data point
from the Molonglo Observatory Syvnthesis Telescope (MOST) (Hunstead & Campbell-
Wilsou. private communication). This plot indicates that while the I3 and 17 band data
are too bright to be associated with the radio. the R band and the infrared points seem

to lie approximately in a straight line - the best fit spectral index to the radio. infrared
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Figure 8.5: Spectrum ranging from radio through to optical. We include the infraved {J
and [ band) pointz of Soria. Bessell & Wood {1997) and the NOST data of Hunstead &
Campbell-Witson (private communication}. Optical and infrared data Liave been corrected
[or interstellar extinetion using a reddening estimate of L(H — V) = 1 {Kitamoto et al.
19901 and values of 1/ 4y from Cardelli. Clavton & Mathis (19%9), The dotted line is

the hest fit =traight line throuegh the radio. infrared and F-hand (0 ~ 0.0061)

and 2 Dand points is 0.004 £ 0.01. which is consistent with flat synchrotron emission up
to the near infrared. In contrast to this, the optical data alone vields a spectral index
of 1.12 -1.68. depending on the epoch. and the B and 1 data alene yields n ~0.02 -0.97.
With a theoretical thermal dise spectrum (with no irradiation) of S, x v'/? (e.g. Frank.
Ning. Raine. 1992 and references within) it is probable that there ntay be some additional
optical component causing the atecper opt.]c‘al spectrum at some epochs., However. we
note that without full coverage of the spectrum through the sulynun and infrared regimes
we cannot be certain the spectrum really is flat from radio to near-infrared.

We note that the 8.64 GHz point is somewhat discrepant. While it is possible that
there ig some systematic error due 1o the poor we coverage, we point out that it may take
some time after the ejection for the spectrum foinvert, e hecome dominated by a steady
self-absorbed (low. For example the radio spectrim of V104 Cyvg did not invert until ~ 25

davs after the initial (hard state) outburst (Fender 2000a. Han & Hjelliming [992).
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Table 8.7: Comparison between outhbursts of Cen X-2, MX 1353—~61 and GS 135161,
which may all be the same source. X-ray peaks are quoted for the [-10 keV range. See
Tanaka & Tewin (1993) and references within, Note that WX Cen is an unrelated hright

variable star, but was originallv found in the large error hox of Clen X-2.
fom] . -

Source Date Duration  Soft X-ray Peak X-rav State Optical Peak
{months) {(mC'rab) (1mags)
Cen X-2 1966-1967  ~ 8 ~ 8000 (Very?) high/soft 1" > 13.5 (WX Cen)?
VX 135361 1972 ~ 11 5 low /Lard
(S 1354 —6 19x7 ~ 6 > 300 gl /soft V> 169 0 BW Cir)

A%

GS 1351064 1997 ~ 3 30 low /hard Vo> 173 (BW Clin)

8.3 Cowmparison with other outhursts

N3 Previous (possible) outbursts of GS 1354—01

We snmmarise the four possible outbursts of (4S5 135164 in Table 8.7, It is clear rhat
the eharacteristics {Le. the spectrom and Juminesity) of cach outhburst ave very differeny

INitamoto (19901 concluded that lfor GS 1351=64 to have produced all three authursts
known by that date. then the source nust show four distinet N-ray states, e, very high.
high /soft. low fhard and faint /off states. Although less bright. the 1997 cuthurst appears
to show a similar state to that of the 1972 event reported by Narkert et al, (1977).
However, as Kitamoto et al. (1990) demonstrate, the error boxes of the various sateliites
which mav have detected (S 1351064 cover a large area on the sky: il the svstem were to
enter another "Coen X-2 tvpe’ outburst then it would confiem that the source can indeed
Jdisplay such a wide range of X-ray spectral behaviour it may then be possibie to confirim
whether or not the three sources are one and the same. Given the the lack of erowding in
the field of GS 1331—64 it is probably more likely that the four sources are one and the

same. as opposed to a number of different X-ray transients so close together.

8.3.2  Other X-rav transicnts reaching only the hard state

An increasing number of supposed “soft” X-ray transients have been shown to remain in
the low /liard N-ray state. the N-ray spectra showing little coutribution from a soft dise

component. A list of hard state X-ray transients can be found in Table 8.8, In comparing
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8.3 Comparison with other outbursts

Table 8.8: Comparison between the five BHC X-ray transients which have remained in

the low /hard state throughout an outburst.

Source Date X-ray Spectrum mHz QPO
During Outhurst?

GS 1354-64 1997 low/hard v increases

GS 2023+338 1989 ]low/hard (mostly?) ?

GRO Jo422+32 1992 Slow /hard SmHz QPO present

GRO J1719-24 1993 “low/hard v increases

XTE J11184480 2000 Hlow /hard 1213y, jncreases

Source

Radio Spectrum

Preceding X-ray Peak?

Optical Peak

Optical /X-ray

Luminosity Ratio

G5 135464 flat — inverted Yes
GS 20234338 “flat — inverted 3Yes
GRO J0422432 "flat — inverted 8Possibly
GRO J1719-24 10fat ?
XTE J1118+480 Minverted ?

optically bright
doptically bright
? (no soft X-ray obs.)
? (no soft X-ray obs.)

Boptically bright

1. Tanaka & Lewin (1995)

4. Van Paradijs & McClintock (1995) 5. Van der Hooft et al. (1999)

7. Shrader et al. (1994)
“10. Hjeliming et al. {1993)
| 13. Wood et al. (2000)

2. Han & Hjellming (1992)

8. Callanan et al. 1995)
11. Hynes et al. (2000)
14. Dhawan et al. {2000)

3. Chen, Shrader, Livio (1997)
6. Kouveliotou et al. (1992)
9. Van der Hooft et al. {1996)
12. Yamaoka et al. (2000)

15. Garcia et al. (2000)
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these five objects a number of trends can be seen. some of which may turn out to be
indicative of low/hard state outbursts of the X-ray transients.

We find that an increase in QPO frequency, a flat {or inverted) synchrotron radio spec-
trum and an over-hright optical counterpart may be properties common to the low /hard
state N-ray transients — although not exclusively so. as an increase in QPO frequency
appears to be a common feature of the soft X-ray transients also (e.g, GS 112468, Van
der Klis 1993) - bowever it should be noted that the QPOs detected in the solt state tend
to occur at higher frequencies. It is rare for the onset of a soft N-ray transient event to he
ohserved in the optical but at least two of these low/hard state events have been ohserved
to peak in the optical before the X-ray, suggesting that something other than reprocessing
of X-rayvs dominates the optlical emission. While these {rends are clearly {entative we note
that none of these systems provides an exception to the “rule”  either they follow the
trends or there have heen insufficient obsgervations to delermine either way.

There is a sixth source. Agl X-1. which also shows some (but not ally of these trends

it lias been omitted from Table 8.8 as it is a neatron star X-ray transient. its X-ray
spectral properties classifving it as an atoll source {Cui ot al. 1998, Reig et al. 2000).
However, Aqgl N-1 has also been observed to peak in the optical before the soft N-ravs
{Shahbaz et al. 199%) and also demonstrates an increase in QPO frequency throughoent
the outhurst (Cul et al. [99%), It shoukl. however. be pointed out that the QPOs seen in
Agl X-1 are found at kHz frequencies rather than the mlz QPOs found in the tabulated
sofirees, Consequently it may be incorrect to compare them. but see also Psaltis. Belloul.
Van der Klis {1999). Unlike the BHC svstems there is no optical excess. Although there
was 4 weak radio counterpart to the outburst (Hjellming et al. 1990) there was no spectral
information  Aqgl X-1 s currently one of only a small number of atoll sonrces for which
radio counterparts have been detected.

[t is also worth comparing these five sources with the low/hard states of persistent
black hole X-ray binaries. While mllz QPOs have been reported in these svstems (e.g.
Vikhlinin et al. 1991 and references within). an increase in QPO frequency is not a typiral
feature of the low/hard state for these systems and so it may seem surprising that we see
it here, However, although the transienis remain in the low /hard state the change in QPO
siigeests that the inner disc radius is decreasing — it therefore appears that the transition
to the soft state is initiated but not completed. Therefore this increase in QIO frequency

should probably he considered a feature of the transition, rather than of the state irself -
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this would be cousistent with the inner radius of the dise changing during the trausition
but remaining constant once a stable X-ray state is reached. This theory could be casily
tested lor the persistent sources during a transition, although RXTE obscrvations of the
1994 transition of Cyg X-1 suggest that it may not be just a simple increase in [requency
with flux (Cul et al. 1997) — further investigation of this would be useful. The radio
beliaviour of the persistent sources is very similar to that of these five transients — for
example, Cvg X-1 (Brocksopp et al. 1999) and GX 339—4 (Corbel et al. 2000} both
emit flat spectrom jets whilst in the low/hard state. This jet is quenched on reaching the
soft state - this is probably also the case for soft X-ray transicuts. aithough the material
ejected during the state transition will continue to produce bright radio emission. despite
bheing physicaliv decoupled from the accretion process (g, A0620-00. INuulkers et al.

1999).

8.4 Discussion

Our multivavelength dataset has enabled us 1o make a number of suggestions as to what
took place during the vutburst of GS 135164 in 1997 November. The optical and radio
lighteurves suggest that there were two maxinta during the outburst, the first prior to our
observations and the second at. ~JD2 150781, depending on wavelength. There is also the
hint of a third optical rise just following the X-ray peak (JD2430796) - by this time it
i« possible that the disc is sufficiently bright in X-ravs for the third optical brightening
to be the result of Xeray reprocessing in the dise {although this is not confirmed b the
hard N-ray energy spectrum). For future outbursts, simultancous Xeray and high time
resolution optical observations wauld be extremely beneficial: discovery of the 13 mmHz
QIO (mentioned in Seetion 3.1) in the optical would help 1o determine the efficiency of
the reprocessing of soft N-ravs.

It is clear that the optical lightcurve reached a local maximum be fore the X-rays peaked.
While common in dwarf novae outhursts, a preceding optical peak is not generally seen in
N-ray transient events — quite possibly only due to the fact that it is the X-ray satellites
which tend to discover them. If this is the case then it is unlikely that reprocessing of
N-ravs was the dominant source of optical emission. (However, it is possible if there is
some pon-straightforward dise geowetey e.g. GRO J16535—10 ([Tvnes et al. 199%)). Oar
comparison of “soft” Xeray transients which remain in the low/Lard X-ray state for the

duration of the outburst shows that GS 20234338 and possibly GRO JO122+432 were also
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observed to peak in the optical before the X-ray. \While this may be coincidence in timing
of the observations. we consider the possibility that in these hard state transients the Xerav
ettission is at a sufliciently low level for the owards travelling instability (o dominate the
optical cmission: in outbursts with a soft N-ray component reprocessing ol X-rave would
dominate instead. This is confirmed by the sucprisingly high optical/X-ray luminosity
ratios that these low /hard state sources have — in a ‘normal” soft event the relative X-ray
luminosity would be much higher, than in the hard state sources.

If the peak of 1he X-rav lightcurve corresponds to the time at which the instability
reaches the hot inner regions of the disc then a disc-crossing time of ~10 days is inferred.
Far this to be true then the disc and therefore the orbit must he large. The fact that no
arbital period has been determined for this source could also sugegest that the orbit may
be large {this may also contribute to the possible over-hright optical emission mentioned
in Section X.2.2)  although it is more likely that there is insufficiem optical data for any
periodicities o be determined. M, indeed the orbit is large then BW Cir must be an
evolved star filling its Roche Lobe. suggesting a similar type of svstem to GRO J L6535 ~40.

This inferred disc-crossing time is very long and it is unlikely that the disc of a svstem
with sieh a low soft X-ray luminosity and hard X-ray spectrum would extend to a small
inner radius. It is also unlikely that the instability could trigger a radio ejection hefore
reaching the innermost regions of the dise and causing the X-rav peak. The increase in
QPO frequency suggests that the increase in solt NXeray luminosity is the result of the
inner dise radins decreasing: the surface area of the dise and the temperature of the inner
regions are therefore increasing. This would be consistent with other Xeray binaries  the
low /hard state is eharacterised by a large inner dise radins and this decreases on transition
1o the high/solt state {e.g. Exin et al.. L99N).

Therofore it appears that the instability moves inwards. emitting in the optical regime.
As the transported mass fills the ~hole™ a1 the centre of the dise an o viscous thinescale,
the soft N-ray emission from the corona increases. This scenario is comparable with that
stgegested by Shahbaz et al. (1998) to explain the optical/X-ray delay of the L1997 outburst
ol the neutron star N-rayv transient Aql X-1.

Il we assume that a radio event is triggered when the instability reaches the inner edge
of the dise then this considerably reduces the required dise crossing time (e, the dise
crossing time becomes the delay hetween the optical aud radio peaks (~ 1-2 davs) rather

than the delay between the optical and X-ray) and seems more likelv. Irom observations
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of other sources in the hard state it is probable that this radio event is the ejection of
weak, continuous jets. We would expect the emission [rom the jets to he cliaracterised
initially by partially self-absorbed svnchrotron radiation. becoming optically thin over
time to suecessively lower [requencies — however without resolving the jets we would not
necessarily expect 1o observe this. It is also possible that individual plasmon ejections
take place. although these are more commaenly seen in the soft X-ray transient outhursts.

Alternatively [or additionally?), we also note that the aptical and radio data have
comparable fluxes. 11 is therefore possible that an ejection event took place. emitting syn-
chrotron radiation at optical and increasingly longer wavelengihs as the ejected material
beeame optically thin at inereasing distances from the central source. The flat spectrum
(Fig, 8.3 apparently extending from radio wavelengths to the 1t band. would certainly
support this scenario, 1, as our value of € suggests, the optical componrent is over-hright
then synchrotron should not be discounted as a possible contributor to the optical emission
in addition to the thermal disc spectrum.

It Is imporrant to consider the implications of a jet (or mass ejection} that emits flat
spectrum svnchrotron radiation over such a wide range of frequencies. While there are a
number of models that work reasonably svell for the “flat spectrunt” AGN. none of these is
consistent with the much fattcr radio — {=ul-jmm spectra of e.g. Cve X-1. GRS 19154105
and Cyve X-3 (Fender ot al. 2000 and references withind., The most convineing explanation
for the flat spectrum is syochrotron radiation from a partially self-absorbed jet. With
the power of the jot divectly proportional to the bandwidth. detection of a Ligh frequency
cul-offl to the flat spectrum would he very uselul in determining the power ol the jet - 1his
has not been {found in any of the flat spectram X-rav binaties.

In suminary. our limited observations suggest that the 1997 outhburst of GS 1354—6.14
was the result of an instability crossing the disc on a slow viscous timescale. emitting
at optical wavelengths., As the instability reached the (large) inner radiugs of the disc it
triggered a mass ejection which emitted synchrotron radiation at radio wavelengths and
possibly through to the near infrared (and optical?) regime. The N-rayv source remained
in the low state throughout. gradually becoming brighter as the instabilities carried more
maiter into the hot inner regions and subsequently decreasing the inner disc radius. These
results clearly reflect the importance of siinultancous optical. infrared and radio studies of

future N-ray transient events,



Chapter 9

CONCLUSIONS

The conclusjons reached. following the multivavelength investigation of variability in biack
hole N-rav binaries. have already been outlined in the refevent chapters. They are sum-
matised again below by considering. firstly. the three sources ndividually and. secondly,

the low/hard state sources as a single class of objects.

Cygnus X-1

Optical spectroscopy of Cve N-{ has enabled revision of the orbital epleweris and. sub-
sequently, a detatled multivavelength study of the orbital modulation. This has heen
extended for the radio regime and a simple model of stelfar wind absorption presented
to explain the radio modulation. The possible “precession” period has also been found at
all wavelengths and further work is required to investigate this phenomenon - whether or
not the observations really are consistent with precession, the mechanisms involved and a
search for some signature of these mechanisms in the optical spectroscopy. ('vg N-1 has
recently demonstrated correlated hehaviour hetween the soft N-ravs and radio and this.
combined with the correlated long petiod behaviour in the two wavelength regimes. shoulkl

contribnte 10 onr understanding of the disc:jet connection in N-raxy binaries.

LM X-3

The long term behaviour of LMC X-3 has been studied in the optical photometry. in
conjunction with the recent discovery of low/hard X-rav spectral states. No stable peri-

ods have been Tound and this is consistent with analvsis of the X-ray lighteurves, The
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cotrelation between the NXeray and optical data and also the Xeray delay would suggest
that tncreased nrass flow through the dise is observed as it passes throngh the cold outer
regions into the hot inner regions. This could be confirmed by acquiring optical data with
hetter time resolution and the inclusion of ultravioiet observations. The radio counterpart
to LAIC X-3 has not been detected in the observations presented heye but comparison
with C'vg X-1 suggests that this is not surprising and that detection is hampered by the

large amounts of observing time required.

GS 1354~ 64

Multiwavelength study of G5 1354—G4 has shown that it belongs to an increasing num-
ber of NX-ray transients observed to remain the low/hard state throughont the outhurst.
Despite limited data. evidence has been found tor a flat spectrum radio jet as well as the
direct absepvation of the instability crossing the aceretion disc. The frequency variability
of the mHz QPO needs careful interpretation but also appears to be an important feature

of ard state syvstems,

It i3 clear from the previous chapters that Cvg N-L. LMC X-3 and GS 135 1-64 are
appropriate sources for a study of black hole X-ray binaries in the low/hard state. Cyg
N-1 and LAC X-3 have been considered black hole candidates for nearly three and two
decades respectively, as the resuft of mass estimates: GS [35{~61 is an extromely fikelyv
source on account of s Xeray spectral and timing properties and its ahsence of bursts or
pulses.

While the three svstems behave very differently they do indeed show hard state be-
haviour:

e nost of the time, in the case of Cvg X-1

e occasionallyv. guasi-periodically. i the case of LNIC X-3

e during some. bt not all, outbursts. in the case of GS 135461

This work has cnabled potential properties of the hard state to he establisiied and/or
reinforeed - as well as the characteristic hard X-ray energy spectrun and power specirum
which define the low/hard state. sources in this state also dispiay evidence for a flat spee-
frum radio jet (often extending to much higher frequencies) and a low-frequency QPO of
variable frequency (apprentiy depending on spectral hardness and certainly not correlated
with X-ray flux). Transient sources which ouly reach the low /hard state during their out-

bursts also appear to have suprisingly high optical:X-ray luminosity ratios, suggesting that
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the optical emission is not dominated by X-ray reprocessing but instead the instability
catsing the outburst can actually be observed directly as it crosses the acceretion disc.

Studying these sources has revealed what a useful phenomenon this state is it is
during the hard state that jets can be observed and alzo when it ix most straightforward
to investigate periodic behaviour (the long rerm and orbital periods of Cvg N-I cannot
be studied during the soft state as seen in Chapter 1), In 1he seff N-rav transients there
i= no chance of observing the instability because the optical cluission is dominated by
reprocessing of N-ravs from the Tuminous aceretion disc. While the hard state of LA X-
3 is vet to be exploited to the satne exteut. its discovery has already shown that TAIC X-3
i~ not such a “different” tvpe of X-ray binary - it follows the same spectral stare hehaviour
but conveniently changes state more froquently than any other source.

fuvestigations of the long periods of Cvg X-1 and LMC X-3 have shown clearly that
invoking aceretion dise precession 1= often a convenient “hand-wagon to junp on” - while in
the case of Cveg N-1 it appears successful in explaining the multiwavelength observations
{more recent VEBA images of the jet indicate the presence of a kink'. reminiscent of
the precessing jets of 55 133 — R, Spencer. private communication}). the state changing
behaviour of LAMC X-3 suggests otherwise. It is possible that further spectral investigation
ol Cve X-| may reveal a similar variability of aceretion flow instead of classical precession.

Regardless of the mechanism by which the long period of Cvg NX-1 s produced. tle fact
that this and also the orbital period are observed at all wavelengths is extremely significant
i the 2tudy of the discjet conection: likewise the X-raviradio correlated behavicur seen
it C'vg N-1 and the peculiar relationships between the lightcurves at different frequencies
in GS 135 1=061. These multivavelength obzervations are crucial if we arve ever to determine
the nature ol the coupling between the dise and the jet.

A number of future projects arise directly from this work and iuclade:

e Discijet connection - multiwavelength observations of correlated outbursts, state

changes and accretion rate variability, precession ete.
e Turther investigation into the nature of long periods of ('vg N-1 and other sources
e Detect radio emission in LMC X-3 and image radio jets in other hard state sources
- are they reallv as ubiquitous as we think?
o Observe the instabilities moving through the aceretion dise of transient sources. This

will result in greater understanding of outhurst meclianisis and jet ejection
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