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^Lbstract 

The X-ray Binaries (XRB) consist of a compact object and a stellar companion, which undergoes 

large-scale mass-loss to the compact object by virtue of the tight (fort usually hours-days) orbit, 

producing an accretion disk surrounding the compact object. The liberation of gravitational poten-

tial energy powers exotic high-energy phenomena; indeed the resulting accretion/outSow process 

is among the most efficient energy-conversion machines in the universe. 

The Burst And Transient Source Experiment (BATSE) and RXTE All Sky Monitor (ASM) have 

provided remarkable X-ray lightcurves above l.SkeV for the entire sky, at near-continuous coverage, 

for intervals of 9 and 7 years respectively (with 3 years' overlap). With an order of magnitude 

increase in sensitivity compared to previous survey instruments, these instruments have provided 

new insight into the high-energy behaviour of XRBs on timescales of tens to thousands of binary 

orbits. This thesis describes detailed examination of the long-term X-ray lightcurves of the neutron 

star XRB X2127-H19, SMC X-1, Her X-1, LMC X-4, Cyg X-2 and the as yet unclassified Circinus 

X-1, and for Cir X-1, complementary observations in the IR band. 

Chapters 1 &: 2 introduce X-ray Binaries in general and longterm periodicities in particular. Chap-

ter 3 introduces the longterm datasets around which this work is based, and the chosen methods 

of analysis of these datasets. Chapter 4 examines the burst history of the XRB X2127+119, sug-

gesting three possible interpretations of the apparently contradictory X-ray emission from this 

system, including a possible confusion of two spatially distinct sources (which was later vindi-

cated by high-resolution imaging). Chapters 5 and 6 describe the characterisation of accretion 

disk warping, providing observational veriAcation of the prevailing theoretical framework for such 

disk-warps. Chapters 7 & 8 examine the enigmatic XRB Circinus X-1 with high-resolution IR spec-

troscopy (chapter 7) and the RXTE/ASM (chapter 8), establishing an improved orbital ephemeris 

and suggesting the system may be in a state of rapid post-supernova evolution. In chapter 8 we 

follow this up with a direct search for the X-ray supernova remnant expected from such a system, 

concluding that with present observations the diffuse emission from Cir X-1 is indistinguishable 

&om scattering by dust-grains in the interstellar medium. 
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Chapter 1 

X-ray Binaries 

We provide a brief introduction into the X-ray Binaries (XRB), their energetics and the phenomena 

which play out on orbital- or sub-orbital timescales. Section 1.1 provides a broad overview of the 

classes of object, while section 1.2 briefly introduces the physics at work in the accretion process 

and the formation of an accretion disk, central to most of the phenomena observed in this thesis. 

Section 1.3 outlines the characteristics of X-ray phenomena, while section 1.4 brieGy introduces the 

characteristics of XRB at other wavelengths. The properties of long-term variations (on timescales 

greater than orbital) are deferred to Chapter 2. 

1.1 Close Binaries and XRB 

Most stars in the universe are members of binary systems, in which two stars orbit their mutual 

centre of gravity. Close binaries are a subclass of stellar binary, in which a compact object may 

accept substantial mass transfer yr"^) &om a stellar donor, powering intense X-ray 

emission 10^^ erg s"^ is typical in active neutron star binaries; van Paradijs & McClintock 

1995). If the compact object is a neutron star or black hole, the energy available through accretion 

is generally similar, as both objects have similar radii 1 — 10km), whereas for the same accretion 

rates the energy available through accretion is <-̂ 100 times lower for white dwarf accretors (radii 

10000km). This C6in be illustrated by considering the ratio of the accretion luminosity to 

the rest-mass energy of infalling matter (?) = Z^x/Mc^); for neutron stars 0.1, for black 
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holes T] ~ 0.05 - 0.4 and for white dwarves 77 ~ 0.001. By comparison, nuclear reactions produce 

r] ~ 0.001 — 0.01; thus for the white dwarves non-accretion processes such as nuclear shell-burning 

can be signiGcant or even dominant contributors to the persistent emission of the system (Warner, 

1995). 

By virtue of its angular momentum about the accretor, infalling matter will often not impact 

the accretor directly but settle into orbit about the object, spreading to form a disk through 

viscous interactions. Observations of this accretion disk provide a test of our understanding of the 

accretion/outflow process (md in some cases vital constraints on the system properties. 

For the remainder of this thesis we follow standard convention and label those close binaries with 

a neutron star or black hole accretor the X-ray Binaries (XRB), and treat systems with a white 

dwcirf accretor as a separate class of object. For completeness we remind the reader that the white 

dwarf systems are classified according to their lightcurves and the source of principal behaviour; for 

example, the lightcurves of dwarf novae are dominated by powerful outbursts across all wavelengths, 

due to a global state transition in the accretion disk (Warner, 1995), while the Supersofts exhibit 

powerful (~ lO^^erg s"^) X-ray emission dominated by quasi-stable shell burning on the surface 

of the white dwarf (Kahabka & van den Heuvel, 1997). 

1.1.1 LMXB and HMXB 

X-ray binaries are classiGed according to the mass of the stellar donor, as this broadly divides the 

mechanism for mass transfer (see figure 1.1). The Low Mass X-ray Binaries (LMXBs) contain a 

2MQ donor, which transfers mass via Roche Lobe Overflow (see section 1.2). Donor types 

range from white-dwarves, through late-type main-sequence stars to A-type donors and F-G-

type subgiants (Liu et al., 2001). Donors that are currently F-G subgiants may have started 

as intermediate maas stars (1.5 Mg 4MQ), leading to a new class of XRB (Podsiadlowski & 

Rappaport, 2000). The High Mass X-ray Binaries (HMXBs) contain a 5M@ O- or B-type donor, 

where the mode of accretion depends further on the donor mass and system configuration; a ^ 

IOMq 0- type donor produces a powerful stellar wind, some fraction of which may be gravitationally 

focused onto the accretor. HMXBs with a B-type donor usually power accretion by virtue of an 

eccentric orbit; during close passage at periastron mass transfer from donor to accretor is enhanced 

in a time-varying analogue of Roche Overdow. Roughly 70% of these systems, the Be-X-ray 

binaries, show strong j f a emision lines from an equatorial disk on the donor, from which matter 
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sation software developed by Rob Hynes. 
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is taken at periaatron passage (the reader is urged not to confuse these with B[e]-binaries, which 

show emission from a distribution of dust in the system (e.g. Clark et a]., 2000). 

1.1.2 The Ult racompacts 

LMXBs with orbital periods ;$60 minutes are designated the Ultracompacts, as here the orbital 

period is so short that a main-sequence donor star is considered unlikely (section 1.2). The Ultra-

compact LMXBs are thought in most cases to have a donor that is certainly evolved and also at 

least partially degenerate, and indeed there is strong evidence that the eiccretion flow is virtually 

devoid of Hydrogen (Gumming, 2003). We remind the reader that the white dwarf ultracompacts 

are somewhat different in their accretion behaviour (classified AM CVn systems after the proto-

type of this class); here a variety of scenarios are suggested by observations of the various AM 

CVn systems; although the majority show disk evidence, a further sub-class exists in which the 

accretion stream may impact the donor directly without forming a disk 6rst (see e.g. Warner 1995, 

Marsh & Steeghs 2002). 

1.1.3 X R B Populat ions 

At present, 280 XRBs are known to exist in the Milky Way and satellite galaxies, of which 150 

are LMXBs and 130 HMXBs (Liu et al., 2001). In the Milky Way galaxy the vast majority are 

found in the galactic plane or the central bulge, though there are a small number of systems found 

in the halo. The sub-arcsecond imaging of the CTian jra satellite, combined with the high effective 

area of is bringing within reach the study of XRB populations in external spiral galaxies, 

in particular M31; there the XRB population is also associated with star-forming regions (e.g. 

Kong et Ell. 2002 et seq.). The Galactic Bulge sources not on the near-side of the Milky way (often 

designated with the prefix GX) suffer from high interstellar reddening {nH typically ^ lO^^cm"^). 

Under these circumstances, direct detection of the donor is usually very di@cult, and indeed the 

nature of the system components is for most systems a matter of some debate (e.g. Cornelisse et al., 

2003). These sources are starting to reveal their secrets through investigations on two fronts: (i) 

the better studied systems at lower interstellar absorption are allowing system diagnostics based 

on X-ray emission alone, and (ii) the development of higher sensitivity instruments and telescopes 

of larger collecting area (e.g. VLT/ISAAG) is for the first time making direct detection of these 

objects possible. 
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The XRB population is remarkably less well-represented in the field as compared to the globular 

clusters and galactic tidal structures such as the Small Magellanic Cloud (SMC). The Milky Way 

contains ^280 active XRBs out of ~ 10^^ stars; scaling by the number of stars in the SMC thus 

predicts perhaps ~ 3 XRBs in the SMC, in fact there are now over 60 HMXBs discovered in the 

SMC with no known LMXBs (Haberl et al., 2000; Liu et al., 2001), whereas the LMC contains ~30 

HMXBs (Haberl &: Pietsch, 1999; Kahabka, 2002) and two LMXBs (LMC X-2 & RX J0532.7-692.6; 

Liu et al. 2001). The LMC and SMC are thought to have undergone tidal interaction ~ 0.2 —0.4Gyr 

ago (Gardiner et al., 1994), triggering star formation in both bodies and producing the massive 

overpopulation of HMXBs compared to the Milky Way. That the SMC has a higher population 

of HMXBs than the LMC supports this model as the smaller of the two interacting bodies will 

undergo the more severe disruption. 

The LMXB population in globular clusters is also overdense compared to the galactic field by 

an order of magnitude (e.g. Verbunt & Hut, 1987), suggesting formation channels are at work 

in clusters that are not important in the galactic disk. The obvious candidate is interactions 

between stellar systems; the collisional timescale for a star in a globular cluster is several orders 

of magnitude shorter than for the galactic disk (e.g. Binney & Tremaine, 1987); as a result, each 

XRB may undergo several stellar encounters over the cluster lifetime of ~ 10®~^° years. Two-

and three-body encounters can thus drive the evolution of close binary systems, through either the 

capture by an isolated compact object of an encountered star through tidal dissipation (Fabian 

et al., 1975) or by three-body encounters in which a star may be exchsmged for the encountered 

star (Hut et al., 1992). 

1.2 Accretion and the Roche Lobe 

We introduce here the physics of accretion in close binaries; further details may be found in 

earlier papers on this subject (e.g. Lubow & Shu, 1975) or graduate texts (e.g. Frank et al., 2002). 

The majority of stellar binaries are comparatively wide, with periods of order ~ 1 year, which 

corresponds to separations ~ 1 A.U. through Kepler's third law 

o = 2 . 9 x l O ^ \ M i + M 2 ) ^ / ^ f J / ^ cm (1.1) 

where Mi and M2 are expressed in Solar Masses. Representing the equilibrium condition of each 

star by steady fiuid fiow (i.e. = 0) and assuming circular orbits, conservation of momentum 



1. X-ray Binaries 

for stellar material in a frame rotating with the binary then demands 

^ V f + ( v . V ) v = - V $ j ; - 2 ( n x v ) (1.2) 

where the Roche Potential is the sum of gravitational and centrifugal potentials, i.e. 

_ _ 1 ^ 2 (13) 
I r - r i I I r - ra I 2 ' 

We wish to evaluate the equilibrium configuration of the binary by seeking pressure contours. (We 

ignore here the momentum Eux due to strong irradiation from one body on the other, which caji 

be signiAcant for very luminous accretors; see e.g. Phillips & Podsiadlowski 2002). We wish to 

evaluate the equilibrium configuration of the binary by seeking pressure contours. We assume the 

gaa to be ideal so that 

V P = — ( w ' ^ V T + (1.4) 

and make the further assumption that the chemical composition is small constant (so 3̂  0). 

It is then straightforward to show using vector identities that if VT and V/) are not parallel to 

each other, a Gow v relative to the binary &ame must be established: 

^ (V/)xV!r) = /)V X [20 X V + (V X v) X v] (1.5) 
firriH 

(If we allow the chemical composition to vary there is the additional possibility that nonzero 

heating may be balanced by gradients in composition /i). Conversely, in the absence of strong 

heating (Vpx V T = 0) we have v = 0 and thus hydrostatic equilibrium 

V P = (1.6) 

In this case V f x = 0 and V f x V/) = 0, so surfaces of constEmt potential are then surfaces 

of constant pressure and density. In hydrostatic equilibrium, the surfaces of the stars can thus be 

obtained from plotting the equipotentials of the Roche Potential in the binary plane (figure 1.2). 

For small component separation relative to the stellar radii, the potential surfaces deform towards 

a teardrop shape. The AocAe Zo6e is the equipotential surface passing through the Lagrangian 

Point .Li, at which the force on a test mass is zero, is a saddle point in the potential: in the 

direction along the line connecting the centres of mass (the z-direction in Figure 1.2) it is a local 

maximum, whereas in the {/-direction it is a minimum. Thus matter from one star passing through 

the neighbourhood of will tend to be channeled towards the other star rather than escaping the 

critical surface altogether. The radius of a Roche Lobe-filling star is approximated by the radius 

of a sphere filling the same volume; tabulations of this radius as a function of mass ratio (Kopal, 
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- 2 . 0 

Figure 1.2: Left : Roche equipotentials for the system configuration Mi =0.85, M2=0.17 and 
system separation a=0.72 R@. The axes are in units of a. Prom Carroll & Ostlie (1996). 
Right : plotted as a function of distance along the line joining the two centres of mass. 
Prom Carroll & Ostlie (1996). 

1959) have been fitted to better than 1% accuracy by the formula of Eggleton (1983): 

0.49g2/3 

with the labehng convention 

o 0.6g^/^ + Zn(l + g)^/^ 

^donor ^2 
9 = 

(1.7) 

(1.8) 
^accretor 

For maas ratios (0.1 g 0.8) an alternative form for may be used (Plavec & Kratochvil, 

1964) 

which allows a to be eliminated from Kepler's Third Law, and under the assumption tha t the 

low-mass donor has evolved slowly and is thus still on or near the main sequence, results in the 

period-mass relation 

Mz - O.llfhr (1.10) 

with M2 measured in solar masses. Indeed, for low-mass Roche Lobe-filling X-ray Binaries, orbital 

periods of order 1 hour cire frequently observed. 

Roughly 95% of the binaries in the Universe consist of two widely separated, main-sequence stars, 

in which the stellar radii are tiny fractions of the separation between them. For example, a 

system containing two main-sequence stars at 1 A.U. separation have i? /o ~ 10"^ for each star, 

so from figure 1.1 we expect the binary rotation to be unimportant as the gravi ta t ional terms in 

(1.3) dominate and the stars assume spherical configurations. However, once the more massive 

star evolves oS the main sequence into the Asymptotic Giant Branch phase, it can easily attain 
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JZ2/0 0.2, enough for the star to 611 its Roche Lobe and start matter transfer to its companion. 

Taking the orbital angular momentum of the binary to be that of two point masses 

Ga 

and assuming this maas transfer is conservative (i.e. Mi = —%), the eSect of this transfer on the 

Roche Lobe of the donor is then 

where Mg < 0. Thus in the majority of initial configurations (g > 5/6) the mass transfer results 

in the Roche Lobe shrinking, resulting in further mass transfer and a runaway process. Mass 

transfer from more massive M2 to less massive Mi redistributes matter away from the centre of 

mass, so the remaining mass Mg moves in to conserve angular momentum; as a result the binary 

separation decreases along with the runaway increase in accretion rate. This process takes place 

on the thermal timescae of the donor 10^"^yr depending on the donor radius), so corresponding 

systems must be very rare, representing an intermediate step to the final state of the binary. The 

runaway spin-together is only halted if sufficient mass is transferred to bring the mass ratio beneath 

the critical value 5/6 before system coalescence. For g ^ 5/6, meiss transfer will expand the Roche 

Lobe, which would oppopse accretion as the donor will no longer overflow the Roche Lobe; however 

observationally the majority of XRBs are indeed in this mass ratio regime. In wide (a ^ few RQ) 

binaries, post main-sequence donor evolution may cause the donor expansion to keep pace with 

expansion of the Roche Lobe. However the majority of LMXBs have much more compact orbits 

than this (o A@), so accretion must be driven by angular momentum loss from the system; 

common mechanisms are magnetic braking and (for Pgrb ~ few hours) gravitational radiation (see 

e.g. Verbunt 1993 or Frank et al. 2002 for discussion). 

An evolving binary has a wide variety of evolutionary paths open to it, depending on the masses at 

the initial configuration. Throughout this work we focus on systems in which the end product is a 

neutron star in orbit with some less-compact star than itself. The significant mass overflow along 

the evolutionary paths, combined with heating and stripping &om the supernova event producing 

the neutron star, can drive the evolution of the companion in several directions; as a result, a 

wide range of donor masses are possible in observed systems. However, the universal system 

configuration of neutron star X-ray binaries consists of a neutron star in a compact orbit with 

some stellar companion. More specifically, in the X-ray Binaries, significant mass transfer takes 

plzice onto the neutron star (Mi lO^^Mgyr"^), powering observable high-energy phenomena 

through the accretion of transferred matter. 
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1.2.1 Accretion Power 

The total power available in the accretion process is just the rate of conversion of gravitational 

potential energy when matter falls to the surface of the compact object from large distances, i.e. 

(1.13) 

So for a neutron star (Mi 1.4MG, jRi ^ lOkm), the power output of the accretion process is then 

I f . , , - 8.2 X 10^" j ergs- i (1.14) 

with Ml in units of lO^^Mgyr"^. The nature of the mass transfer broadly follows the division of 

the X-ray binaries into the mass classes (section 1.1.1). 

A rough upper hmit to the sustainable accretion luminosity may be derived by calculating the 

luminosity at which radiation pressure due to the radiation produced by accretion is sufficiently 

strong to halt accretion. Photons from the central source undergo Thomson (free-free) scattering 

off incoming electrons in the accretion Sow; electrostatic coupling between protons and electrons 

thus produces a pressure opposing the infall of matter. The is the value of this 

luminosity for spherical accretion, and is given by 

= 1.3 X lO^^Miergg-^ (1.15) 

(or alternatively 1.5 x lO'^^RioMgyr"^, where is the accretor radius in units of 

10km. 

However, there are at least two ways for the accretion 6ow to sidestep this limit. .Binafein obser-

vations of seven bright spiral galaxies detected 16 point sources with observed .Lx > lO^^erg s"^ 

(Fabbiano, 1989); assuming such emission to be isotropic and Eddington-limited then produces 

the estimates Mi 50 — lOOMo and M ^ lO^^M^yr"^ (e.g. Makishima et al 2000); this is the 

Intermediate Mass Black Hole (IMBH) model. Observations with ROSAT and ASCA yielded the 

discovery that these Ultraluminous X-ray sources (ULX) are preferentially, but not exclusively, 

distributed in star-forming regions (Roberts &: Warwick, 2000), suggestive of an XRB association 

and resulting in a considerable resurgence of interest in the nature of these objects (Makishima 

et al., 2000). The main objection to spherically symmetric models is the difBculty of forming a 

large number of intermediate mass black holes in a '^lyr orbit with an evolved companion (King 

et al., 2001); however individual objects may still contain IMBH accretors. The alternative model 

involves deviation from spherical accretion, with mild beaming of emergent radiation (for example 



1. X-ray Binaries -10-

through warping of the accretion disk) enhancing the observed 2,%. The high M required could 

be achieved during the thermal-timescale stage of mass transfer inevitable in HMXBs, thus fitting 

the association with starburst regions. 

The second method to overcome Lsdd is to decrease the efficiency with which the radiation pressure 

couples with incoming matter; for example, the HMXB X-ray pulsar A0538-66 frequently exhibits 

episodic outbursts in which Lx > 10®® erg (Charles et al., 1983), but this may be due to 

reduction of the scattering cross section below the Thomson cross section at the high magnetic Aeld 

lO^^G (Boerner & Meszaros, 1979). Thus in the X-ray pulsars we may expect supereddington 

accretion rates to be sustained (see also King et al., 2001). 

An important caveat to note is that the Eddington limit applies only to the X-ray emission which 

interacts with the accretion Sow; it is thus irrelevant to X-rays generated in regions outside the 

central object. For example, spectral fits of the neutron star LMXB Sco X-1 during flaring show 

peak at 1.1 x lO^^erg s"^, well in excess of its Eddington limit (Barnard et al., 2003a). The 

majority of this emission arises in an extended region well beyond the inner accretion flow (section 

1.3) 

1.2.2 Accretion Disks 

Matter flowing through Li freefalls towards the accretor, attaining a locally supersonic ballistic 

trajectory (Lubow & Shu, 1975). As this matter has high specific angular momentum, the matter 

stream often will not impact directly onto the neutron star but instead go into orbit around it, at 

radius approximately 

ji!c = o( l + g ) ^ : ^ ^ - 0 . 2 o (1.16) 

where R n is the distance from the neutron star to the lagrange point i j . The result is an accretion 

disk, in which matter builds up to some steady state around the neutron star. We introduce the 

standard model of such disks here, which is based on the thin-disk model of Shakura & Sunyaev 

(1973). Angular momentum is transferred outwards by viscous processes, resulting in the gradual 

inward drift of matter towards the acceptor. The outward transfer of angular momentum results 

in the accretion disk spreading beyond TZg, in some cases approaching Eou* 0.8.Rf,i. H the disk 

obeys the thin-disk condition, i.e. its scale height ^ obeys 

(1.17) 
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where VK is the Keplerian velocity, then the vertical structure of the disk decouples from its 

horizontal structure, whose surface density E is described by the nonlinear diffusion equation of 

Pringle (1981): 

where v is the kinematic viscosity. To make further progress, a prescription must be found for 

the viscosity v, although there is not yet a consensus on the form of this prescription, there has 

been gome promlging recent work. Hydronamic turbulence alone fails; globally the disk satisfies 

Rayleigh's criterion for stability against axisymmetric perturbations, while local perturbations 

(after artificially stirring up the disk) result in the transport of angular momentum inwarcfa (Balbus 

et al., 1996; Tout, 2000, e.g.). Whether convection can produce viscosity of the right magnitude and 

sign is currently an open question, as it depends on the model and computational approach used 

(e.g. Ryu & Goodman, 1992; Kumar et al., 1995). Magneto-Hydrodynamic (MHD) turbulence 

is the currently favoured possibility, aa it appears to predict viscosity of reasonable magnitude 

(Prank et al., 2002). Shear flow (with angular velocity Cl increasing outwards from the centre) will 

tend to cause vertical Reld lines to become bent; this is opposed by the tendency of 6eld lines to 

straighten out, which thus attempts to transport angulgir momentum outwards to enforce corotation 

(Balbus & Hawley 1991; see also Tout 2000). The low magnetic diffusivity of astrophysical plasmas 

allows angular momentum transport outwards even for weak vertical magnetic fields. Whichever 

mechanism is physically active in the viscosity, the standard prescription is to take i/ to be linearly 

related to the sound speed cs and pressure scale height H through the dimensionless parameter a: 

V = a c s H (1.19) 

with a ^ 1. This dependence appears broadly sensible as the size of turbulent eddies are unlikely 

to exceed the disk thickness .ff, and the velocity of their motion will likely be below cg, otherwise 

shocks would thermalise their motion (Frank et al., 2002). 

Dynamical equilibrium will be established in an accretion disk on roughly the timescale for particle 

orbit tdyn ~ R/vk, while the disk is expected to adjust to changes in E on the viscous timescale 

^ (^/^A) where % is the radial drift velocity. Thermal balance is reistablished in 

the disk on the thermal timescale, defined as the heat content divided by the dissipation rate, i.e. 

2:: (Ecg)/Z)(j^). For the a-disk solutions of Shakura & Sunyaev (1973), typical values for these 

quantities are hours for &: and weeks-months for 

In the case of wind-driven HMXBs, matter is only captured if its velocity relative to that of the 

neutron star is low enough for capture, corresponding to a capture distance Acap 
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The corresponding angular momentum for captured matter is a factor (-Rcap/o)^ lower than 

for matter accreted from the Roche stream (Frank et al., 2002). Thus the formation of a disk is 

a more doubtful outcome for the HMXBs than for LMXBs (however not unknown, as disks are 

emphatically observed in the HMXBs SMC X-1 and LMC X-4; chapters 5 & 6). 

1.3 X-ray Behaviours and the Emission Regions 

The two populations of X-ray binaries, LMXBs and HMXBs, show markedly diSerent X-ray be-

haviours, resulting largely from the diGFerence in the modes of mass transfer, mass accretion onto 

the neutron star, and the age of the system (all of which relate to the donor mass Mg). The proper-

ties of the LMXBs are consistent with them being a more evolved population of objects; the ~150 

known systems are mostly distributed in the galactic bulge and in globular clusters, consistent 

with Population II objects. Furthermore, the orbits of LMXBs are all very nearly circular, and the 

neutron stars themselves show evidence for a weak externcil magnetic field. By contrast, the 150 

known HMXBs are concentrated in the galactic plane (or with star formation regions in external 

galaxies; see section 1.1.1), often have eccentric orbits, and show evidence for a strong neutron 

star magnetic field. We introduce here the X-ray characteristics of the two classes of object, Grst 

introducing very briefly the predictions of the standard "thin-disk" models (Shakura & Sunyaev, 

1973). The reader is cautioned that the division between the classes is not ironclad, as there are 

a handful of systems that show properties from both classes. 

1.3.1 S tandard Model Predict ions 

In the Newtonian limit, the binding energy of the innermost possible Keplerian orbit of mass m of 

gas is ^(GMim,)/.Ri. Matter falling from initially has negligible binding energy, so this must 

be the energy released by mass m as it ispirals inwards through the disk; therefore the total power 

output of this disk in a steady state must be = ^(GMiMi)/J%i, i.e. Half 

the total accretion luminosity is thus released between the inner accretion disk and the surface of 

the compact object, in an accretion column (for X-ray Pulsars) or thin boundary layer. 

The location of the X-ray generation in the disk may be estimated for thin disks from the basic 

parameters of the binary (Pringle 1981). Taking the rotational velocity of disk material to be 
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Keplerian, then making the assumption that the viscosity adjusts itself to maintain steady Mi (so 

substituting Ri, Mi, Mi) for the dependence of the dissipation rate D(r) on v) gives D(r) in 

a disk as (Pringle 1981): 

where A = From this we see that the vast majority of the dissipation occurs within 3Ei &om 

the compact object. For a neutron star XRB, for which the disk tidal truncation radius is typically 

~ 0.9i?ii ~ 10®km, the dissipation thus takes place in the inner ~ 0.01% of the disk radius. In 

regions where the disk is optically thick to X-ray emission, in the steady state disk elements may be 

expected to radiate as blackbodies, predicting a temperature proAle = Z)(r). Early X-ray 

spectra of LMXB's were well-Ht with a model including just this component (Mitsuda et al., 1984), 

however recent progress suggests this blackbody emission should be regarded as seed photons for 

Compton scattering oE high-temperature electrons, producing the power-law Compton component 

that is preferentially observed (section 1.3.5). 

1.3.2 X-ray Pulsat ions 

The HMXBs are often discovered aa X-ray pulsars, in which the neutron star magnetic Geld is 

strong enough to disrupt the inner disk, channeling the accretion How towards the poles (6gure 

1.3)^. The disruption radius tm at which this occurs (for spherical accretion) is found by balancing 

the magnetic energy density with the kinetic energy density of infalling matter, resulting in 

T-M = 1.49 X (1.21) 

with in units of lO^m, Mi in units M@, Mi in units lO^^Moyr"^ and the surface Geld strength 

.Bg in units lO^^G. Observed spin periods in the HMXBs are typically 0.1 — 10s (Liu et al., 

2000), suggesting the compact object must be a neutron star from breakup considerations, with a 

surface field strength JB, lO^G and accretion rate Mi lO^^Moyr"^. X-ray pulsars have been 

seen with much longer pulse periods 100 — 1000s (e.g. Corbet et ai., 2004). 

Depending on its angular momentum about the neutron star, accreting matter causes the spin 

rate of the pulsar to evolve. The corofo^ion m jii/a rc is defined as the radius at which matter in 

a Keplerian orbit corotates with the surface of the neutron star. At the inner disk edge TM, the 

magnetosphere forces disk matter to corotation. If thia process imparts angular momentum to the 

^figure f rom h t tp : / / lheawww.gs fc .nasa .gov /use rs /whi te /x rb /x rb .h tml 

http://lheawww.gsfc.nasa.gov/users/white/xrb/xrb.html
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Figure 1.3: Schematic of X-ray pulsar geometry, from NASA/HEASARC. 

material (i.e. tm > ^c), accretion cannot occur. Alternatively, if angular momentum is taken from 

the material (so < TC), accretion occurs with a corresponding spin-up torque on the neutron 

star. For a 10km, 1.4 MQ neutron star, then, accretion will only occur if 

tm 

rc 
- 88 .7gy^Mi < 1 (1.22) 

(with the pulsar spin period Pg measured in seconds). 

Therefore by regulating Mi , accretion disks regulate the angular momentum transport onto the 

neutron star. X-ray pulsars with persistent accretion disks thus show persistent trends in the spin 

period; SMC X-1, the prototypical disk-fed X-ray pulsar, has been in a state of near-continuous 

spin-up for as long as it has been observed (Chapter 5). In the disk-fed LMXB pulsar GXl-l-4, 

the pulsar spins down at a rate correlated with the X-ray luminosity, suggesting the accretion 

disk may rotate in the opposite sense to the pulsar (Chakrabarty et al., 1997). Despite the likely 

high variation in instantaneous angular momentum transfer onto the neutron star, the X-ray 

pulsars were until very recently thought to be free of the "glitches" (instantaneous changes in 

spin-frequency) which are often seen in the radio pulsars (Lorimer, 2001). However it now appears 

tha t the Be-XRB KS 1947+30 has undergone a step-change in frequency without the increase in 

accretion luminosity expected from an episodic change in Mi . This object appears to be the X-ray 

analogue of the glitches seen in radio pulsars (Galloway et al., 2003). 

The millisecond radio pulsars occur almost exclusively in binaries (80% of the observed sample 

compared to ^ 1% for "normal" pulsars; Lorimer 2001), suggesting their existence as a separate 



1.3. X-ray Behaviours and the Emission Regions -15-

population from the isolated radio pulsars (which generally show monotonic spin-down). These 

systems are thought to be the result of spin-up in an accreting LMXB, consistent also with lower 

(Bg lO^G) magnetic Aelds (Frank et al., 1992; Verbunt, 1993). This scenario waa conArmed 

by the R X T E / P C A discovery of millisecond X-ray pulsations from the LMXB SAXJ1808.4-3658 

(Wijnands & van der Klis, 1998). Only fomr millisecond X-ray pulsars are currently known, three 

of which have Port ~ 40-44 minutes and one (SAXJ1808.4-3658) with Porb 2.01 hours. All such 

systems are transients, with peak brightness only 0.01Z,gdd. Millisecond X-ray pulsars are the 

only LMXBs to show X-ray pulsations. 

1.3.3 Type I X-ray Bursts 

LMXBs are often observed to show dramatic, rapid increases in X-ray luminosity, with a rise to 

maximum luminosity ~ 10̂ ® ergs"^ in ~l-10s followed by exponential decay to the quiescent level 

with a timescale of ^90s (Lewin et al., 1995). Such /.X'-ro;/ Aursfa are not seen from the HMXB 

pulsars, but are seen in the LMXB millisecond pulsars. They are thought to be due to explosively 

unstable nuclear processing of accreted material built up on the surface of the compact object. 

The X-ray spectrum of Type I bursts is that of an isothermal blackbody, allowing the evolution of 

the blackbody temperature (up to ^ 3keV) and radius (typically ^^20%) to be charted. 

The observed temperatures and the requirement of a surface on which to build up the burning 

layer suggests the compact object must be a neutron star. All bursters have magnetic Gelds 

^ 10^(7, as at higher fields, explosive fronts cannot propogate. Observations of EXO 0748-673 

showed anticorrelation between the persistent luminosity and the average interval between bursts 

(Gottwald et al., 1986), as well as an inverse relation between the peak flux and the persistent 

luminosity and a strong dependence of the blackbody radius on the peak flux. More recently, RXTE 

and Chandra studies of the regular "clockwork burster" X1826-268 show the burst recurrence 

time trecuT oc Ml ; this suggests, remarkably, a constant mass is accumulated between bursts 

(see Galloway et al. 2004 and Ggure 1.4). In the case of the luminous bursters 1820-303 and 

GX3+1, bursting ceases altogether once the persistent luminosity increased above a critical level 

(Lewin et al., 1995). These behaviours are common amongst Type-I bursters; see Strohmayer & 

Bildsten (2003) for a recent review. In the case of the luminous bursters 1820-303 and GX3+1, 

bursting ceases altogether once the persistent luminosity increased above a critical level (Lewin 

et al., 1995). During bursting, localisation of nuclear burning produces variability on millisecond 
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Figure 1.4: Type I X-ray bursts from the "clockwork burster" X1826-268. Left: RXTE/PCA 
observation of a typical Type-I X-ray burst. Right : burst recurrence time plotted against 
persistent flux. The dashed line is the trend expected for constant accumulated mass (so 
trecur oc Ml \ From Strohmayer & Bildsten (2003). 

timeacales, which has recently been shown in at least on case (SAXJ1808.4-3658) to correspond to 

the neutron star spin frequency (see Strohmayer & Bildsten 2003 for discussion and references). 

1.3.4 Inclination Dependent Dipping Behaviour and the ADC 

In many systems from both HMXB and LMXB class, the X-ray flux (and also flux in other 

wavebands) is periodically cut oE at or near the orbital period. For inclinations 60°, elevated 

structure in the disk rim occults the compact object, leading to the removal of its Sux across 

all wavebands. In the case of the HMXBs, inclinations ^ 50° give rise to sharp eclipses of the 

compact object by the giant companion, allowing the radial extent and therefore mass of the 

donor to be estimated and providing a reliable system clock. However, eclipses in LMXBs are 

more rare; indeed, by 1970, X-ray lightcurves of some 25 sources had been collected, with none 

showing full eclipses (Charles & Seward, 1995), suggesting some mechanism was preventing the 

observation of eclipses by the donor. No such selection effect is observed in the HMXBs, which as 

a class have much smaller accretion disks (if even present) and more extended donors. The natural 

interpretation is t ha t some feature of the accretion disk, probably outer rim structure, extends so 

far out of the plane that, from the point of view of the point source, it subtends a greater solid 

angle than the donor (Frank et al., 1987). This indeed appears to be the case; the X-ray lightcurve 
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Figure 1.5: EXOSAT-ME lightcurves of the prototypical ADC source X 1822-371 and the 
prototypical dipper EXO 0748-676. Notice that for X1822-371 the elipse is partial, indicating 
a scattered component. Reproduced from Charles & Seward (1995). 

of EX0748, the Grst eclipsing LMXB discovered, shows eclipses lasting just eight minutes (Ggure 

1.5), corresponding to finely-tuned inclination that allows the line of sight to pass through high 

donor latitudes. Thus for LMXBs the nature of dipping behaviour is highly inclination dependent; 

at moderate inclinations (i° 60°) dipping is due to structure in the mid-outer disk, while for 

a narrow range of inclinations (75° i° ^ 80°) the donor may also eclipse the compact object 

(figure 1.6). At higher inclinations (Z 80°), the outer accretion disk obscures the compact object 

for most (if not all) of the orbit. Variation in the height of this disk rim structure then produces 

eclipses on or near the orbital period, but these eclipses are suggesting an extended region 

is producing the observed emission: the Accretion Disk Corona (ADC). Such observations of the 

prototypical ADC source X1822-371 provided the first evidence for the ADC; the component not 

removed by the accretion disk rim must be the spatially extended corona (figure 1.6). In the ADC 
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Figure 1.6: The standard model of inclination dependence. At low inclination no dips are 
visible; at high inclination the disk rim shields the central source from direct sight, producing 
a low Lx/Lopt and ADC behaviour. At intermediate inclinations the disk rim leads to dips 
and/or eclipses. Reproduced from Prank, King & Lasota (1987). 

sources, the inner disk and neutron star are never directly visible, as suggested by the absence of 

Type I burst behaviour from any ADC source. (The luminous X-ray binary in M15, once thought 

to be a single LMXB tha t exhibits both ADC behaviour and bursts , has recently been resolved 

into two separate sources; see Chapter 4). ADC sources are thus underluminous in the X-ray by 

a factor ~25, with X-ray to optical ratio Lx/Lopt ~15 compared to the usual ~200 (White et al., 

1981). For other systems, the ADC is still an integral part of the X-ray emission, as suggested by 

spectral fits, to which we turn next. 

1.3.5 Observed X-ray spectra of XRBs 

In each class of system there are several emission regions which contribute to the total radiation 

recorded in the X-ray lightcurves discussed in this thesis. We thus introduce the emission regions 

here to aid understanding of the lightcurves. Spectra of the LMXBs are best fit with two component 

models, the interpretation of which has not been unique. This uncertainty has arisen largely 

because the ~ 1 — 20keV bandpass of most X-ray missions does not allow cast-iron discrimination 

between mechanisms (Christian & Swank, 1997). Interstellar absorption removes significant flux 

below ~0.2 keV, while the equivalent area of X-ray detectors usually drops off dramatically above 

~ lOkeV. A survey of four LMXBs with Tenma (1-37 keV) resulted in a two-blackbody model, with 

a stable soft (;$ l.f>keV) component comprised of the mult i- temperature disk blackbody (T oc r^/*) 
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mentioned above, plus a time-varying isothermal blackbody 2A:ey), taken to represent the 

deposition of energy at the surface of the neutron star (Mitsuda et al., 1984). The "Eastern 

Model" (Mitsuda et al., 1989) was a generalisation of this to replace the neutron star blackbody 

component with a compton component at the inner disk, with the seed photons taken 6om the 

blackbody emission at the surface of the neutron star. The "Western Model" (White et al., 1988), 

based initially on EXOSAT observations in the 2-25 keV bandpass, replaces the disk blackbody with 

a single comptonised component, with the spectrum of seed photons unconstrained; a blackbody 

component is required only for the highest luminosity sources, when it is identified with the inner 

disk/neutron star surface bounday layer. Beyond this the geometry of the emission regions is 

largely unconstrained. 

More recently, observations of the dipping LMXBs have allowed the geometric extent of the Comp-

tonised and blackbody regions to be uncovered. During an X-ray dip, flux is removed across all 

energies as the accretion disk rim blocks the inner disk region from view (section 1.3.4). Compar-

ison of dip ingress lightcurves with X-ray spectra shows the blackbody component to be rapidly 

blocked, while the more gradual removal of the comptonised component suggests it must originate 

in a region Z: 50,000km (or 15% the accretion disk radius) in extent (Church et al., 1997). This 

ADC is not spherical but instead has a small height-to-radius ratio (Smale et al., 2001). This model 

was shown to fit a sample of ten LMXBs including both atoll- and Z-sources observed with ASCA 

(Church & Baluciriska-Church, 2001), and has since been adopted by many authors. In both this 

two-component model and the Western model, no direct X-ray emission from the accretion disk 

itself is observed, instead the hot thermal plasma of the disk provides the seed photons for the 

observed comptonised component (Barret, 2001). This model appears to fit the Atolls as well as 

the Z-sources (Church et al 1997). We caution the reader that, while persuasive, this model is not 

yet accepted by all authors; some still prefer to use the generalised Western Model when fitting 

the Atolls (e.g. Gierlidski &; Done, 2002). 

The X-ray spectra of HMXBs are in general phenomenologically similar to that of the LMXbs, in 

that a disk and accompanying corona 6ire present as a power-law; however for the X-ray pulsars 

there is of course a further component due to the channeled-accretion process taking place at the 

surface of the pulsar, which can dominate the observed spectrum. A combination of the beaming 

properties of the localised emission poles, with the rotation of the neutron star, gives rise to the 

pulsed emission observed. While the geometry is then perhaps straightforward (section 1.3.2), 

the balance of mechanisms producing the continuum emission are still something of a mystery; 
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Figure 1.7: Schematic of emission components as suggested by X-ray spectra of the dipping 
sources. Left : system geometry. The ADC is confined to a thin region above and below the 
accretion disk, producing a power-law component in the observed spectrum. As vertically 
extended disk matter obscures the inner disk, the power-law component drops rapidly in 
strength. Right : size of the ADC. By measuring the time taken for the power law component 
to disappear, the radius of the ADC itself is estimated. From Church & BaJuciriska-Church 
(2004). 

indeed there is currently no convincing model for the continuum shape of the X-ray spectra of the 

accreting pulsars (Coburn et ah, 2002) and refs therein. The magnetic field of the pulsar gives rise 

to cyclotron emission features, the energies of which (fundamental and harmonics) are predicted 

from the magnetic field of the accretor (equation 1 of Coburn et al. 2002), which are in some cases 

observed (Heindl et ah, 2001). 

1.3.6 Variability on the Sub-Day timescale 

The LMXBs have traditionally been classified into two categories, based on their behaviour in the 

X-ray colour-colour diagram. Sources trace out locii of different s tates as the central Mi changes; 

the typically high luminosity ( ^ lO^? erg s~^) sources such as Sco X-1 and Cyg X-2 trace out a 

Z-shaped pa th (figure 1.8), and were thus dubbed the Z-sources (Hasinger & van der Klis, 1989). 

Sources at low luminosities tended to cluster around an island-shape region in the colour-colour 

diagram, and were dubbed Atolls (figure 1.9). Studies of the few atolls showing large excursions in 

L x has revealed a further curved branch of the atoll colour-colour behaviour, dubbed the "Banana" 

state. The advent of R X T E / P C A , with its comparatively small spatial err or boxes ( ~ 1°) and high 
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time resolution (down to 3 ^ ) has allowed the X-ray variability of the XRB to be studied over 

the 2m8 - 250s range in periods. At low accretion rates, the power spectra of the Z-source and 

Atoll neutron star XRB, and the black hole candidates, show very similar morphology (Wijnands 

& van der Klis, 1999a). At frequencies IHz the underlying morphology consists of a power 

law component with oc which evolves into a Sat noise-type component below some break 

frequency Vb- In some atolls the power law also breaks into flat noise above ~ lOOHz. Above the 

broad morphology a broad bump is usually present at high amplitude (~ 50% rms), sometimes 

called a Quasi-Periodic Oscillation (QPO), typically at frequencies (1 ^ i/Qpo 50)Hz. Also 

present in both Atolls and Z-sources are much more rapid QPOs. 

The physical mechanisms behind the power-law broadband variability, the lOHz QPOs and the 

kHz QPOs are probably hnked, aa i/Qf o is tightly correlated with both the kilohertz QPOs (Psaltis 

et al., 1999) and the break frequency z/j, (Wijnands & van der Klis 1999). The VF, - VQPO correlation 

is not associated with the surface of the neutron star or its magnetosphere, as it persists in the 

black-hole candidates. Furthermore, both i/;, and f Q f o are correlated with the instantaneous Mi 

(van der Klis, 1994); usually this relationship is one-to-one, but not in the case of the millisecond 

X-ray pulsar SAXJ1808 (Wijnands & van der Klis, 1999b). As these QPOs are observed from 

systems at a wide range of inclinations, their identiGcation with obscuration in a similar manner to 

the X-ray dips is ruled out. The large rms amphtude suggests the QPOs originate in the innermost 

~few Ri from the compact object, as this is where the majority of dissipation occurs (section 1.3.1). 

The correlation of UQPQ with MI suggests the QPOs probably originate through modulation of 

the mass Sow close to the neutron star itself. The Z-source QPOs (in their low Mi state) show 

a slightly diEerent relationship between z/Qfo and with the same slope in (logi/;, - logz/Qfo) 

space (Wijnands & van der Klis 1999). The correlation between vqpq and VkHz is the same in the 

Z-sources as in the Atolls, suggesting i/;, may correspond to different timescales in the two systems. 

The Z-sources typically show a larger variation in Mi than the Atolls (though there are exceptions, 

e.g. the Atoll source 4U1608-52, which shows a factor ~ 100 variation in Lx', e.g. Mitsuda et al 

1989). "Low" accretion rates (;$ O.SZ^gjj) correspond to the AorizonW brancA (HB) QPOs, with 

typical frequencies 0.5Hz. As Mi increases, the source moves &om the HB to the (NB) 

and Flaring (FB) branches. In these branches i^gpo clusters near ~ 5Hz. The HB and FB QPOs 

are thought to represent variations in Mi; feedback between radiation pressure through the high 

.Lx O.SZL ĵd and Mi is thought to support variations in optical depth on this timescale (van 

der Klis 1995). The HB QPOs have traditionally been explained with the beat frequency model 

(Alpar et al., 1992), in which the spin of the misaligned magnetosphere leads to quasi-periodic 
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Figure 1.8: Sample Z-track from the IMXB Cyg X-2, based on EXOSAT observations.. Prom 
(Kuulkers et al., 1996). Mi increases from the Horizontal Branch (HB) through to the Flaring 
Branch (FB). 

variations in the magnetically induced pressure on material orbit ing with frequency VRep- The 

frequency for such QPOs would then be the beat frequency UQPO = VKEP — ^SP- This model has 

been popular because it predicts results of the right order of magni tude (e.g. van der Klis 1995) 

and indeed is supported by the observation tha t the Z-sources as a class have higher magnetic 

fields 10®G) than the Atolls 10®C?); however it has recently been thrown into doubt. For 

example, the correlation of UQPQ with is similar to the atolls; t hus if the HB QPOs are produced 

by the same mechanism, the beat frequency model cannot apply as no magnetosphere is required 

(Wijnands & van der Khs, 1999a). The Z-sources typically t race out the three branches of their 

colour-colour behaviour on a timescale of hours-days (e.g. GX340-F0; (Jonker et al., 2000). By 

contrast, evolution within the "Island" state of the Atolls takes place on a timescale of days-weeks 

(e.g. 4U1728-34; Di Salvo et al. 2001), with the banana track t raced out on a timescale of hours-

days. Few atolls show large variations in Lx, suggesting the apparent difference in colour-colour 

behaviour might be a selection effect due to the largely different M i regimes. Indeed, colour-colour 

diagrams plotted from large R X T E / P C A datasets including the three Atoll transients 4U1608-52, 

4U 1705-44 and Aql X-1, suggested the atolls also trace out three-branch patterns, implying the 

Z- and Atoll sources might simply be different Mi regimes of t h e same behaviour (Muno et al., 
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Figure 1.9: Colour-colour diagram of the Atoll LMXB 4U 1608-52, taken with RXTE/PCA. 
Soft colour is defined from RXTE/PCA channels as (3.5-6.0keV)/(2.0-3.0 keV), Hard colour 
defined as (9.7-16.0 keV) / (6.0-9.7 keV). Prom van Straaten et al (2003). 

2002). However, recent analysis of the timing behaviour of 4U 1608-52, and its comparison with 

the Atolls 4U 06144-09 and 4U 1728-34, suggests the variability of the Atolls is still distinct from 

the Z-sources (van Straaten et al., 2003). 

Power-law variability P^, oc has also been seen in the X-ray active AGN, on timescales which, 

when scaled with the central black hole mass, are comparable to the power-law variability found in 

the X-ray binaries. Equivalent variability is also seen at optical and IR wavelengths, showing tha t 

longer timescale variation corresponds to lower temperatures and thus larger radii. The variation is 

then likely related to the propagation time for inwards disturbances, as then the dependence is 

expected (Vaughan et al., 2003). This mechanism is also plausible for the XRB, though verification 

through observations at other wavelengths will be extremely difficult as the timescales in which to 

collect sufficient photons are so much shorter. Another plausible mechanism is shot/flicker noise. 
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particularly given the presence of turbulent, highly energetic mass How; such noise is also predicted 

to produce a power spectrum (e.g. Lyubarskii, 1997). Not all authors accept the shot-noise 

model; some groups contend these models allow fine-tuning of parameters to produce the 

dependence, and are largely phenomenological rather than physically based (King et al., 2004). 

1.3.7 Orbi ta l Variability in Mg 

The majority of LMXBs show little variability in the mass transfer rate &om the donor, as expected 

from Roche lobe overflow from a circular orbit, especially with the accretion disk smoothing out 

changes on its viscous timescale. Indeed, the circular-orbit LMXB X1826-268 shows a remarkably 

stable recurrence rate in Type-I X-ray bursts, suggesting httle change in Mi (that this is a good 

diagnostic of the stability of Mg is seen from the correlation between an increase in burst frequency 

with the orbital decay of the system (Galloway et al., 2004). 

The HMXBs, however, often show dramatic variation of L x with orbital phase. This is naturally 

explained by the eccentric orbits (confirmed from timing studies of the high-inclination X-ray 

pulsars) as arising from variations in the local wind density and relative velocity throughout the 

orbit. In the most violent systems, periastron passage provokes tidal overflow from the donor (the 

time-dependent analogue to Roche overflow), resulting in an additional component to and 

thus a dramatic X-ray outburst accompanying periastron passage, with best-At spectral models 

suggesting an accompanying change in radius, (e.g. A0538-66; Charles et al 1983; see also Ggure 

1.10). 

1.3.8 Interstel lar Scattering and Extinct ion 

X-ray emission is modified by the ISM in two main ways (we ignore polarisation in this work). 

Photoelectric absorption of K-shell electrons causes a reduction in flux with cross section cr(.B) 2̂  

(Ryter et al., 1975), producing a measurable low-energy cutoff in measured emission. 

Secondly, Rayleigh scattering off interstellar dust grains gives rise to an X-ray "halo," as was 

6rst pointed out by (Overbeck, 1965) and substantiated by (Martin, 1970). For a given dust-

grain distribution, the observed fractional halo intensity may be related to the column density 
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Figure 1.10: Schematic of a Be-X binary. The eccentric orbit of the neutron star takes it 
close enough to the donor to pass through overdense material flung out at the equator by 
the donor rotation (and observed in Ha line profiles). Enhanced mass transfer at periastron 
powers intense optical and X-ray outbursts, and a (generally) short-lived accretion disk can 
form after periastron passage. Reproduced from Charles & Seward (1995). 

through the scattering optical depth (Mathis & Lee, 1991): 

= (1 - (1.23) 

The first such halo was detected with Einstein in 1983 (Rolf, 1983). In total only six sources 

showed hales prominent enough for detection with Einstein (Catura, 1983), which were later used to 

establish consistency with common grain models (Mauche & Gorenstein, 1986). A full calculation 

shows tha t the scattering angle will be energy-dependent (Alcock k. Hatchett , 1978): 

4" X (1.24) 
^0.25^m y \lkeV J 

which leads to the (perhaps surprising) result tha t variability in the source may also be observed 

in any halo. The extra travel time Ai between scattered and unscattered paths may be given by 

(Bode et al., 1985): 

d 
Ai = 0^22days X ( 5 ^ ) ( l l j / ) { 2 . bkpc 

(1.25) 

Thus an X-ray halo will add a component to X-ray lightcurves and spectra which varies in a 

complex way. The time delay between source variation and its corresponding halo variation will 

be larger at lower energies, as will the observed region in the halo to which this corresponds, with 

clear implications for spectral fitting of any observed halo. 
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The existence of the X-ray halo allows an independent check of the interstellar reddening law. The 

high spatial resolution of ROSAT allowed a systematic analysis of some 25 point sources showing 

halos, which were used to determine a tight correlation between the optical depth to scattering 

and (Predehl & Schmitt, 1995), resulting in the relation 

Ay = 3Ea_v = 5.6 x (1.26) 

which is in agreement with the correlation between NH and EB-V derived from La measurements 

of hot stars (Savage & Jenkins, 1972) and observations of soft X-ray cutoffs in supernova remnants 

(Gorenstein, 1975). In the absence of other information, then, the extinction Ay may thus be 

estimated from measured values of JVg, for example &om radio maps (Dickey & Lockman, 1990). 

1.4 The properties of XRB at other wavelengths 

X-ray binaries are modern astronomical objects in the sense that their nature could not be uncov-

ered without information across many energy regimes. For completeness we include here briefly 

the major eSects outside the X-ray window, which are used (if interstellar absorption allows) to 

determine the physical parameters of the systems. 

1.4.1 Ellipsoidal variation in optical brightness 

The tidal deformation of the donor is in many cases measurable as a variation in optical brightness 

on the orbital period. For a spherical 6tar the projected emitting area is constant, but when the 

star assumes the shape of its Roche Lobe, this area becomes a function of orbital phase. Fitting 

this ellipsoidal variation allows constr6iints to be placed on the inclination of the system (Kuiper 

et al., 1988). 

1.4.2 Optical Reprocessing 

The reprocessed emission from the extended accretion disk in the LMXBs usually dominates the 

optical light in the system. If the system is at high inclination, the orbit of the system can be traced 

from observations of line shifts in this disk, yielding the mags function. Furthermore, the accretion 
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disk rotation may be visible as a double-peaked feature in optical spectra, allowing constraints to 

be set on the disk temperature for assumptions about the location of the emitting region (Haswell 

& Shafter, 1990). The extent of the accretion disk can also be estimated from observations of the 

delay between occurrence of strong X-ray variation (e.g. a Type I burst) and its counterpart in 

optical lightcurves, in a small-scale analogue of the reverberation mapping common in the study 

of AGN (O'Brien et al., 2002; Hynes et al., 2003). 

1.4.3 X-ray heat ing of the donor 

Optical spectra of LMXBs rarely show stellar absorption features from the donor due to the 

dominance of the reprocessed optical emission from the disk. However, in some caaes the surface 

of the donor is strongly heated by X-ray emission from the neutron star and inner disk, producing 

Bo wen fluorescence which allows the orbital motion to be traced as a spectroscopic and photometric 

variation (Casares et al., 2003). By contrast, in HMXBs the optical emission is dominated by the 

Z: SMg donor. However, in the case of tidal overEow at periastron, the donor can still be affected 

by the accretion process; in A0538-66, for example, the spectral type of the donor varies in spectral 

class from a B9 giant at apastron to B9 supergiant at periastron (Charles et al., 1983). 

1.4.4 Axial outflow from the system 

In HMXBs and LMXBs with high Mi, outflow can be launched along a bipolar trajectory. This 

outflow is usually observed by radio telescopes as spatially resolved synchotron emission (Fender, 

2001), but may be observed in IR, optical and X-ray spectra as a pair of narrow emission hnes (e.g. 

the prototype SS 433; Gies et al. 2002). The broadband spectrum of sources in the "low-hard" (i.e. 

jet-producing) state differs for neutron star and black hole binaries; black hole systems are totally 

dominated by synchotron emission from the jet, while for neutron star systems the jet is much less 

important energetically (Fender et al., 2003). As the authors demonstrate, this removes the need 

for significant energy advection across the event horizon to explain the factor /̂ lOO discrepancy in 

quiescent luminosity between black hole and neutron star systems in quiescence. This discrepancy 

is thus not an indicator of the event horizon, as had been previously suggested (Narayan et al., 

1997) 
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1.5 Summary 

The X-ray Binaries clearly represent the frontier of modem astrophysics in several respects. Mat-

ter undergoing accretion in these systems may encounter extremes of magnetic and gravitational 

fields, temperature and ionisation states. Furthermore, understanding these systems requires the 

development of new techniques in astronomy, in sensitivity, time resolution and spectral resolution, 

to provide the necessary information to follow the energetics of such systems fully. 
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Chapter 2 

Superorbi ta l Periodicit ies in X-ray 

Binaries 

The phenomena outlined in Chapter 1 are used to establish the nature of the system components in 

X-ray binaries. The last two decades have extended the coverage of X-ray datasets to uncover new 

behaviour on timescales from a few to thousands of orbital periods. The study of these variations 

forms a large part of the work in this thesis, so we introduce them here. 

2.1 Observations of Superorbital Periodicities 

In about 20 X-ray binaries, investigations at X-ray and other wavelengths have shown variations 

on timescales of tens - hundreds of days, the prototypes for which are the well-studied XRBs Her 

X-1, LMC X-4 and SS433. These variations divide broadly into two classes, the first being those for 

which variation is periodic and stable, such aa Her X-1 and LMC X-4, (which show periodicities of 

^35d and ~30d respectively). The second class consists of sources for which modulation is "quasi-

periodic," in that even long-term monitoring datasets do not yield precise periods in their power 

spectra, but a broad peak, often superposed on "red-noise" power. Examples of these include 

Cyg X-2, with f -70-80d (Paul et al., 2000); GX354-0 with P - 7 0 d (Kong et al., 1998); X1916-

053 with P ~83d (Homer et al., 2001) and X1820-30 with P ~200d (Chou & Grindlay, 2001). 

The longest-standing superorbital periodicities have usually been claimed in sources which are 
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bright enough to have been detected by the early survey instruments Ariel 5 and Vela-5 (Smale &: 

Lochner, 1992); however recently the unprecedented long X-ray lightcurves afforded by the RXTE 

All-Sky Monitor (hereafter RXTE/ASM) and the CGRO Burst And TrEmsient Source Experiment 

(hereafter CGRO/BATSE) have led to claims of superorbital periodicities in sources that have 

been comparatively poorly studied. 

2.1.1 A survey of superorbi tal periodicities 

The number of sources for which a superorbital periodicity has been detected is in a state of rapid 

growth: eleven years ago a review paper (Schwarzenberg-Czerny, 1992) listed 10 such sources across 

all categories of compact object: as a result of the long-timebase X-ray datasets, well over thirty 

such sources are now documented between the black hole candidates and neutron star systems 

alone, with claimed superorbital periodicities ranging up to 1400 days. 

2.1.2 Disk Precession and /o r warping 

Her X-1, LMC X-4 and SMC X-1 are prototypical disk-warping systems, in which a substantial 

body of independent evidence now exists for a precessing, warped accretion disk, for example optical 

variations on the beat between the orbital and precessional cycles or cycle-dependent variations 

in column density suggestive of periodic obscuration (see Chapters 5 & 6 for more on these 

sources). 

Cyg X-2 shows significant (~ 50%) X-ray brightness variation on a timescale ~ 78day, observed 

in longterm X-ray datasets since 1975 (Wijnands et al 1996). The burst activity and QPO-state 

are not correlated with the X-ray cycle (Wijnands et al., 1997; Kuulkers et al., 1996), suggesting 

this variation does not represent variation in Mi. Periodic obscuration by a precessing disk has 

instead been suggested (Wijnands et al 1996); indeed recent HST-STIS spectra of Cyg X-2 C2in be 

well-fit with a warped-disk geometry (Vrtilek et al., 2003). This source is investigated further in 

Chapter 6. 

SS 433 is one of the canonical superorbital systems, with extensive relativistic (;8 0.26) jets, 

which precess on a 162-day cycle (see Margon, 1984, for a review). Consideration of the angular 

momentum balance of the system components suggests that jet precession must be driven by 
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precession of at least the inner disk, and indeed recent analysis of long-term X-ray hghtcurves may 

show direct evidence for such disk precession taking place (Clarkson et al 2004 in prep). 

The galactic bulge source GX354-0 (4U1728-34) is almost certainly a LMXB as it shows type-1 

X-ray bursts (Basinska et al., 1984) and 363 Hz QPOs (Strohmayer et al., 1996). However, the 

high extinction and unknown distance have prevented the direct identification of a donor, and no 

signatures of orbital motion have been found. Analysis of the 6-year Ariel-5 dataset and the first 2 

years of the RXTE/ASM lightcurve shows evidence for a quasi-stable variation at 63 and 72 

days respectively. The apparent instability of this period suggest it is not orbital, but instead is 

aacribed to possible disk precession (Kong et al., 1998). 

X-ray lightcurves of the Be-binary A0535-t-26 show outbursts on a period 111.4 days (Motch et al., 

1991), but analysis of optical hghtcurves over an interval of 15 years (Larionov et al., 2001) show a 

distinct optical period 103days. The authors interpret this difference as a product of precession 

of accretion disk or a Be-equatorial disk, on the beat period between the optical and X-ray periods 

of <^1400 days. 

KS1731-260 is an LMXB with no identified donor, showing bursts (Smith et al., 1997) and ~ 524 

Hz QPOs (Muno et al., 2000). Angilysis of RXTE/ASM data during a state of high activity 

suggests a 38-day periodicity, which is not detectable during the subsequent low state (Revnivtsev 

& Sunyaev, 2003). This periodicity cannot be orbital in nature, as a roche-lobe filling donor would 

then have a surface temperature ^ 1600K to reproduce the observed apparent magnitude ^ 17 

(Barret et al., 1998). The variation is instead ascribed to accretion disk precession. 

The LMXB 4U0614+09 has a faint, blue (̂ ^̂  18 mag) optical counterpart, suggesting Mg IM^ 

and thus an orbital period ^ 10 hours (Machin et al., 1990). However, Ariel-5 lightcurves show 

strong modulation on a ~5-day timescale (Marshall & Millit, 1981), while optical observations 

shows a possible 10-day periodicity (Machin et ai 1990). Anticorrelation between optical and X-

ray Sux suggest disk reprocessing is the dominant source of optical radiation, leading the authors 

to suggest disk precession as the mechanism for the possible long-term variation. 

LMC X-2 is a bright LMXB {Lx ~ 0.3 — 6 x 10̂ ® erg s"^), for which a faint (my ~ 18.8) 

counterpart has been identified (Bonnet-Bidaud et al., 1989) but the orbital period is still unkown. 

Optical photometry performed by two groups suggested divergent periods at 8.15 hours (Callanan 

et al., 1990) and 12.54 days (Crampton et al., 1990); to attempt to resolve this dispute, the 6-
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year MACHO lightcurve of LMC X-2 was searched to place limits on either periodicity (Alcock 

et al., 2000). While the 12.54-d periodicity waa not detected at the previously claimed level, the 

search was insensitive to the 8.15-hour modulation. The authors of this study claim variations on 

a timescale ^ lOdays, which they identify with possible unstable disk precession. 

2.1.3 Longterm Changes in Mi 

The BHC LMG X-3 waa shown to exhibit optical and X-ray variability on a '^100-200d timescale, 

which at first was identified with a possible precessing accretion disk (Cowley et al., 1991). A recent 

analysis of 6 years of optical lightcurves show that there is no stable period, but instead a timescale 

of variation (Brocksopp et al., 2001). The X-ray spectral behaviour of LMC X-3 waa monitored 

over several cycles in this variation; Gtting a two-component power law -1- disk blackbody model 

(aa appropriate for black hole candidates; see e.g. McClintock & Remillard 2003) suggests the 

inner disk temperature scales with the X-ray flux, consistent with recurring transitions between 

the canonical low/hard and high/soft X-ray states of black hole candidates (Wilms et al 2001). 

The authors suggest a precessing accretion disk is not responsible for the variation aa Etted column 

density variations along the cycle are far smaller than for the canonical precessing disk system Her 

X-1 (Kuster et al., 1999). 

For the LMXB 4U1957+11, periodograms of the first two years of RXTE/ASM long-term X-ray 

lightcurve (Nowak Wilms, 1999) and changes in the optical lightcurve (Hakala et al., 1999) were 

interpreted aa requiring a warped accretion disk, which precesses with a rx^iiT-d period. However, 

more recent analysis of the full X-ray lightcurve, combined with short-term pointings (Wijnands 

et al., 2002, hereafter WMK2002), show instead that the long-term variation is unstable with time, 

with detected periods ranging from 100-260 days. Spectra taken Arom the short-term pointings 

indicate no evidence for varying absorption from intervening matter (WMK2002), suggesting the 

variation is instead due to changing Mi . 

Analysis of the Vela-5B lightcurve of the soft X-ray transient 4U1608-52 shows evidence (once the 

large outbursts are subtracted) of two periodicities, at 4.10 or 5.29 days (Lochner & Roussel-Dupre, 

1994). The orbital period of this system has never been constrained, due to the faintness of the 

companion (Wachter, 1997), but the system is known to be a neutron star from the discovery 

of Type-I X-ray bursts (Tananbaum et al., 1976). The 4.10-day period has been conventionally 

interpreted as the orbital period of the system, with the longer period thought to be due to time-
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varying occultation by a precessing accretion disk (Lochner & Dupre 1994). This identification 

was based upon analogy with the canonical superhumper SU Uma (Haswell et al., 2001), in which 

here the accretion rate varies on the beat between the orbital and disk precessionai period, which 

would imply a disk precessionai period of ~18 days. The super hump scenario is unlikely for 

4U1608-52, as the resonance condition on superhumps restricts them to systems in which q ^0.3 

(Haawell et al 1999). The period-maas relation for LMXBs then implies the orbital period should 

be ^ 30 hours for a neutron star accretor, which is inconsistent with the 4.10 days assumed by 

the super hump scenario itself. A more likely scenario is that the longterm variation found in 

RXTE/ASM corresponds to the tracing of the Atoll track of 4U1608-52, ajid thus corresponds to 

fluctuations in the mass transfer rate through the accretion disk (see e.g. van Straaten et al. 2003). 

Two of the Ultracompact neutron star X-ray binaries have long shown evidence for superorbital 

variation. X1820-303 shows a spectacular '^ITO-d cycle, which is almost certainly due to variation 

in mass transfer rate; the burst recurrence rate scales inversely with the count rate, and indeed 

bursting ceases altogether once the count rate rises above a certain level (Chou &: Grindlay, 2001). 

Until recently, the favoured interpretation for this system involved a third body in a wide orbit, 

which would drive precession of the eccentricity of the inner orbit on the 170-d timescale, bringing 

about large variations in mass transfer (c.f. Mazeh & Shaham, 1979); see Chapter 5 for more 

discussion on this mechanism). Our exploratory analysis with dynamic power spectra (see chapters 

3,5,6 &: 8 for examples) suggested that this may not be the case due to the instability in the 

"precessionai" period (Clarkson 2003); coincident work suggested tha t in fact this variation is 

most likely due to disk instabilities (Simon, 2003). 

2.1.4 Variations with Uncertain or Low Significance 

The other ultracompact suspected of superorbital variation, 4U 1916-053, has been something of a 

cornerstone of precessing disk work, aa the suspected 199-day precession period (Smale &: Lochner, 

1992) is consistent with prograde precession, thus establishing such behaviour as disk-related. 

However, recent studies with higher quality datasets (Clarkson 1999, Homer et al 2001), have 

shown that no such periodicity persists. The strongest remaining candidate variation, a periodicity 

at ^ SOdays, is of low (--̂  2(7) significance, as in this source the combination of behaviours at many 

frequencies has produced a continuum that is frequency dependent (chapter 3), and it is over this 

continuum that the significance of power spectrum peaks must be evaluated for this source. 



2. Superorbital Periodicities in X-ray Binaries -34-

Examination of the Vela-5B lightcurve of 4U1907+09 by Priedhorsky & Terrell (Priedhorsky & 

Terrell, 1984) with fourier transform methods suggests a periodicity at ~41.6 days, which however 

has not been reported by any group since, and indeed does not appear to be present in the 

RXTE/ASM lightcurve. 

Recent analysis of the RXTE/ASM hghtcurve of GX134-1 has led to a claim of a periodicity at 

24.065 ±0.018 days (Corbet, 2003). The orbital period has not been unambiguously identified, 

though optical photometry yields maximum Fourier power at 12.6d (Groot et al., 1996), but the 

donor hag been directly identified as a K5 HI star (Bandyopa.dhyay et al., 1999), suggesting a 

donor. By computing the number of ASM observations m6ide per day of GX134-1, a periodicity was 

found in the sampling of 52.6 days. Corbet (2003) presents power spectra of GX13-H with data 

prepared in five different ways, with only the weighted and unweighted power spectra of the daily 

average datapoints showing the 24.065-day periodicity to any significance. The author does not 

give signiGcance levels, and has normalised the power spectra by the 8ux, which makes evaluation 

of the signiGcance from the values of the peaks nontrivial. Furthermore, the claimed periodicity 

is close to twice the orbital period, and heilf the sampling period, so it is unclear at present how 

seriously this detection should be taken. 

Analysis of a campaign of RXTE/PCA lightcurves of the galactic Black Hole Candidates 1E1740.7-

2942 and GRS1758-258 suggests orbital periods 12.73 and 18.45 days (Smith et al., 2002a). Using 

the BATSE lightcurves and extrapolating the spectra out to the 50keV range, the authors claim 

superorbital periodicities of ~600 days in both sources. For 1E1740.7-2942 the periodicity is visible 

in the lightcurve itself, and is interpreted by the authors as a possible recurring, transient disk warp. 

The GRS1758-258 periodicity is much less robust, as the periodicity appears indistinguishable from 

frequency-dependent red-noise (Chapter 3). 

4U 1907-t-09 is a pulsar XRB with massive companion (van Kerkwijk et al., 1989) in a wide orbit 

of moderate eccentricity (e 0.16 ± 0.14; Makishima et al., 1984), that has shown a monotonic 

increase in pulse period since its discovery (Mukerjee et al., 2001). This source is considered in 

more detail in the introduction to Chapter 6; it is included in this section because two theoretical 

review papers of precessing, warped accretion disks include this source because of a suggested 

42-day periodicity. However, this periodicity is not to be found in any of the literature on this 

object, so it is unclear where the assertion of the long-term periodicity originates. 

Analyses of longterm X-ray lightcurves of the X-ray binary in M15, i.e. X2127+119, have in the 
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past given rise to suggestions of a 37-day period in this system (Corbet et al., 1997). However, 

it haa recently been shown to consist of two sources which cannot be resolved by RXTE (White 

& Angelini, 2001). While resolving the mystery of how a source can show evidence for both an 

ADC and Type I bursts, it is not possible to relate components in the longterm X-ray lightcurves 

exclusively to either of these systems. This source is examined in more detail in Chapter 4. 

2.1.5 Undetermined Mechanism 

Cen X-3 shows a significant variation on a 180- day timescale, as evidenced in the long-term 

lightcurves of Ginga, BATSE, RXTE/ASM, Ariel-V and Vela-5B. As noted by Bildsten et al. 

(1997), this variation is not correlated in any way with the spin period of (and therefore accretion 

torque acting on) the neutron star, which experiences intervals of spin-up and spin-down with no 

clear pattern. 

The Be Star LSI +61°303 shows variation in X-ray, optical and radio emission on the 26.5-day 

orbital period (Taylor & Gregory, 1982), thought to be due to enhanced mass transfer at perjastron 

passage (e ^^0.6; Hutchings & Crampton, 1981). Also seen in X-ray, optical and radio is a 1584-day 

variation in the brightness at peak outburst (Gregory et al., 1989; Zamanov et at., 1999; Apparao, 

2001). Two mechanisms have been proposed; the 6rst, precession of jets (and therefore accretion 

disk), is perhaps uncertain because the variation is not stable enough (compared to the known 

jet-precesser SS 433). The preferred model involves density enhancements in the outflow from 

the Be-donor, which produces the observed phase delay between jfo: and radio peaks through 

the interval taJien for such an enhancement to dissipate and reduce its optical thickness (Apparao 

2001). 

2.1.6 Superorbi ta l Variations f rom External Galaxies 

In addition to the sources listed in the table, observations of external galaxies are beginning to yield 

X-ray lightcurves of individual sources. Seven of the nine Ultraluminous X-ray Sources (ULX) in 

the Antennae galaxies (NGC 4038/9) are seen to show variability in by factors 3 — 10 on a 

timescale of months (Fabbiano et al., 2003), which may represent disk/jet precession aa seen in SS 

433 (Clarkson et al 2004 in prep) or recurrent transitions between low/hard and high/soft states 

as for the black hole binary Gyg X-1. Analysis of 20 years' observations with Einstein, ROSAT, 
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BeppoSAX and ASCA shows that the ULX source X-9 in M31 is highly variable on a timescale 

of months, but no strictly periodic variability is present (La Parola et al., 2001). Eight Chandra 

ACIS-I observations of the Andromeda Galaxy (M31) show one source in the M31 globular cluster 

Bo86 with a possible 200-d periodicity, plus 99 further sources showing variability on a timescEile 

^ months (Kong et al., 2002). Indeed, of the sources resolved, > 55% show this variability. 

2.1.7 Mechanisms for the Superorbital variat ions 

Following intense observations of spectral and temporal variability of Her X-1 and LMC X-4 at 

many wavelengths, the most popular explanation for superorbital periodicities involves a tilted 

or warped accretion disk. Precession of this disk under internal and external torques leads to 

progressive occupation of the inner disk and neutron star itself, thereby producing the longterm 

variation in X-ray brightness observed. The nature of the torque experienced by a warped accretion 

disk is a subject of intense recent theoretical investigation; the most promising candidates at this 

stage are accretion disk-wind driving (Schandl, 1996), interaction of sheet currents on the accretion 

disk with the magnetosphere of the donor or the neutron star (Lai 1999), and the torque produced 

by the pressure of reprocessed radiation (Wijers & Pringle 1999, Ogilvie & Dubus 2001). 

We argue in Chapters 5 & 6 that radiation-driven warping is the most persuasive framework for 

the luminous XRB Her X-1, SMC X-1, LMC X-4 and Cyg X-2, but of course this mechanism is not 

necessarily at work for all binaries with superorbital periods. Isolated neutron stars are understood 

to undergo free precession about their axis (Jones & Andersson, 2002), so it is perhaps reasonable 

to expect neutron stars in X-ray binaries to do so as well, provided the accretion process does 

not overcome the tendency to precess (Truemper et al., 1986). The presence of a third body in 

a hierarchical orbit may also cause large variations in Mi and thus Lx- The third body causes 

the inner XRB to undergo nodal precession, leading to mass transfer variations even if the inner 

binary is eccentric only by a small amount (Chou & Grindlay 2001, Mazeh & Shah am 1979). 

2.2 Non-planar, precessing accretion disks 

We introduce here the physics of precessing, warped accretion disks, as inspection of the above 

survey of superorbital variations shows it to be the most common interpretation for the superorbital 
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periodicities. In many of the systems most amenable to study, a precessing disk is indeed the 

natural explanation; for example, in SS 433 the precession of the jets demands disk precession, as 

the Emgular momentum evolution of the jets must be driven by the much larger angular momentum 

of the disk. Another example is Her X-1, which shows both an X-ray superorbital period of 

35 days, stable to within 10% (Oegelman et al., 1985) and a 1.6-d photometric period. The 

photometric period is the beat between Her X-l's 1.7d orbital period and the 35-d superorbital 

cycle, leading to the "clockwork model" (Deeter et al., 1976; Gerend & Boynton, 1976), in which 

the superorbital cycle of on-off states is due to the body of a retrogradely precessing accretion 

disk periodically obscuring the neutron star from the point of view of the and the 1.6-d 

variation corresponding to the time taken for the accretion disk to present the same area to the 

neutron star for X-ray reprocessing. 

This is easier to visualise when one considers the similar phenomenon of negative superhumps; in 

these systems, were the accretion disk to be perfectly circular, no superhump variability would 

exist. However, because of precession of an eccentric disk, the system takes just urn jer 

an orbital cycle to return to the same donor-disk geometry, leading to periodic modulation of the 

dissipation on the beat period between the orbit and precession; e.g. Haswell et al (2001). 

2.2.1 Time Evolution of a Warped Disk 

Assuming an accretion disk is forced into a warped configuration by some mechanism, tracing 

its subsequent evolution in the general case is an extremely difficult three-dimensional problem 

of magnetohydrodynamics, full numerical treatment of which is unfeasable at present (Ogilvie & 

Dubus, 2001). A short-cut method has traditionally been used, of developing a one-dimensional 

description of the warped disk and following its evolution on the long, viscous timescale (thus 

assuming shorter-term variations are averaged out through the cycle). This approach was taken 

in deriving the first expressions for the radiation torque (Petterson, 1977; Hatchett et al., 1981); 

however, these early models failed to conserve angular momentum in the absence of external torques 

and are therefore incorrect (Pringle, 1992). In the absence of a driving force maintaining a warped 

configuration, we expect dissipative viscous interactions within the disk to lead to settling back 

into the binary plane on a few viscous timescales. Analytic derivation of the time dependence 

of a—disks in the limit of small warps and thin disks suggested resonant modes arising in the disk 

leading to restoration of planar conGguration on faster timescales < (Papaloizou & Pringle, 
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1983). A later revisitation (Pringle 1992) of the basic derivation relaxed the requirement of small 

tilt angles, which we summarise here as it forms the basis for many subsequent treatments of 

warped disks in the literature. 

The accretion disk is divided into concentric annuli of small width AR. The tilt of each annular 

element is described by the angle from the vertical j3{R,t), with the line of intersection of the 

annulus and the binary plane making angle 7(-R, t) with the line connecting the centres of mass of 

the binary components. The tilt of each annulus is thus described by the unit normal vector 

l = (cos''ysin/9,sin'ysin;9,cos;3) (2.1) 

The angular momentum and mass AM associated with the annulus at (RiAJ'Z) are then 

A M = 27rEAA2 (2.2) 

AL = 27rJ(A^SA^m (2.3) 

with n ( ^ ) the angular velocity of material in the annulus (assumed to follow Keplerian orbits), 

2(.R) the surface density and Z the unit normal vector to the annular element, describing annular 

tilt, in the direction normal to the annular element. In the case of a planar disk, the angular 

momentum and surface density conservation relations are derived by considering the flow of each 

quantity across the annular element A A. Mass Sows inwards with velocity Vm, carrying with it 

mass flux {VR2'KRT?) and angular momentum flux (Vfl27ri?Ai?Si?^n). Evaluating these quantities 

at R and R + Ai?, and including the viscous torques Gvisc acting between neighbouring annuli, 

gives (see e.g. Prank, King &: Raine 2002): 

f + « - ' A ( E W „ ) = 0 (2.4) 

and 

The next step is to evaluate the torque between neighbouring annuli. This can be expressed 

as two components; one describing the torque in the plane between annuli rotating at different 

angular velocities, with its associated kinematic viscosity i/i: 

G i = 27rE2A":,i j (2.6) 

and a component associated with the tendency of neighbouring annuli to attempt to equalise their 

tilt angles, with its associated kinematic viscosity z/g: 

Ga = (2.7) 
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allowing us to re-write (2.4) as 

dt 
? - i 

1 a 
i/iSTZ' km (2.8) 

Solving for Vm with (2.3) yields (after some manipulation) the following relation for the evolution 

of 2: 

OA -VIYIR ami) 

OA (E^n) 
+ - 1 

8 E 

81 
OA 

21 

8A (E^n) 
(2.9) 

SI 
8A From this the usual evolution of S in the case of a flat disk can be recovered by setting 

0 (Pringle, 1996). The Erst term on the right in (2.9) thus describes the planar diffusion of 

angular momentum through the usual viscous interaction of neighbouring annuli. The second 

term describes the result of interaction between neighbouring twisted annuli: annuli at jZ and 

R + AR will equalise their tilts to share angular momentum through the vertical stress governed 

by z/2- To do so, both must dissipate the energy associated with moving in the plane normal to 

the new tilt 1', and so both annuli move inwards to restore Keplerian balance. Thus the second 

term in (2.9) represents inward flow associated with local untwisting of the twisted disk. 

By further manipulation, Pringle (1992) was able to obtain the evolution of the disk tilt 1, which 

forms the basis for the more recent analyses of disk-warps: 

dt 
VR — VIFL 

a n 1 

2 ^ 

(2A=n) a / I ai 1 
4- -1/2 1 (2.10) 

That this framework does conserve angular momentum has been shown by re-writing (2.10) ex-

plicitly in terms of the angular momentum density (equation 2.6 of Pringle 1992). Note that up 

to this point there is no description of any torque from driving processes; the relations thus far 

can be used to describe the response of the accretion disk to a sudden imposition of a warped 

configuration. In the absence of a driving mechanism, the disk will thus relax towards the plane. 

2.2.2 Mechanisms of Warp Excitat ion 

The clockwork model can fit the superorbital periods in SS 433, Her X-1 and the 30-d cycle in LMC 

X-4 quite well, which led to the general acceptance that a precessing disk was indeed responsible 

for the superorbital periods in at least these bright X-ray binaries. Explaining exactly how such 

a tilted, precessing disk arose was more of a challenge. The donor will exert a tidal force on an 

accretion disk, encouraging retrograde precession, but as this force is a strong function of location 
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in the disk (Katz, 1973), the diHiculty hes in explaining how the entire disk might precess with a 

single period. Furthermore, such a warp must be continually driven, as viscous torques between 

neighbouring disk elements should lead the disk to settle back to the binary plane. 

An early suggestion was the slaving of the accretion disk to a donor whose spin axis is misaligned 

with the binary axis (Roberts, 1974); however, tidal dissipation is expected to synchronise the 

donor with the binary motion before circularisation is achieved (Mazeh & Shaham 1979), so the 

near-circular orbits of Her X-1 and the majority of the systems with precessing disks argues strongly 

against this model. Petterson (1977) considers a number of scenarios in which a small tilt in the 

accretion disk is set up by a sHght misalignment of the rotation axia of the compact object (through 

the quadrupole moment of its gravitational field and the much more significant frame dragging 

of the inner disk), forced precession of the donor (through misEilignment of its rotation axis) and 

precession of disk elements through the inEuence of the donor (c.f. Katz 1973). In general, 

models invoking the donor lead to instability in the outer region of the disk, while compact object 

mechanisms affect the inner disk (Petterson 1977). We introduce the warp-driving mechanisms 

here, focusing particular attention on radiation-driving. 

2.2.3 Radiat ion-Driven Warping 

For our purposes the most significant result of the investigation of Petterson (1977) was the reali-

sation that, :/ a warp can be generated, it will be exacerbated through radiation pressure exerted 

on the unshadowed disk area from the central X-ray emission. Iping & Petterson (1990) attempted 

to use the early &amework to numerically model the longterm periodicity in Cen X-3; although 

the base equations were at fault (Pringle 1992), their qualitative conclusion that a disk warp can 

indeed be maintained by strong irradiation, has been borne out by subsequent studies. Indeed, aa 

pointed out by Pringle (1996), for a range of accretion luminosities, radiation pressure alone is suf-

ficient to drive and maintain a disk-warp. Optically thick disk material absorbes incident radiation 

from the central accretor, re-radiating it along the local normal and producing a backreaction on 

the disk. Any small net asymmetry in the re-radiation pattern in the disk will lead to substantial 

warping provided the central luminosity is high enough to overcome viscous torques and drive a 

warping mode which grows with time. We introduce here the analysis leading to this conclusion. 

Armed with the appropriate description of the disk evolution (Pringle 1992 and section 2.2.1), the 

action of radiation-driving is incorporated by adding a term describing its torque dGmj to the 
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right of equation (2.10) of the form 

^ 1 A _J_(fGrad 

with the term in brackets included to re-cast the radiative torque contribution in terms of the 

tilt vector I rather than the angular momentum density SE^ni . We introduce here the derivation 

of (ZGraj following Pringle (1992,1996). We make the assumption that the disk is optically thick 

to incident radiation everywhere, so that all incident radiation from the point source on a disk 

element is absorbed by the element. Each element is then assumed to reradiate the incident flux 

isotropicaUy. SmciU tilt of an annulus out of the binary plane then produces corresponding liGrad 

on the annular disk element dA: 

d C r a d ^ / r x d F (2.12) 

where we consider only those parts of the annulus not shadowed by inner disk material, and is 

the reaction force on area element 

dF = ; ^ - ^ f x d A (2.13) 
3c 47rr̂  

We may shortcut the full analysis of Pringle (1996) by anticipating the result (fGrod ^ A d f (e.g. 

Prank, King & Raine 2002), which we can see will give 

^ ^ (2 14) 

2:rj% a E 67rAc ^ 

(Note that the interception of radiation from the point source will exert a corresponding radial 

radiation pressure on each disk element, but this does not of course contribute any torque as 

there is no azimuthal component.) Investigating the evolution of initally small warps, Pringle 

(1996) makes the approximation of small vertical tilt so that f — (,8 cos "y, ,9 sin-y, 1), to allow 

the evolution of / to be re-cast in terms of 

= (2.15) 

Using reasonable assumptions on 1^5(0, z/g) and ^'i(Z,.R^n) and assuming constant i/g, this allows 

conservation of 1 (2.10,2.11, and the full version of 2.14; see Pringle 1996) to be re-written as 

where the radiation torque is parameterised as 

^ (2.17) 

We can now carry out a simple perturbation analysis to examine the behaviour of a disk initially 

perturbed to some (small) tilt &om the binary plane. Seeking wavelike solutions to 2.16 of the 
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form 

Pf oc (2.18) 

(where > > 1 yields Gnally the dispersion relation 

(r = i(^f/2A:^-rA:) (2.19) 

This relation correctly predicts that without driving (i.e. P = 0), any warp will decay back to the 

plane. Initially small warps will grow provided Im(cr) < 0, i.e. for wavenumbers 

0 < k < 2r/i/2 (2.20) 

or explicitly, 
Z 127r^z/22!;^c (2.21) 

(There is a subtlety here in that is the azimuthal co-ordinate on the surface of the disk rather 

than in the binary plane; however as we have assumed small tilt the distinction is at present 

unimportant). 

Note this result is similar in form to that expected from a simple physical argument; as pointed out 

by Frank, King & Raine (2002) we might ask simply under what conditions the radiative torque 

(fGrad exceeds the opposing viscous torque dGg; setting (fGrad > dG2 then leads immediately to 

the condition Z, ^ However this argument says nothing about the growth or decay of 

warping, for which the perturbation analysis outlined above is preferred. 

Simplifying the expression for F with Pringle's assumptions (Afi = STrSt'i, — 2i'^/<f) 

gives the approximate analytic stability criterion that has been used in all subsequent studies of 

radiation-driven disk warps. A disk annulus at radius R will experience growth of warping modes 

provided its radius R satisfies 

^ (2.22) 

where we deGne = z/2/z/i and the accretion eSciency e — iL/(MiC^). Once the disk warp grows, 

self-shadowing becomes important and the stability of the disk to the various warping modes must 

be calculated numerically. While providing a useful rule of thumb, the above analysis suffers from 

the weakness that the simplest modes are expected to dominate, when z: 1, far from the 

region ATZ > > 1 assumed by the dispersion-relation analysis above (Maloney et al., 1996). Global 

analysis under the assumption of an isothermal disk produces results that are qualitatively similar, 

and were shown to be consistent with both the ~ 164-day precession timescale of the SS 433 jets 

(Margon 1984) and the shape of the warped maser disk in NGC 4258 (Greenhill et al., 1995). 
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Motivated by this success, a survey of the superorbital periodicities in X-ray binaries was under-

taken under the linear framework of Pringle (1996), to examine the appropriateness of radiation-

driven warping and precession as an explanation for the superorbital periodicities as a whole (Wijers 

& Pringle, 1999). In particular, the stability to warping waa estimated analytically by linearising 

the expression for the evolution of the element normal vector 1 (Pringle 1996) and searching for 

normal-mode behaviour. The behaviour of a disk-warp was also simulated numerically, through 

direct integration of the earlier equations of Pringle (1992). The evolution of the accretion disk 

was characterised aa a competition between forced precession due to the donor, the growth of 

instabilities due to the irradiation, and viscous dissipation of these instabihties. For the parame-

ters of the 12 systems studied, the predicted timescales for forced precession were found to differ 

substantially from those observed, whereas the timescale of precession from radiation-driving was 

found to agree with the observed superorbital periodicities to within a factor ^^10. 

Furthermore, these simulations made predictions as to the time behaviour of the disk-warp, sug-

gesting that beneath a critical central luminosity the warping is not stable with regular 

precession, but instead evolves in a chaotic manner. Assuming warping and precession to be stable 

and regular, the timescale for disk precession at radius r waa estimated in terms of the luminosity 

emitted f/ie Aat 2 j aa 

& 

LD 
Pprec — ~ (2.23) 

where S and r are expressed in multiples of characteristic values So and ro, to be determined in the 

numerical modeling. Since in the strongly irradiated limit Z,j ^ , this predicts the precessional 

timescale should be inversely proportional to the luminosity of the central source. This is not in 

general observed (Chapters 5 & 6), which may come as no surprise to the reader; as the precessional 

timescale varies with position in the disk and the complex self-shadowing will complicate the LdlL^ 

relation, a global analysis of warping modes is necessary to trace the true disk behaviour. 

This approach suSered from a somewhat coarse numerical grid and laborious treatment of self-

shadowing (Ogilvie & Dubus 2001). The expressions governing the evolution of the disk surface 

were recently formally re-derived from the Navier-Stokes equation (Ogilvie, 1999). A set of co-

ordinates following the warp were defined, and the conservation equations then derived for thin 

disks under the approximation of isotropic viscosity. (Due to its mathematical complexity, this 

analysis is not reproduced here). It is assumed that the resonant bending-waves found by Pa-

paloizou & Pringle (1983) can be neglected (i.e. a{r) ^ ff/r; Ogilvie 1999). The effective viscosi-

ties ri and z/g were also linked to the general kinematic viscosity. This approach has two features 
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which allow confidence of its applicability to warped, fluid disks: (i) it has been derived "from the 

ground up," and (ii) is fuUy nonlinear, so is also valid for large warps. In a followup paper (Ogilvie, 

2000), viscous dissipation and energy transport under the full Rosseland approximation were in-

cluded, with the Suid consisting of an ideal gas and the Kramers or Thompson opacities included 

as appropriate. The resulting theoretical framework "may be considered as the logical extension 

of the alpha-disk theory to time-dependent, warped accretion disks" (Ogilvie & Dubus 2001). In a 

complementary study to that of Wijers & Pringle (1999), the complex eigenvalues of the nonlinear 

bending modes of the accretion disk were computed for a wide variety of system parameters, this 

time using the full evolutionary equations of Ogilvie (1999,2000) and assuming realistic boundary 

conditions (aa compared to e.g. Maloney, Begelman & Pringle 1996). A more rigorous derivation 

of self-shadowing was integrated into the analysis, as well as correct expressions for the torque due 

to radiation pressure, the addition of matter in the accretion stream, tidal torque and the internal 

torque of disk elements. Bifurcation analysis was used to determine the long-term stability of 

the resulting warping modes. For reasonable values of the global disk viscosity a and accretion 

efRciency the stability of an accretion disk to warping is determined by the binary separation 

and mass ratio Q = This provides a second-order prediction on how disk-warpers will behave 

as a class of systems, which we put to the test in chapters 5 and 6. 

This analysis does not make easily-used predictions as to the disk precessional timescale in the 

manner of Wijers & Pringle (1999). This is partially due to the particular nondimensionalization 

used (in particular the precessional timescale is quoted in units dependent on the instantaneous 

value of Ml), but also due to the authors' lack of conGdence in the applicability of such predictions. 

When declining to apply their predictions to the prototypical stable warper Her X-1, for example, 

the authors point out (i) the lack of information as to instantaneous Mi , (ii) the lack of full 

exploration of the contribution of the tidal torque and (iii) the lack of full exploration of the 

dependence on a, e, q and the true location of the mass-addition point Tadd- The reader is thus left 

with the difficulty of interpreting the two papers of Wijers & Pringle (1999) and Ogilvie & Dubus 

(2001); while the former makes the more useful predictions for individual sources in terms of the 

time-dependent behaviour that may be expected, the latter is based on a fuller development of the 

physics involved. This author believes the best middle-ground is to use Ogilvie &: Dubus (2001) for 

comparisons between sources (especially as the binary radius is now the control parameter) and 

to use Wijers & Pringle (1999) when estimating the precessional lightcurve of individual sources 

beyond the global stability predictions of Ogilvie & Dubus (2001). 
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Figure 2.1: Stability to warping for A = 0.3,T} = 0.1 in (r(,,g) space, RI, (the binary radius) 
is in units of GMi/c^, while q is the mass ratio of the system. For n < 0.7, beneath the 
lowest solid line, no warp is possible. The first solid hne corresponds to matter input at the 
outer Lindblad radius; every source above this line for which matter is input in this way can 
sustain mode 1 and higher warps. If matter is input at the disk circularisation radius, this 
region still corresponds to no warp. In the next region up, simple mode 0 warping is possible 
but cannot persist. Between the upper boundary of this region and the dotted line, mode 0 
warping persists. Finally in the uppermost region, mode 1 and higher warping modes become 
possible. With r& ~9 and q = 10.8, SMC X-1 is on the boundary between stable mode 0 and 
higher modes of warping. Prom Ogilvie & Dubus (2001). 
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A key difference between the full analysis of Ogilvie & Dubus (2001) and that of Wijers & Pringle 

(1999) and indeed earlier work, is the value for the viscosity ratio in the accretion disk. As 

pointed out by Pringle (1996), the assumption that disk viscosity is isotropic (?) ^ 1) implies 

that for realistic accretion e&ciencies the disk in an LMXB should be unstable to warping outside 

3 X lO^cm. This predicts that even the ultracompacts such as 4U 1916-053 should be unstable to 

radiation-driven warping. However, the full analysis of Ogilvie & Dubus (2001) prescribes 77 ~ 10 

for realistic approximations (see their equation 42). Under this parameterisation the critical radius 

increases by a factor ~ 100, which means it is now never reached in the ultracompacts. Evidence 

at present appears somewhat uncertain as to the resolution of this difference; while the limits of 

Ogilvie & Dubus (2001) do appear to correctly predict the stability of the bright XRB to warping 

(Chapters 5 & 6), evidence is now growing that the ultracompact 4U 1916-053 may be undergoing 

warping and precession. Observations have been proposed to follow the spectral evolution of the 

inner disk region with the precessional phaae (suggested by the orbital and superhump lightcurve); 

such observations will uncover if a precessing warp is indeed at work in this system. 

2.2.4 Wind-driven Warping 

The strong irradiation of the accretion disk by the central source is thought to lead also to the 

generation of a strong disk-wind. This then drives the warp through essentially the same mechanism 

as the radiation-driving, except that the driving particles are in this case ions rather than photons. 

Under the right conditions this mechanism is expected to be comparable to the eSects of rEidiation-

driving, as the specific momentum carried by each driving ion is higher (Pringle, 1996). The wind-

driving mechanism haa been studied in some detail (Schandl & Meyer, 1994), with authors even 

going so far as to fit the profile of the disk rim to the long-term lightcurve, assuming the structure 

thus fit would be produced by wind-driven warping. At the time of writing, however, no physically 

consistent connection has been made between wind-driving and the shape of the disk rim. In 

particular the lopsided structure of the rim in these simulations appears to require at least some 

of the disk matter to orbit a point above the plane of the disk, which is not physical (Billington 

et al., 1996). However, the broad basis for the wind-driving mechanism is probably correct; it is 

perhaps surprising, therefore, that investigation into warp driving from the disk-wind appears to 

have virtually halted since 1997. The major difficulty appears to be the derivation of a consistent 

expression for the radiation torque; as several authors have commented, the most recently-used 

version is based on an earlier, incorrect equation of motion for the disk (e.g. Wijers & Pringle 
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1999). We conclude that this mechanism is clearly deserving of fur ther study. 

2.2.5 Lense-Thirring Precession: the Bardeen-Pet terson effect 

As pointed out by Bardeen & Petterson (1975), frame-dragging by a spinning, misaligned compact 

object should drive precession of the inner accretion disk. However the viscosity of course tends 

to smooth out such precession, resulting in an equilibrium state in which the inner disk is aligned 

with the spin axis of the compact object out to some radius r g f . Application of the evolution-

ary equations of Papaloizou & Pringle (1983) suggests this picture is qualitatively correct, with 

subsequent studies suggesting that over a long timescale the entire disk should tend to align with 

the compact object (Scheuer & Feiler, 1996; Natarajan & Pringle, 1998). More recent analysis 

of wave-like propagation of bending modes (rather than diffusive aa suggested by earlier work) 

suggests that if a a warped configuration may persist indefinitely within 200rgck 

(Demianski & Ivanov, 1997; Lubow et al., 2002). However, as the authors point out, SPH sim-

ulations of misaligned accretion disks find no such warps (Nelson &: Papaloizou, 2000), so the 

extension of this result into the full nonlinear regime is not at present clear. If robust, however, 

this result implies that the slaving of the jet to the inner accretion disk may lead to any bipolar 

outHow not necessarily taking a direction perpendicular to the accretion disk as a whole. Indeed 

such misalignment has been observed in at least one X-ray binary with bipolar outflow (see Butt 

et cil., 2003, for a discussion). 

2.2.6 Magnetic Warping 

The disk material is usually highly ionised, which raises the obvious possibility that interaction 

with the magnetic field of the donor, compact object or indeed the disk itself may provide a non-

planar force to drive warping. The possibility of weirping due to the magnetic Seld of the compact 

object was investigated in detail by (Lai, 1999). Replacing the radiation torque with the magnetic 

torque under the possible configurations, an analysis similar to that of Pringle (1996) was carried 

out to examine if such driving could overcome viscous dissipation. Linearising for small tilt angle 

and examining the resulting dispersion relation for steadily growing solutions, a condition on the 

magnetic torque term Pm: 

Pn. > (2.24) 
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Figure 2.2: Still frame from SPH simulation of a strongly irradiated accretion disk, showing 
a prominent warp, in this case for mass ratio q = 0.075. The warp is stable and precesses in 
the binary frame. The prototypical warpers Her X-1 and SMC X-1 have g > 1, a regime which 
will be the target of future work (Foulkes et al., 2004). Colours represent viscous dissipation. 
Reproduced with permission. 

where the kinematic viscosity 1/2 and warp-mode wavenumber k take the same meaning as for 

sections 2.2.1 and 2.2.2; Lai 1999 writes out the definition of P ^ and related terms; also compare 

with equation 2.9 for the radiation-driven case. Application of this work to the superorbital 

periodicities in XRB suggests a characteristic timescale for precession of the inner accretion disk 

(equation 6.13 of Lai 1999); 

4.9 

Pprec B 
0.8 I JJL 

RM 
(2.25) 

with RM the magnetospheric radius and T] the viscosity ratio However, as the predicted 

precession period varies with radius in the disk, global analysis is needed to determine how the disk 

actually behaves. This mechanism has been applied to explain the millihertz QPOs seen in several 

XRBs (Boroson et al., 2000). In particular, HST observations of the LMXB 4U 1626-67 show a 

strong Q P O around ImHz which is not present in high time-resolution X T E / P C A lightcurves of 

the source, and indeed is strongest in the UV waveband (Chakrabarty et al., 2001). This variation 

is naturally interpreted as the precession of a warped inner disk, however at Porb — 42 minutes, this 

system is beneath the radius limit at which radiation-driven warping is predicted (Ogilvie & Dubus 

2001). Application of sensible values of B, Lx and Mi does predict an inner disk precessional 

timescale commensurate with observation (Shirakawa & Lai, 2002b,a). 
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2.3 Update: the Direct Approach 

At the time the work in this thesis was performed, investigation of disk-warps was largely limited 

to the numerical solution of the disk evolutionary equations and the search for oscillatory modes 

as described above. Recent work by a team at the Open University and Swinburne is starting to 

yield consistent 3D simulations of the evolution of the accretion disk with the physics of Pringle 

(1996) input to the mode. These SPH simulations are showing disk-warps may form and persist 

for a range of mass ratios (Foulkes et al., 2004). As these simulations develop they will provide a 

direct numerical tool to characterise the warping of accretion disks and thus provide observational 

predictions (see Ggure 2.2). 
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Chapter 3 

Datase t s 

This thesis discusses data taken with the All-Sky Monitor on board the Rossi X-ray Timing Ex-

plorer (hereafter RXTE/ASM), the Burst And Transient Source Experiment on board the Comp-

ton Gamma-Ray Observatory (hereafter CGRO/BATSE), the Chandra satellite and the InfraRed 

Imaging Spectrometer on the Anglo Australian Telescope (AAT/IRIS2). In the case of Chandra 

and AAT/IRIS2, data was reduced and analysed using standard software. These datasets are 

introduced in the relevant chapters. Analysis of CGRO/BATSE and RXTE/ASM represent the 

backbone of the work described here, so we introduce these datasets and their analysis in this 

chapter. 

3.1 Long-Term X-ray Datasets 

The large amount of effort put in to analysis/reanalysis of satellite data has seen the advent of 

a remarkable set of near-continuous monitoring datasets of nearly the entire sky, with coverages 

7 years. Such a long coverage h;is allowed the variation of long periodicities to be measured. 

The two instruments that have done most to advance understanding of long periods in XRB are 

RXTE/ASM and CGRO/BATSE. 
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3.1.1 RXTE/ASM 

Launched in December 1995, the Rossi X-Ray Timing Explorer (RXTE) carries an All Sky Monitor 

(ASM), which gives near-continuous coverage of the entire sky. It consists of three Scanning 

Shadow Cameras (SSC's), fitted on a rotating platform, each with a field of view of (90°x6°). 

Each SSC haa a coded slit mask, consisting of 12 subsections with with 30 slit elements each, 

which are held at open or closed positions according to chosen pseudorandom patterns. The 

displacements and strengths of the shadow patterns thus produced from astronomical X-ray sources 

are inferred using a position-sensitive proportional counter (PSPC) in each camera. For each 

SSC/PSPC combination, position information is of course recorded in the direction perpendicular 

to the slit pattern. Each PSPC contains eight signal anodes suspended in 95% Xenon gas. An X-

ray event near any of the signal anodes produces a pair of pulse heights used to calculate the lateral 

displacement and energy of the event. Spurious events caused by charged particles are vetoed by 

12 further anodes. Further filtering of ambient events is achieved through a 50/im-thick Beryllium 

window coating each PSPC, which low-energy events are unable to penetrate. Further information 

about the detector setup for the RXTE/ASM instrument can be found in (Levine et al., 1996). Two 

onboard Event Analysers (EAs) reduce the event data from the P S P C anodes for insertion into the 

telemetry stream. The spacecraft and ASM assembly maintain a fixed attitude for a period of '^90 

seconds (a 90-second "dwell"). During this 90s period, one of the EA's accumulates histograms of 

counts vs position for each anodes, in three energy bands corresponding to ~1.5-3.0, 3.0-5.0 and 

5.0-12.0 keV. The other EA produces count rates for both X-ray and background events, with time 

resolution 0.125s and 1.0s respectively. It also produces pulse-height spectra from 0-20 keV with 

64-channel resolution, over a time interval of 64 seconds. Typically 5-10 "dwells" are taken per 

day of each active source. 

Before release from MIT, preliminary analysis is performed on the telemetered data to extract 

source fluxes &om the pulse-height data. Intensities are calculated for sources listed as active 

in a master catalogue, with additional sources located and characterised subsequently. Model 

shadow patterns are computed for each active source within the field of view, along with patterns 

representing non-X-ray and diffuse X-ray background. The position histograms obtained by the 

PSPC/EAl are then fit to these patterns using linear least-squares minimisation. This is then 

iterated twice, weighting by the reciprocal of the variance expected in each bin from the unweighted 

initial minimisation. Photon-counting statistics from the best fit are then used to produce an 

estimate of the error on the final count rate. Fitted intensities are normalised to the on-axis 
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Figure 3.1:RXTE/ASM schematic. Prom Levine et al (1996). 

count rate of SSCl, with corrections made to the effective area variation at large elevations (e.g. 

a source on-axis in SSC2 may be at high elevation in SSCl), and to absorption from the leak-

protection coating on SSC2 and SSC3. The first of these corrections is determined empirically from 

observations of the Crab Nebula. At this point the data is released to the astronomical community. 

In the case of faint sources (count rates ^3cs"^), background contamination is comparable to the 

source count rate; background fluctuations can then lead to negative source count rates after 

background subtraction (see figure 3 of Levine et al 1996). In this way, negative ASM count rates 

are not unphysical but instead represent intervals in which the fitted source brightness is lower 
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Figure 3.2: Left: Raw RXTE/ASM source and Background lightcurves for the active but 
faint LMXB LMC X-4, binned at L5-day intervals to reduce scatter for the plot. Right ; 
Count Rate-Frequency histogram for the same source, after filtering in the manner described 
in the text, Note the count rate distribution extends both sides of zero net count rate: to 
remove the negative points thus skews the distribution towards higher count rates. 

than the size of fluctuations in the background (see figure 3.2). Episodes of particularly high 

background can cause source flux to be misidentified with background flux in the model fitting. 

For all analyses reported in this thesis, ASM data taken during intervals of background levels 

above 10 cs~^ (1.3-3.0kev) were rejected (see Levine et al 2000) Furthermore, all points with 

a reduced-%^ statistic < 1.5 were rejected aa part of an algorithm modeled after (Levine et al., 

2000). In general, however, the background Altering also removed the points with high scatter; 

subsequent filtering on reduced-x^ as suggested removed only a handful of further points. 

3.1.2 CGRO/BATSE 

The Burst And Transient Source Experiment (BATSE) carried on the Compton Gamma Ray 

Observatory (CGRO) provided near continuous monitoring at energies > 20keV for a period of 

just over 9 years from JD 24448361 - 24451690. Incoming photons are detected by the Large Area 

Detectors (LADs), which each have collecting area 2025 cm^. The eight LADs are mounted on 

the corners of the CGRO with normal vectors perpendicular to the faces of a regular octahedron. 

Any point on the sky can thus always be viewed by four detectors at angles less than 90° to the 

source direction. This gives CGRO/BATSE a capability of obtaining crude locations to within a 

few degrees using the count rates &om a combination of detectors and the known response of each 

detector from photons directly from the source, and source photons scattered off the atmosphere 

'See also ht tp: / /heaaarc.gsfc.na8a.gov/doc8/xte/ASM/a8m_event3.html 

http://heaaarc.gsfc.na8a.gov/doc8/xte/ASM/a8m_event3.html
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Figure 3.3: Schematic of an individual LAD of CGRO/BATSE. Prom Harmon et al (2002). 

(Pendleton et al., 1995). The Ear th Occupation Technique (Harmon et al., 2002), uses the Ear th 's 

limb as an occulting mask to further constrain the source position to within 1° and to measure 

point-source emission During each 90-minute orbit appropriately positioned point-sources will be 

occulted by the earth twice. The location of each LAD detector is precisely known, allowing the 

flux history of any occulting point-source to be obtained from the pa t te rn of step-like changes in 

flux measured by each LAD. In practice measurements are not made at both occultations, usually 

due to spacecraft passage through the South American Anomaly (SAA) or out of line-of-sight 

contact with ground-based tracking systems. Furthermore the spacecraft orbit precesses on a ~50-

day period, meaning ~ 2-day intervals repeatedly occur during which sources at high declination 

(I S |> 41°) are not occulted, resulting in coverage gaps. Count rates for a point source are 

estimated by fitting occultation step features simultaneously for t he detectors facing the source, 

taking into account contributions from background, atmospheric transmission and other sources 

visible within the interval of occulation, and fitting each channel independently. Fi t ted count 

rates for each channel are then averaged over the interval of observation to produce count spectra. 

Models for these spectra are then folded through the detector response matrices (Pendleton et al 

1995), with the best-fit model determined by minimisation of t he response-folded counterpart. 

The form of the spectral model depends on the type of source and is chosen by trial and error. 
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Finally the Sux is calculated Grom the best-At spectral model. To increase signal-to-noise the 

resulting data may be binned over time; the 1-day average 20-100 keV Guxes were used for this 

analysis. 

3.2 Timing Analysis Techniques 

Chapters 5-8 relate the evolution of long-term periodicities in both RXTE/ASM and CGRO/BATSE 

dataaets. The details of these analyses are given in this section. When seeking periodicities and 

their harmonic content in time series data, the commonly used methods may be broadly divided 

into two categories: (i) reconstructing the data &om an optimal combination of of periodic func-

tions such as sine waves, (e.g. fourier transforms) and (ii) searching for periods on which features 

in the dataset recur (e.g. Phase Dispersion Minimisation). We employ exampes from both in our 

analysis. 

3.2.1 Lomb-Scargle Power Spect rum 

Reconstruction of the dataset from sinusoids may proceed in two ways; the Fourier Transform 

breaks the data down into its representation as sinusoids, with the power corresponding to the 

relative contribution of sinusoids at each period. Alternatively, sinusoids may be Ht to the data 

and the least-squares Rt examined for the strongest contribution. The two approaches move towards 

the same approximation &om opposite directions, so in principle are quite similar to each other 

(Lomb, 1976) in fact, with the appropriate modifications (Scargle, 1982), the two methods are 

identical. 

The Discrete Fourier Transform (hereafter DFT), is deGned for arbitrary sampling as 

NO 

D % ( w ) = g % ( f j ) e - - ' ' (3.1) 
j 

where TJ is the time of the j t h measurement of X and NQ is the number of measurements. The 

periodogram is then defined as 

f x , D f r ( w ) = ^ 
V̂o 

No 

j (3.2) 
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The DFT has been popular for two main reasons. Firstly, in the case of even sampling, then taking 

— 1, = J and gives the form 

2 

ATn 

No 

3 = 1 

(3.3) 

which can be quickly evaluated at the set of Â o frequencies 27rn/T'. Secondly, in the evenly sampled 

case the statistics are well-understood, with the probability that a peak of power between z and 

z + dz could be generated from frequency-independent white noise alone is given by the exponential 

relation 

making the setting of confidence levels straightforward. 

(3.4) 

However, in the case of uneven sampling, the DFT displays serious drawbacks. Large spurious 

peaks are produced from the uneven sampling, which can easily be mistaken for a real periodic 

signal. More critic6illy, the noise prediction (3.4) above does not hold for the general case (3.2), 

making the evaluation of conhdence levels extremely diSicult. Motivated by a desire to re-create 

(3.4) for uneven sampling, Scargle (1982) modified the periodogram to 

1 cos(w(^j - T)) V . Xj sin(w(fj - -r)) 
21 

E j (w(^j - T)) sin^ (w(fj - T)) 

with 

tan(2wT) = 
E ; sin(2wfj) 

E , cos(2w^j) 

(3.5) 

(3.6) 

As pointed out by Gumming, Marcy &; Butler (1999; see also Home &: Baliunas 1986), if the noise 

variance o-Q is known in advance (for example when the noise is dominated by a known effect such 

aa photon counting statistics) then with the normalisation 

-F^,f,a(w) 
f \r(w) (3.7) 

the exponential probability distribution is indeed recovered. Detrending the data in any way other 

than subtracting the mean level, for example by removal of a quadratic, is thus not appropriate 

in principle (though if it has little eSect on the variance this procedure is allowable in practice). 

Note that in genera/ the noiae variance is not known in advance, but must be estimated &om the 

data. In this caae the exponential distribution (3.4) above is not appropriate and its use must 

be replaced by Monte-Carlo simulations (see section 3.3.1). However, the LS periodogram is less 
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prone to spurious peaks due to uneven sampling, so we use it here for analysis of the unevenly 

sampled RXTE/ASM data. 

The correspondence between variation amplitude and LS power may be estimated from comparison 

to the classical DFT: for a given signal amplitude and frequency, powers PX,LS are higher by only 

"-̂ 10% than powers (Scargle 1982), so that fSr(w) c:: From the deGnition of 

the periodogram (3.2), an ideal sinusoidal variation with amplitude .A and frequency produces 

spectral power = A /̂.ZVo. This then yields the relation 

A(wi) - (To (Arof/y(wi))"/" (3.8) 

from which an equivalent sinusoidal amplitude of variation may be estimated (Again we have 

limited ourselves to the case where iro is known in advance.) 

Armed with a method that is able to handle uneven sampling, we may now take advantage of 

the properties of unevenly-sampled data to overcome two signiGcant drawbacks of even sampling. 

The Grst is simply that even sampling imposes a mcudmum frequency that can be searched of 

= 1/2A, where A is the data spacing; this is because no information is available in the data 

gap to discriminate between frequency FI\'Y and NF^Y. Therefore the maximum frequency that 

can be detected firom evenly sampled data is ///y. The second, related problem is that Fourier 

power at / > ///,, is spuriously moved into the range / < /wy through the process of two 

signals with fx and will produce the same two points with separation A if the signal frequencies 

diEer by n / A (e.g. Press et al 1992). Uneven sampling breaks the period degeneracy by seimpling 

between the gaps; the result is that aliasing is signiScantly reduced (e.g .Scargle 1982). By the 

same token, uneven sampling allows frequencies higher than even-sampled FNY to be probed. 

Care must still be taken when determining periodicities from this method, however, as spurious 

peaks can still arise, through three main mechanisms. The first is sjiecfrof feokage of power from 

the fundamental of some periodicity wo to other frequencies. For example, sidelobes may appear 

separated by the reciprocal of the total observation interval. Secondly, if the data contains a 

periodic signal outside the frequency range of interest, power from this signal may leak into this 

region. In some cases the near-random sampling occurs over a true periodicity, which produces a 

strong peak in the periodogram. For example, sources near the galactic centre are unobservable 

from late November to late January, producing a significant spurious detection (figure 3.4). Finally, 

if the signal is signiGcantly non-sinusoidzil, the periodogram will produce several subordinate peaks 

associated with the fundamental. 



Datasets - 5 8 -

GXIZ+I RXTE/ASM Binned Ughtcurve 

1000 1500 
MJO - 50,000 

GXIJ+T Lomb—Scorgle Periodogrom 

Frequency (l/doy) 

GXT7+2 RXTE/ASM Binned Lightcurve 

1000 1500 
WJO - 50,000 

GX17+2 Lomb-Scorgle Periodogrom 

Fr#qumncy (1/doy) 

F igure 
galactic 
LMXB) 

3.4:RXTE/ASM lightcurves (top) and Lomb-Scargle periodograms (bottom) for the 
bulge sources GX13+1 (Atoll source, donor unconstrained) and GX17+2 (Z-source 
The recurrent sampling gap at 180d is clearly present in the lightcurves from both 

3.2.2 Dynamic Power Spec t rum 

At '-̂ 9 years and years respectively, the CGRO/BATSE and RXTE/ASM datasets have a long 

enough baseline that the evolution of periodic behaviour can be traced. This is accomphshed by 

dividing the single long datatrain into subregions of user-specified length and evaluating the power 

spectrum for each region. The result is the Di/nomic Power visualised by constructing 3-

dimensional maps in (Time, Frequency, Power) space with spectral power being represented jointly 

by grayscale intensity and contours (Ggure 3.5). The grayscale represents the raw periodograms and 

the contours provides a smoothed interpolation over the data. The period ranges used in searches 

in this work ranges from 10-100 days in most instances, with a typical period spacing of O.Old. 

The Lomb-Scargle periodogram algorithm (Scargle, 1982, 1989) implemented in Star link software 

PERIOD was adapted in conjunction with a sliding 'data window' t o produce power density spectra 

(PDS) for a series of overlapping stretches of the time series. Adjus table parameters in the analysis 

were the length of the data window and the amount of time by which the window was shifted each 

time to obtain the overlapping stretches of data. The code accounted for variations in the number 

of datapoints per interval such that the power spectrum resolution was identical for each interval. 

Choice of da ta window length was influenced by the expected minimum number of cycles needed 

for a significant detection of modulation from the point source in question. Of course, a longer 

window has the effect of reducing sensitivity to changes on timescales shorter than the window 

length. The amount of shift between consecutive intervals inHuences the degree to which changes 

can be followed, for example setting the shift to equal the window length, results in zero overlap and 

no ability to determine whether an observed change in the PDS was gradual or sudden. Conversely, 
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Figure 3.5: Illustration of the Dynamic Power Spectrum. Left : Fold profile of Her X-1, used 
as the template for a 43-day variation in the synthetic lightcurve. Also present in the synthetic 
lightcurve is frequency-independent white noise, and the sampling was taken from the true 
lightcurve of Her X-1. Right : Dynamic Power Spectrum of the synthetic lightcurve. The 
43-day fundamental is most strongly detected. Also strongly present is a 21.5-day harmonic, 
due to the presence of a scondary as well as a primary peak in the fold (left). Also clearly 
visible is a weaker detection of a higher harmonic. 

excessive overlap reduces the statistical independence of consecutive intervals. In any case there 

is no gain in sensitivity once the barrier of the periodogram resolution is approached, this being a 

significant factor when there are only a few signal cycles in the window. 

When using a sliding window in this fashion, there are just under 6 fully independent 400 day 

data windows in the ~2500 days of data. Thus the 50 day overlap between windows could smooth 

out abrupt variation, leading us to mistake an abrupt change in periodicity, or the replacement of 

one periodicity by an unrelated periodicity at a different frequency, for a single smoothly variying 

periodicity. We illustrate first that for well-separated periodicities, an abrupt jump is not confused 

as a smooth variation provided that the periodicities are sufficiently distinct. We estimate the 

confusion limit of such period jumps as follows: white-noise datasets are generated with represen-

tative sampling from example RXTE/ASM lightcurves. The fold profile of a known non-sinusoidal 

variation (in this case the superorbital periodicity of Her X-1) is then used to generate a varia-

tion on top of the noise of period P i . The period of this variation is then switched abruptly by 

a trial amount to P2, and kept there for sufficient length of time for the final da ta windows at 

this periodicity not to include any cycles of the original periodicity. The period is then shifted 

back to its original value (see figure 3.6 for an example). Period detections are then denoted as 

"confused" if the contour at the approximate F W H M of the peaks links the two period detections. 

The confusion limits thus reached are approximate, as the LS powers detected by the analysis are 

affected by spectral leakage from the sampling. 
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Figure 3.6: Left : Section of a simulated lightcurve with abrupt jump in the frequency of 
variation. The frequency of the input sinusoid switches instantaneously from 60 days to 43 
days but maintains the same amplitude. The switch takes place at MJD 50500, and switches 
back at MJD 51300. Right : Dynamic Power Spectrum of this lightcurve. For an interval of 
four windows, no dominant periodicity is detected during the period switches. 

The above simulations were performed for input periodicities a t 30-90 days, at 10-day intervals, 

with the second period introduced varied at 2-day intervals. Dynamic Power Spectra were then 

obtained of the resulting datasets for a range of analysis window lengths and overlap. Using 400-

day windows, the degree of overlap was varied from 25 to 250 days, and the minimum detectable 

period shift A P measured, where 

/ i f = ( l (3.()) 

For all window spacings tested, (0.15 ^ AP ^ 0.25), with A P increasing slightly with Pi , though 

it is not clear at present if this trend is an artifact of the complex interaction between power 

spectrum peaks. The process was then repeated for window overlap of 50 days and the window 

length varied from 100 to 800 days, in 100-d intervals. 

3.2.3 Dynamic Light Curve 

A counterpart technique to the Dynamic Power Spectrum, the Dynamic Lightcurve (DL) splits 

the filtered lightcurve into sub-regions of user specified length. This is useful in the case where a 

periodic or quasi-periodic cycle is present, and certain features (e.g. X-ray maxima) are expected 

to shift the phase in this cycle at which they occur. The lightcurves for each region are then 

visualised as a 2-dimensional grayscale map in (Time, Phase, Rate) space. Because this technique 

deals with raw count rates, the user has a virtually free hand in determining the length of each 

sub-region, limited only by the counting statistics for each phase bin. Specific regions of the cycle 
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Figure 3.7: Illustration of apparent period shift due to an incorrectly determined periodicity. 
Dataset used consists of white noise superimposed on the fold profile of Her X-1, with a fold 
repetition time of 10.00 days. Left: Dynamic Lightcurve of the fake dataset, using the input 
period of 10.00 days as the cycle length. Right: The same dataset, this time folded on a 
period of 10.02 days, i.e. 2% discrepant from the true periodicity in the dataset. 

may be plotted, and the software producing the plot contains a front-end tha t allows filtering by 

count rate, should a specific feature of the lightcurve (e.g. x-ray maxima) be desired. 

Due to the binning method used, the current version of the software producing the dynamic 

lightcurve does not correctly take into account gaps in the data, from cycles during which no 

desired events are present. For the work described in this thesis, the workaround used was to 

input a "clock pulse" of events with a recurrence period identical to the sub-region length, but 

with a count ra te such tha t the clock pulses would not be present in the dynamic lightcurve. An 

example dynamic lightcurve is plotted in figure 3.7. The data used in this figure is a synthetic 

lightcurve composed of a 10.00-day periodicity (with the double-peaked shape of the Her X-1 

longterm lightcurve; see Chapter 6), on top of frequency-independent white Noise (section 3.3.), 

with the random sampling of a real RXTE/ASM dataset (in this case Her X-1). As can be seen 

on the right of figure 3.7, if the fold period is identical to the periodicity in the dataset , the result 

is a line parallel to the time axis. If, however, the fold period is discrepant from the intrinsic 

periodicity, the structure is more complex. This situation may occur if the intrinsic behaviour 

evolves over the ^7-year datasets (Chapter 8), or alternatively if the behaviour is stable but the 

period has been incorrectly chosen. 



3. Datagets -62-

3.2.4 Per iod Detection beyond the Power Spec t rum 

The power spectrum functions on the principle that any periodic function satisfying the Dirichlet 

Conditions (Press et al., 1992) can be made up of a combination of sinusoidal components. The 

weighting of these components does of course depend on the shape of the variation: for a sinusoidal 

signal over zero noise, clearly only one component is needed at the frequency of the sinusoid, 

with all other components weighted to zero. However, if the signal is significantly non-sinusoidal, 

several components are needed to reproduce it; the classic example is the ideal square wave, which 

requires an infinite number of components to fully reproduce the instantaneous state transitions. 

For example, if the fundamental of some highly non-sinusoidal variation is outside the limits of the 

period search, then the extra components needed to describe the variation may still be within the 

period search, producing spurious detections. For this reason (and others), peaks in power spectra 

should never be used to claim periodicities without some other check on whether the variation 

is a real effect; for the RXTE/ASM, for example, the very leaat that should be done is to fold 

the lightcurve oh the detected periodicity and also check the spectral behaviour, to determine if 

the variation is physically realistic for the system of interest. In this work we employ two further 

methods of period determination that are not strongly misled by non-ideal shapes of variation, 

Phase Dispersion Minimisation, in which the scatter in count rate is minimised to fit, and our own 

implementation of Phase Scatter Minimisation, in which the scatter in phase of salient features is 

desired. The former is useful if the count rate is expected to vary in a regular, highly non-sinusoidal 

way with time, while the latter is useful if there are few datapoints, and no information is known 

about the expected count-rate variation, or the sampling is too poor to determine it. 

3.2.5 Phase Dispersion Minimsat ion (PDM) 

Phase Dispersion Minimisation (PDM) detects periodicities by folding the data on trial periods, 

producing a measure of the scatter about the average lightcurve at each fold. The detected period 

is then the value for which the scatter in the fold is a minimum. The measure of the scatter is the 

PDM Statistic 

$ = 4 (3 10) 

where 
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O" (3.11) 
No — 1 

ia the variance of %. Each trial fold produces M samples of this dataaet, each with its own variance 

3̂  and number of points . The total variance of the trial fold is then given by (Stellingwerf, 

1978): 

E f ("y - 1 ) 4 

- M 
^ (3 12) 

On an incorrect trial period, we expect $ ~ 1, as the fold gives no reduction in scatter. As the 

trial period approaches the fundamental of real variation, $ reaches a local minimum. 

Any periods found by this method do not depend on the form of the underlying modulation. 

However, aa the method works only by minimising the scatter of the fold, it is e^Aremely susceptible 

to harmonics of its own - a fold at twice the period of the fundamental also produces a PDM statistic 

much lower than nearby trials. Furthermore, as the existence of harmonics does not depend on the 

shape of the lightcurve, the harmonic structure of PDM periodograms does not carry information 

as to the shape of the variation itself (see Ggure 1 of Stellingwerf 1978). Setting confidence levels in 

periodicities determined with PDM techniques ia aomething of an involved process; the conGdence 

levels appear to depend on the shape of the variation in a complex way. For our purposes, the 

key point to note about the PDM is that its harmonics appear from a different mechanism than 

those in the power spectrum. Thus, peaks occurring in both the power spectrum and the PDM 

are likely to be real variations in the signal and not noiae or harmonic structure from some other 

periodicity. The PDM is thus an invaluable check on any period detections in the power spectrum, 

which realty comes into its own when the power spectrum gives aeveral peaks, the strongest of 

which is at borderline (i.e. ^ 99%) statistical significance. 

We illustrate the appearance of harmonics and spurious peaks through apectral leakage by running 

LS and PDM periodograms on a simulated noisy dataset. We begin with a white-noise lightcurve, 

with time values taken from a well-sampled RXTB/ASM hghtcurve (in this case the Crab Nebula). 

We then superimpose a sine wave with an 80.0-d period, with variation amphtude chosen to produce 

peak LS power '^20. This detection power is well clear of white-noise signiGcance limits (aee below). 

The LS and PDM periodograms of this variation + white noise is computed. Subsequently, a 

sinusoidal variation at 3000.0 days is superimposed (the Galactic Bulge burster GX34-1 shows this 

type of variability). Evaluation of the periodograms of the new lightcurve show the effect of the 

longer-term variation on the previously strongly detected periodicity. The 80.Od periodicity ia still 

strongly detected, but is no longer the strongest peak; indeed there is signiGcant leakage of power 
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Figure 3.8: LS and PDM periodograms of a simulated 80.0-day variation. Left : Fold profile of 
the simulated white-noise 4- 80.Od variation (top), and the lightcurve with the 3000-d sinusoid 
added over this periodicity (bottom). Right: PDM (top) and LS (bottom) periodograms of 
the entire simulated datasets. The solid line denotes the 80-d variation over white noise, the 
dotted line includes the 3000-d variation. The horizontal dashed line corresponds to > 99.7% 
significance over white-noise, from Monte-Carlo simulations of noise simulations lasting 2500-d 
each. 

from lower frequencies (see figure 3.8). 

3.2.6 Phase Scat ter Minimisation 

In several circumstances it is necessary to Gt an ephemeris to periodic behaviour in the lightcurves 

of astronomical sources. For small deviations from a strictly stable periodicity, the Nth occurence 

of some regular feature is given by the Taylor expansion 

MJDjv = M J D o + f f f (3.13) 

(valid for all N), where M JDo is the time of some reference event, f the recurrence period and 

f (hereafter denoted by C) is the quadratic correction representing the period evolution. Higher 

terms in the ephemeris are assumed to be negligible for the sources examined in this thesis: the 

ephemerides in this thesis can all be adequately fit without appealing to higher than quadratic 

terms. As the above section illustrates, the phase-folded lightcurve can be a sensitive discriminant 

between ephemerides. In at least one bright XRB (Circinus X-1: Chapter 8), the lightcurve is 

dominated by extremely variable and erratic features, but there are regular X-ray dips, thought to 

be orbital in origin. In this case the bulk of the hghtcurve is only quasi-periodic, and the section 

expected to be periodic is markedly non-sinusoidal. In this circumstance the LS power spectrum 

fails to determine an appropriate ephemeris, for two reasons: (i) the sharp deviation from sinusoidal 

variation leads to a combination of periods detected as the power spectrum reconstructs the true 
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variation from harmonics, and (ii) the hghtcurve is dominated by the erratic variability throughout 

the majority of the cycle, which leads to large error in the determined period. If the data is selected 

such that only the periodic feature of interest is retained, the power spectrum fails because the 

dataset haa been so reduced that the strongest detected period is uncertain. Furthermore, in 

the often-encountered case in which the period itself evolves with time, the LS periodogram fails 

if the period evolution is dramatic enough to cause the period to change over the observation 

interval (Chapter 8), and there are too few events to allow accuracy in period determination for 

the Dynamic Power Spectrum. 

When 6tting an ephemeris to a dataset, then, the LS power spectrum is only the Rrst approxima-

tion. Having obtained a trial value from this method, we then employ the more direct technique 

of phase minimisation to Gt the true ephemeris. The lightcurve feature expected to be the best 

system clock is isolated into a new dataset. This dataset is then folded with a range of trial 

ephemerides, and the range of phases at which the feature appears compared between the trials. 

The best approximation can then be read off and the search repeated with a finer grid of trials. 

This process can be repeated with Gner and &ner grids until the limit is reached at which the 

epbemerides cease to differ in the goodness of their 6t to the data. Once the optimal combination 

of P and C has been found, the best value of the offset MJDQ can then be determined. Unlike 

the periodogram, for which the width of a peak carries information as to the degree to which the 

data is truly periodic, the relationship between the shape of the phase minimisation pro61e and 

the data periodicity is somewhat less certain, mainly because of two factors: (1) the selection of 

datapoints for this technique usually leaves a small number of points (~200), therefore the relation 

of the peak detection to nearby detections does not vary smoothly with trial period, and (2) for 

a quadratic ephemeris, both f and C are being fit to the data (Af JDo being a constant offset), 

where P and C are not independent but relate through the phase sampling of the data - which of 

course is different for each trial period selected. Instead, the error on the ephemeris components is 

determined from Monte Carlo simulations (next section). Note that this period detection method 

is entirely insensitive to the count rate, but insteEid focuses exclusively on the timing behaviour of 

the lightcurve. 
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3.3 Significance Testing and Determination of Uncertainties 

3.3.1 Lomb-Scargle Periodogram: Statistical Significance 

Astronomical time series consist of some signal in which one is interested, superimposed onto other 

signals perhaps not of interest, along with noise of some description. If the majority of the signals 

are not of interest, the signal of interest must be separated from the rest of the dataset, which often 

leads to the selection out of so much data that the remaining dataset is not well enough sampled 

for Fourier techniques to be useful (section 3.2.4). For many of the sources examined in this work, 

the feature of interest is a long-term periodicity, and dominates the lightcurve to such an extent 

that power spectrum analysis of the total lightcurve is not signiAcantly contaminated from other 

lightcurve features. Furthermore, for SMC X-1, Her X-1, LMC X-4 and M15, the underlying noise 

is well-described by white noise in which the amplitude of the noise contribution is independent 

of frequency (frequently called Gaussian white-noise, as the noise time series is a random deviate 

with gaussian probabihty distribution). This is determined by plotting the LS power spectrum, 

binned coarsely so as to smooth out signal features and bring out the underlying noise. A Gat 

binned power spectrum is indicative of frequency-independent white-noise. 

We introduce here the setting of confidence levels for the even-sampled traditional DFT and then 

discuss its extension to uneven sampling. Under the assumption of white-noise, the statistical 

significance of detected periodicities with sampling depends exponentially on the power itself 

(equation 3.4). If the power spectrum is evaluated only at a set of M independent frequencies 

(more precisely a set of M frequencies such that the corresponding powers (w) are independent) 

then the False-Alarm Probability, i.e. the probability that a power z or higher would result from 

white-noise alone, is given by 

Probf.A(z) = ! - [ ! - (3.14) 

In practice, power spectra are usually strongly oversampled, to produce power at the frequencies 

of interest rather than just the M classically independent frequencies. In the limit of high z (i.e. 

< < 1), the False Alarm Probability is expected to be given by 

P r o b f / i ( z ) - M e - ' (3.15) 

In the case of unevenly sampled data, this procedure breaks down in two ways; (i) the value 

of M is difficult to estimate and even interpret (Gumming et al., 1999), and more importantly 

(ii) the exponential probability distribution breaks down through uncertainty in determining do 
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Figure 3.9: Empirically determined CDF for 100,000 synthetic, white-noise lightcurves lasting 
400 days each. Overplotted is are the fits using the exponential approximation (3.14) and the 
high-z approximation (3.15). 

(Schwarzenberg-Czerny, 1998, 1999). The slgniBcance of detected peaks must thus be determined 

empirically. Synthetic lightcurves are created, using a gaussian random number generator to cal-

culate the count rates, with standard deviation equal to that of the original dataset. The time 

value for each datapoint is offset 6 o m the value that would be expected 6rom even sampling on 

the average sampling rate, with the offset calculated as a uniform random deviate, with allowed 

range equal to the t rue range of deviations from even sampling. For the filtered RXTE/ASM 

and CGRO/BATSE lightcurves, coverage is continuous enough for this to represent the statistical 

behaviour of the data. (If data is selected so that only a certain lightcurve feature is followed, the 

large data gaps that result must be taken into account; see section 3.3.2 for more information.) For 

each synthetic lightcurve, the LS power spectrum is computed, and the peak LS power recorded. 

Thia process is repeated for a large number of datasets (100,000 synthetic dataaets were used). 

Probf/ i (z) is then measured from the CDF as the fraction of synthetic datasets for which the 

maximum detected LS power is z or higher. In figure 3.9 an example synthetic CDF is plotted. 

The synthetic lightcurve used was based on a 400-day stretch of data from SMC X-1, with fre-

quencies between O.Old"^ and O.ld"^ searched at an interval of lO^^d"^, representing accurately 

the analysis corresponding to a single window in the dynamic power spectrum. We attempt to fit 

Probf/ i (z) with its expressions (3.14) and (3.15; see Ggure 3.9), and find that indeed the distribu-

tion does not quite follow the exponential prescription (3.4) for all powers z. For high z ( ^ 10), 

however, an equivalent M ~ 106 produces a good approximation. The reader is cautioned that 
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the exponential assumption has propogated through the literature; see for example the otherwise 

excellent handbook of Wall & Jenkins (2003). We notice immediately that this figure is markedly 

less than the 900 grid frequencies and also far lower than the number of datapoints 6000) 

in the 400-d window; this contrasts sharply with Home &: Baliunas (1986), who assert M ^ AT. 

We also note immediately from the simulations that a false-alarm probability of 0.1% corresponds 

to a LS power of 11. This figure is slightly lower than the ~ 1 3 usually quoted in studies with 

the LS power spectrum, and is a result of the much shorter time base in each data window, and 

the resulting lower number of independent frequencies (which scales with the total observation 

interval). 

3.3.2 LS Periodogram: Uncertainty in the Detec ted Period 

The low number of statistically independent frequencies leads us to determine the statistical spread 

in the period detection empirically. The method is similar in principle to the significance determi-

nation: LS power spectra are computed for a large number (100,000) of synthetic datasets. This 

time the datasets contain a user-input periodicity above the white noise. To correctly take into 

account the behaviour of the power spectrum resulting from deviations from sinusoidal variation, 

the lightcurve is folded on the determined period and this fold is used as a template for the vari-

ation. If this variation is obvious in the Altered lightcurve, the scatter about this variation is 

estimated and used as the standard deviation for the white-noise model; otherwise (in the limit 

of small-amplitude variation) the standard deviation of the dataset is again used. The sampling 

is generated using a linear random deviate generator as for the signidcance test. For each dataset 

the firequency corresponding to the peak detection is recorded, allowing a histogram to be built 

up of the fraction of trials for which the peak LS power occurs at frequency z/. This histogram 

is well-modeled by a gaussian, allowing the uncertainty in period to be expressed in units of cr 

(figure 3.10). A 3-cr Period uncertainty of iO.Td is typical. Curiously, in some cases the pe;ik 

detection can be shifted from the input period of variation by ~ 0.5d; this is likely due to spectral 

leakage to or from other periods due to the non-sinusoidal shape of variation. The variation of this 

small shift from source to source leads us to repeat the simulations for each source, with the shift 

incorporated into the Ggure for the period uncertainty for each source. 
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Figure 3.10: Period histogram for 100,000 synthetic datasets, with a 60-d periodicity input 
over white-noise. The shift in peak detection is likely to be due to spectral leakage to or from 
other periods due to the non-sinusoidal nature of the variation. 

3.3.3 Red Noise 

In the case of Cyg X-2 and Cir X-1, both of which are active and X-ray bright sources (Chapters 6 & 

8), the binned power spectrum is not Aat but instead can be well fit by a power law of index ^^1-3 -

such a contribution to the continuum is termed recf-noiae. This power-law variability is reminiscent 

of that exhibited by XRB at frequencies Z O.lHz, and by the AGN at similar timescales. The 

same detector waa used to record the hghtcurves of the white-noise and the red-noise sources, 

and furthermore there does not appear to be any physical property shared by Cyg X-2, Cir X-1 

and the prototypical red-noise XRB 4U1916-053 (Homer et al 2001), which is not shared by the 

white-noise binaries. It thus appears that the red-noise contribution is not noise in the same sense 

618 the white-noise, but instead is due to confusion from the intrinsic variation in the lightcurve, 

which contributes LS power preferentially at lower frequencies. The result of red-noise is that 

the above procedure of setting significance levels fails when white-noise models are used, aa the 

signiGcance contours are no longer straight lines. For peaks in the power spectrum for which no 

a priori knowledge of variation exists, each dataset must be modeled with the best-fit red-noise 

power spectrum, leading to a separate CDF calculation for each frequency bin of interest. This is 

a laborious process (see e.g. Homer et ai 2001), which we can sidestep for the red-noise sources 

examined in this work (Chapters 6 & 8) by noting that for both Cyg X-2 and Cir X-1, the statistical 
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significance of the variation is well established, and indeed our interest is primarily in tracing the 

evolution of observed variation. 

3.3.4 Phase Minimisation 

In Chapter 8 we 6t a quadratic ephemeris to the 400 X-ray dip events in the RXTE/ASM 

lightcurve of Cir X-1. Determination of the uncertainty in the detected ephemeris components 

proceeds in a broadly similar manner to the Monte Carlo simulations for LS methods, with two 

important diSerences. Firstly, the coverage with RXTE/ASM of dips is sparse enough to leave 

large gaps in data coverage. For the majority of the 16.6-day cycles, no dips are sampled by the 

RXTE/ASM (figure 3.11). The addition of offsets to uniformly spaced data is therefore not valid 

for this situation; instead, the 16.6d cycles are populated with dips, where the number of dips per 

cycle is random but approximates the measured sparsity of dips. Secondly, the intrinsic occurrence 

rate of the dips is a strong function of phase in the 16.6 day cycle. When determining the effect 

of instrumental sampling, the form of this function fit to first approximation by a Gaussian. The 

random deviate used as the time of dip measurement can then be approximated with the standard 

gaussian-distributed random deviate generator GASDEV (see Press et al 1992 for more details). 

A large number (100,000) of synthetic datasets are thus built up in such a way as to preserve 

(i) the observed distribution of dip detection frequency and (ii) the intrinsic dip occurrence rate, 

on a user-deGned periodicity. The uncertainty in eadi of the detected ephemeris components is 

then read from histograms of the number of detections of each trial value. As with the LS power 

spectrum determinations, the histogram is well fit with a gaussian, allowing errors to be expressed 

in terms of the standard deviation a. As with the determination of the ephemeris components 

themselves, considerable computation time can be saved by noting that MJDo is just a constant 

offset, while C is best fit for each period P. 

3.3.5 Non-Gaussian p(x) 

The above procedure models the sampling of the RXTE/ASM to adequate precision when de-

termining the uncertainty in determined periods. However, when attempting to 6t the observed 

dip occurrence rate with model predictions (Chapter 8), the model predictions are not exactly 

gaussian but follow a more complex proGle. In this case, when determining significances for the 
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Figure 3.11: Left: Frequency chart of dip sampling for the RXTE/ASM lightcurve of Cir 
X-1. Note that in the majority of cycles, no dip is sampled. Right : Sample histogram of 
period detection trials for the phase minimisation technique. 

model fits, the gaussian random number generator GASDEV must be replaced with one that uses 

a user-deGned probability distribution p(a;). This is accomplished using the rejection mefAoj of 

random number generation. I summarise the method here; the interested reader is referred to Press 

& Teukolsky for more details. The great advantage of this method is t ha t p(x) need not be contin-

uous or even computable, but may be input as a table of numbers. This allows us to import the 

observed dip occurrence profile straight from the RXTE/ASM lightcurve. Consider some random 

deviate described by the probability distribution p( i ) , so that the probability of retrieving a value 

between some z i and 12 is given by The rejection method generates random numbers 

uniform in f p(x)dx, thus creating a random dataset following the desired probability distribution. 

A comparison function / ( z ) is chosen, which has finite area and lies everywhere above p(x), for 

which the indefinite integral is known analytically. Furthermore this comparison function must be 

analytically invertible to give the value z as a function of F(x) = J f(x)dx. A uniform random 

deviate is then chosen for F , which gives a corresponding value of r . A second uniform random 

deviate 3/ is then created, resulting in a two-dimensional point ( i , ; / ) . The set of points (a:,;/) is 

thus uniformly distributed in the area under the curve f{x). Finally, this point is rejected if it lies 

above the p(2;) curve. The z component of this point is then uniformly distributed in area under 

p{x), and thus uses p{x) as its probability distribution. To illustrate this method, we plot in figure 

3.12 an example random number set using a model prediction of the dip occurrence proGIe, with 

coe@cients 6t to match the observed proGle (Chapter 8). 
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Figure 3.12: Left : Illustration of the rejection method (from Press at al 1992). See text 
for details. Right : Frequency chart of random number dataset generated with the rejection 
method, using an example non-gaussian function p(x) as probability distribution function. 
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Chapter 4 

X-ray Variability in t h e Core of 

M15 

The prototypical post-core-collapse globular cluster M15 provides an ideal environment for the 

formation of exotic binaries, it being already known to contain a luminous LMXB (X2127+119, 

optically identiGed with the 17.1 hour eclipsing binary AC211) and six millisecond pulsars in the 

core. However, the X-ray properties of X2127+119 are strange in that it appears to be a high 

inclination accretion disc corona source (ADC) from which we only see scattered X-radiation, and 

yet it has produced a extremely luminous type I X-ray bursts, which may or may not have come 

from AC211. We have therefore examined the ~5-year RXTE/ASM light curve of this object 

in order to search for long-term modulations which might shed light on this unusual behaviour. 

Furthermore we have used archival HST UV images of the M15 core to search for other variable 

objects which might indicate the presence of a second LMXB. From these we have found one highly 

variable (> 5 mag) object, which we interpret as a dwarf nova. Work in this chapter has been 

published in Charles, Clarkson &: van Zyl (2002). 

4.1 Introduction 

The dense cores of globular clusters are now well established as breeding grounds for the creation 

of exotic interacting binaries (e.g. Verbunt & van den Heuvel 1995). In particular, it has been 
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noted for almost 20 years that luminous low-mass X-ray binaries (LMXBs) aze found in '^12 

globular clusters, an overdensity relative to the Geld of a factor 100, indicating a greatly enhanced 

formation mechanism in the dense cluster environment (both 2-body (tidal) and 3-body (exchange) 

mecheinisms are still actively considered, see e.g. (Elson et al., 1987) and references therein). And 

the descendants of LMXBs, the milhsecond radio pulsars (MSPs), are also found in substantial 

numbers in clusters, with 8 of them in M15 alone (of which 6 are within 8 arcsecs of the core; see e.g. 

Lyne et al. 1996). Furthermore these LMXBs have a range of properties more extreme than those in 

the field. All produce type I X-ray bursts (e.g. Charles, 1989, and references therein), and hence are 

accreting neutron stars, but their period distribution is skewed to include 2 (possibly 3) extremely 

short period binaries which require both members of the binary to be degenerate (Rappaport 

et al., 1987). Recent UV surveys with HST (de March! k Paresce, 1994, 1995, 1996) have revealed 

a population of very blue stars (VBS) in M15, the nature of which is as yet undetermined, but 

their very high density in the core indicates a population segregation that must be related to other 

properties of the cluster. 

Against this background, M15 houses one of the more enigmatic of these high luminosity LMXBs, 

X2127+119 in that it was identified 18 years ago (Charles et al., 1986) with by far the most 

luminous optical counterpart (AC211) of any galactic LMXB. This 15th magnitude extremely 

blue, highly variable (>1 mag in U) object was photometrically monitored by (Dovaisky et al., 

1993) who showed that it was eclipsing with a 17.11 hour period. The broad eclipse feature (seen 

in both optical and X-rays) suggested that X2127+119/AC211 belonged to the accretion disc 

corona (ADC) class, in which the high inclination means that the compact object is obscured by 

the disc rim and hence not directly visible. This accounts for the high optical luminosity associated 

with a relatively faint X-ray source. 

However, this model suffered a severe blow when (Dotani et al., 1990) and (van Paradijs et al., 

1990) observed M15 with Gmga and discovered an extremely luminous type I X-ray burst, thereby 

inferring that the X-ray source must be directly visible (at least for part of the time). In which case 

the persistent, low apparent X-ray luminosity (3x10^^ erg s"^ for an assumed distance of lO.Skpc; 

Djorgovski 1993) was then attributed to a genuinely low accretion rate (-^O.OlLgjj), rather than 

being the result of obscuration in an ADC, and indeed there are other comparable luminosity 

directly-viewed LMXBs in globular clusters (Sidoli et al., 2001). However, these are all optically 

much fainter and hence the remarkable optical brightness of AC211 remains unexplained. 

We therefore decided to use archival X-ray and UV data on M15 in order to investigate the strange 
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properties of X2127+11/AC211 in more detail. The on-line database of the RXTE ASM provides 

a unique, long-term (̂ ^5 yrs), continuous X-ray light curve which we could examine for behaviour 

that might be related to the occurrence of the bursting events (it already having been suggested 

by Corbet et al (1997) that there might be a 37 day modulation in earher samples of the ASM 

data). Furthermore it was not clezir to us that the very compact core of M15 waa restricted to 

containing only one luminous LMXB, and so we extracted the HST archival images of the core 

region in order to search for variable UV sources, a study that might also shed light on the nature 

of the VBS. 

4.2 RXTE/ASM Light Curve 

The particulars of the RXTE/ASM dataaet have been described in Chapter 2. X2127-I-119 is a 

weak source even for the ASM, averaging only ~lcs~^, therefore particular attention must be 

paid to problems with the RXTE environmental background (see Ggure 4.1). As with the other 

RXTE/ASM sources in this thesis, we utilised the software provided by MIT (Levine et al 2000) 

which sets levels of background activity for rejection of data which are significantly better at 

removing contaminated data than the standard data product provided on-line. However, given the 

faintness of the source, the filtering criteria were necessarily stricter than for e.g. SMC X-1, for 

which, with twice the ASM count rate the signed is clear of the noise (chapter 5). Data were kept 

only if the Et had a reduced-x^ value between 0.05 and 1, and the background at the time of the 

dwell was less than 5 cs"^. Finally, all points were rejected whose error was greater than three 

quarters of the data value itself. This produces a significant improvement in the data quality. 

To identify longterm trends in the ASM lightcurve of a weak source such as X2127-t-119, it is 

instructive to bin the data, and we chose a binning of five days per bin and required a minimum 

of five datapoints ber bin. The resulting lightcurve and rms error are shown in figure 4.2. We see 

regions of extended activity at about day numbers 100 and 400, lasting about a month. 

4.2.1 Per iod Search 

Because the ASM data is unevenly sampled, it was necessary to replace the Fourier Transform 

with the Lomb-Scargle periodogram (LS) when searching for periodicities (Chapter 3). The LS 

periodogram is a Discrete Fourier Transform modified to take accoimt of unevenly sampled data. 
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Figure 4.1: RXTE ASM lightcurve and background before cleaning. 
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Figure 4.2: The RXTE ASM dataset, but with all points with background levels above 5 
counts per second removed, all points with an error greater than 0.75 or a chisquared statistic 
greater than 1 removed. Data has been binned to 5 days per bin to highlight extended activity. 
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Figure 4.3: Periodograms over a range of periods from 2 to 1000 days. There is no sign of a 
37d period. 

Phase Dispersion Minimisation (PDM) detects periodicities by folding the data on trial periods, 

producing a measure of the scatter in the resulting fold. Because any periods found by the PDM 

do not depend on the form of the underlying modulation, it is a useful check on periodicities found 

with LS techniques and is used here to provide an independent measure of the period. The resulting 

periodograms are shown in Ggure 4.3. There is no sign from this analysis of the 37d period reported 

by Corbet et cil (1997). By adding sinusoidal signals to our simulated light curves, a rough upper 

limit was set for the amplitude of a 37d periodic signal that might go undetected with the time 

sampling of the ASM dataset. This upper limit occurs at about 0.08 c/s, or roughly 8 percent of 

the average quiescent level. However, it must be borne in mind that this analysis was carried out 

for the full energy range of the ASM; whereas Corbet et al point out that this modulation is only 

prominent in ASM Channel 1. With this in mind, power spectra were computed for the individual 

channels (figure 4.4. No significant periodicity at or near 37 days is present. 

Finally, a similar period analysis performed over a range of shorter "periods confirms tha t the 17.1 

hour orbital period continues to appear in the RXTE ASM dataset (see Homer & Charles 1998 

for a detailed analysis of the 6rst 2 years of ASM data). 
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Figure 4.4: Period analysis of X2127+119 performed on the lower two channels. 

4.2.2 X-ray burst candidates 

In order to determine the visibility of the neutron star, it was desired to search the ASM lightcurve 

for further Type-I X-ray bursts with similiarities to the October 1988 event. The coverage of the 

RXTE ASM is such that a few individual dwells (of 90s each) are obtained each day, with an 

average recurrence timescale of 3 hours. This sampling rate is an order of magnitude longer 

than typical type I X-ray burst durations - the October 1988 burst, for example, lasted less thaji 

200s. However, we might still expect to see a burst event in the R X T E ASM lightcurve, as a single, 

high datapoint. Because any burst picked up by the R X T E ASM will be measured for a window 

of 90s, at a random point in the burst profile, the detected level of a burst may well take a value 

significantly lower than the peak X-ray brightness of the event. 

When searching for single high datapoints, the filtering requirements differ from those necessary to 

plot clean lightcurves for period searches. In particular, beyond simply selecting by background, 

the cleaning procedures detailed in Chapter 3 select the data based on minimising a least squares 

fit to the average behaviour (the reduced fitting). While appropriate for most analyses of RXTE 

data, this tends to reject single high points - the target of this search for bursts! We therefore 

decided to refilter the raw data based on behaviour of the background levels; all points with a 

background level greater than 20 counts per second were rejected. A burst is then recognised if the 

burst profile differs &om the background profile, whatever the absolute value of the background. 

All points with no background information were rejected. 

Examining the shape of the lightcurve before and after a burst candidate is useless when attempting 
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to discern bursts. A t I c s " ^ , the quiescent output of X2127+119 is so low that, with the exception 

of burst candidates, which with RXTE have ~5 times the signal-to-noise ratio of the quiescent 

state, variations in the shape of the lightcurve are indistinguishable from noise. This is especially 

true of data for the individual channels, with values typically '-^l/Scs"^. Another measure must 

thus be found that uses only the burst candidate events themselves. The method chosen to examine 

candidates was to compare their approximate peak photon energies. 

The classical type I X-ray burst proGle consists of a fast rise to peak luminostity, (rise time typically 

~ 1 - 10s), followed by a more gradual decay to quiescence (decay time typically from ~ 10s to ~ 1 

minute). Decay times are somewhat energy dependent; for example, burst hghtcurves at several 

energies show decay times '-^20s at 6keV but i$:60s below this energy (Ho&nan et al., 1980). 

While the fast rise is detected predominantly at energies > 5keV, the energy dependence of the 

cooling rate produces a softening of the burst profile during decay, ascribed to the cooling of the 

neutron star photosphere after the initial detonation (Lewin et al, 1995). This allows us to reject 

burst candidates with activity in one channel only. A further implication is that we should see a 

rough anticorrelation between total luminosity and hardness ratio (the ratio (3-12 keV)/(l-3keV); 

see Chapter 3) as the more luminous points would arise from earlier points in the proGle with 

higher photon energies. 

4.2.3 The clockwork burster X1826-238: a comparison source 

To demonsti-ate the validity of our search strategy, the X-ray burster X1826-238 was examined 

with the ASM. At 2 ASM c/s, its quiescent level is quite similar to X2127-I-119, maMng it a 

good comparison source, but more importantly, it is also a prolific burster. X1826-238 displays a 

remarkable near-periodicity in its burst behaviour, with seventy bursts observed by the BeppoSAX 

Wide Field Camera over 2.5 years. Analysis by (Ubertini et al., 1999) revealed a significant quasi-

periodicity in the bursts of 5.76 ±0.6hr. RXTE/PCA analysis of 24 further bursts shows the 

burst lightcurves to be remarkably uniform, making 1826-238 an ideal object to test burst models 

(Galloway et al. 2003). Moreover, the burst rate has been steadily increasing (recurrence time 

reduced by 50% in ^̂ 7 years (Galloway et al., 2004). The quasi-steady burst rate of this source 

allows us to predict possible windows in which we might expect to see a burst. A burst candidate 

for X1826-238 is plotted &om the ASM lightcurve in figure 4.5: as can be seen, it 5ts within the 

expected window very well. The energy distribution is weighted towards the higher energies, which 
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Figure 4.5: Burst candidates from X2127+119. The top plot represents the total ASM count 
rate, beneath this are the three ASM channels individually, in increasing order of hardness. 
At the bottom is the background behaviour. All plots are to the same scale. The broken lines 
on the plots represent 0 and 1 for each plot. 

supports the standard model for type I bursts given that the candidate occurs early in the predicted 

burst window. If the method of searching for a rough luminosity-hardness ratio anticorrelation is 

valid, then X1826-238, with its dependable burst activity, should be the ideal calibration source. 

Plott ing the ASM count rate against hardness ratio for R X T E / A S M burst candidates from this 

source does indeed show such a relation; the points with the highest count rate correspond to those 

with the hardest photon energies (see section 4.4). 

4.3 The October 1988 burst and its implications for the 

ASM search 

We must also consider profiles that are a little more varied than the claasical type I proGles exhibited 

by X1826-238, as the October 1988 burst exhibited by X2127-M19 was by no means typical. To 

begin with, after ten years, this burst is still one of the most luminous X-ray bursts ever seen, which 

at 1^4.5x10^^ ergs"^ is near-Eddington for this system. (By considering gravitational redshift at 

the neutron star surface, van Paradijs et al (1990) obtain a figure of ~5xl0®® ergs"^ for the 

Eddington limit of this system). At ~ 150s, the burst was unusually long for a classical type 

I burst, and there was also a precursor burst 6s before the main burst. Finally, the energy 

profile waa unusual for a type I burst, with output rising throughout the Grst half of the profile, at 

successively harder energies, causing a Aorjenmg of the spectrum. These properties are thought to 

be hallmarks of photospheric radius expansion on the neutron star as a result of the burst (Lewin 
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et al., 1995) 

4.4 The X2127-|-119 burst candidates 

Table 4.1 lists the candidate bursts that satis^ our search criteria. The time interval from day 

number 1500 to 1600 was rejected on the grounds that any true bursts will be indistinguishable 

from the extremely high background behaviour. An event wag selected as a burst if its ASM count 

rate waa above 10 cs"^ and the hardness ratio between 0.5 and 5. In each caae the bursts take 

place in the absence of background events of similar scale, and all contain contributions from each 

energy charmel. 

To compare candidate burst Guxes with previous bursts, it is necessary to relate PC A count rates 

to ASM count rates. This was accomplished through examination of publicly available ASM data 

and archival PCA observations of the steady output of the known burster X1735-44 (figure 4.6). 

The steady output was chosen over a burst for the reason that one can be confident that the steady 

output measured by the PCA is due to the same source behaviour as the steady output recorded 

by the ASM at a different point on the same day. Furthermore, the spectra! properties of these 

sources are similar. Based on the steady output Arom X1735-44, an ASM count rate of 1 was 

found to correspond to an average PCA count rate (per PCU) over 90s of 32.2 i 3.6 We 

estimate the total PCA counts recorded during the September 2000 burst (Smale 2001) at 370000 

±5%, which would then correspond to an ASM count rate of 127 ± 15.6 over 90 seconds. 

This does assume that the 90s dwell overlaps perfectly the '̂ SOs burst profile (we examine the 

more general situation in section 4.4.1). 

The 6ux values given in the table are fractions of the flux of the September 2000 burst (^^6.5x10^^ 

erg s"^). These values depend on both the source behaviour and the amount of overlap between 

dwell and burst, so cannot be taken as indicators of either quantity on its own. The hardness ratio 

used here is defined as the ratio of the count rate in channels 1 and 2 to that in channel 3 (strictly 

speaking, a "softness ratio"). The maximum duration of outburst was estimated from the data 

samphng; we know that the source went from quiescence, to outburst, to quiescence, in at most 

the time interval between the two quiescent points. Galactic bulge sources have been discovered 

recently to exhibit X-ray "superbursts" lasting several hours (Cornelisse et al., 2000). The fact 

that we can only set rough limits on our burst candidate durations allows the possibility that an 
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Figure 4.6: PGA and ASM lightcurves of the LMXB burster xl735-444. Top:RXTE/PCA 
lightcurve, 1.9-24.8 keV, 17th June 1999. Bo t t om: RXTE/ASM lightcurve near this obser-
vation (vertical dotted line) 

event may last longer than the few minutes of the October 1988 burst; indeed, if neutron star 

photospheric radius expansion is a recurrent phenomenon this might be expected. With the time 

resolution afforded us by the RXTE/ASM, we can do little more than admit the possibility tha t 

some of our candidates may be consistent with long bursts. 

The Huxes hover around 10 to 20% of the September 2000 burst, and there is quite a wide range 

of hardness ratios and durations for the candidates. The coverage of candidate event 11 is such 

tha t there are actually three points recorded that may be part of the same profile; this candidate 

is plotted alongside a probable burst from X1826-238 in figure 4.5. Figure 4.7 shows the count 

rate-softness plots for both sources in the high count-rate regime. The key point to note is the 

qualitative similarity of the count rate/hardness plots of the burst candidates from the two sources. 

This gives us some confidence that we are indeed seeing burst profiles sampled at random points 

from X2127+119; all points for which the low energy channels dominate also show low count rates. 

This is further strengthened by the spectral properties displayed by sources known not to burst; the 

Crab SNR does not of course show bursts, nor does the supergiant/X-ray Pulsar system X1700-37 

(6gure 4.9). 
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Figure 4.7: Count-rate vs spectral softness for high points in the lightcurves of X2127-H19 
and X1826-238 

4.4.1 ASM sampling and the t rue burst ra te 

Each dwell measurement lasts 90s, and there are of order 10 dwells per day. To be detected, a 

signiGcant fraction of the '̂ SOs burst proAle must overlap with a 90s dwell, so that the average 

count rate of the 90s dweU is high enough to stand out from noise. Making the aasumption that 

the burst proGle of September 2000 (Smale, 2001) is typical, the probability of burst detection can 

be calculated and related back to the number of bursts measured to make an estimate of the true 

burst recurrence time at the source. We model the profile of a Type I burst as a ^20s interval at 

the near-peak flux Fp, switching to a steady decline back to quiescence over the remaning ~60 

seconds (figure 4.8). Denoting t = 0 as the onset of the burst and then td as the commencement 

time for the 90-s dwell, the average count rate recorded in a 90-s RXTE/ASM dwell is therefore 

F 
90 

X 

50 

120 

50 — td 

50 

120 

(̂ d + 90) 

(d > 20 

0 < < 20 

— 10 <t(i < 0 

- 7 0 < < - 1 0 

fd < - 7 0 

(4.1) 

The value is ^ 0.7x the peak brightness recorded by the R X T E / P C A during a burst. At 
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Figure 4.8: The 2000 burst recorded by the RXTE/PCA, from Smale (2001). Overplot-
ted is our simple representation of the burst profile and the cases of overlap with the 90-s 
RXTE/ASM dwell, reading from top to bottom in the set of conditions (3.2). 

1.1 X 10^C8"^PCU^^, this level, if maintained over 90 seconds, would correspond to an RXTE/ASM 

count rate of 342 cs"^. Thus we take f p 239 cs"^. When discriminating cEindidate burst 

events, we set our minimum threshold for burst detection at 10 R X T E / A S M cs"^. Thus, for a 

burst to be detected, the degree of overlap must be such that the average count rate over the dwell 

is ^ 0 .04fp . This count rate is reached if either (i) the end of the dwell period occurs 4s or more 

into the burst profile, or (ii) the beginning of the dwell occurs 49s or more before the end of the 

burst proSle, i.e. ( - 8 5 < + 41). 

We approximate the distribution ofthe times of burst events and dwell measurements as indepen-

dent, constant random variables. The probability of dwell occurrence is then given by the average 

duty cycle of ASM observations, where 7^ is the average time interval between dwell 

measurements and Tdw the duration of each dwell. The probability tha t , should a dwell occur at 

time (, a burst occurs with suiBcient overlap to be detected, is then where A T is the 

interval about each burst for which detection is possible and T), the average time interval between 

bursts. The number of burst detections expected is then given by 

(4.2) 
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The number of bursts produced by the source over the observation interval is The 

average interval between bursts is then given from the parameters of the observation as 

2 _ TPLISATTDW / , g\ 

^ 

We have estimated AT above as ~126s. From the parameters of the RXTE/ASM dataset used for 

this analysis, then (i.e. Toi,, = 2000d,2j = 1.75/i, Njgf = 15,7^^, = 90s), the oi;eroge burst interval 

Tb is hours. 

This Ggure is an estimate only, aa we have assumed (i) are truly independent, 

and (ii) that T;, is constant over the 2000-day RXTE/ASM dataaet. The first assumption is 

an approximation because the method of Gtting dwell detections means that the chance of a 

datapoint being rejected by the ASM is dependent on the source count rate. As burst candidates 

are signiGcantly brighter than the quiescent lightcurve, the firaction of datapoints rejected for burst 

candidates will thus be significantly lower than for the quiescent lightcurve, meaning that 

should really be replaced by the conditional probability Pd|&((). Assumption (ii) arises because the 

above method makes no allowance for possible clustering of bursts. Should M15 really contain 

two sepEirate X-ray sources, then variations in the accretion rate of the burster might be hidden 

due to contamination from the other source. In this case, we might expect the burst rate to vary 

significantly (as does xl820-303, for example; Chou & Grindlay 2001). As can be seen in Ggure 

4.2, the ASM sampling has many gaps even at 5-day binning. The number of bursts detected by 

RXTE/ASM does not therefore represent the number produced by M15 in so simple a manner 

as we have stated here. As the RXTE/ASM sampling improves with count rate, we suppose at 

this point that, were bursts more frequent than we have estimated here, they would have been 

picked up by the RXTE/ASM by virtue of their high count rate, preserving the fraction of bursts 

generated to bursts detected. This immediately implies that our determination is a rough upper 

limit on the burst frequency, i.e. f), Z 5 hours. 

4.5 HST UV Imaging: a Variability Study 

With its extremely bright and crowded central regions, only the brightest members of the core 

of M15 have been studied with ground-based telescopes (even then requiring the best natural 

seeing conditions e.g. Auri&re & Cordoni 1981). Consequently M15 has been a regular tcirget 

for the pre- and post - COSTAR corrected HST. The most detailed optical/UV HST studies of 
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Table 4.1:RXTE ASM Burst candidates 
Event Day 1 Flux^ softness ratio ^ Max. burst duration (mins) 
1 587^W6632 0.14 0.5 74&6 
2 647.897373 &14 1.4 9&5 
3 652492373 &20 0.85 562.9 
4 1240.353114 0.16 1.7 9&0 
5 1338.510521 0.14 1.0 430.0 
6 1367.671632 0.16 1.9 9&3 
7 1373.595335 &31 0.6 9&9 
8 1374.19441 0,22 0.6 8&6 
9 1375.124595 0.17 4.2 9&7 
10 1375.255521 0.12 2.3 4.8 
11 1715.607188 0.30 1.1 34^ 
12 1726.483298 0.14 2.1 9&6 
13 1857.959595 0.15 3.2 86&0 
14 1945.611071 0.17 1.3 95.7 
15 1984.320503 0.16 1.3 9&3 

^ Days af ter J anua ry 6th, 1996 

^ In units of the peak flux of the September 2000 burst 

^ Defined as (1.3-5 keV/5-12.1 keV) 
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Figure 4.9: Peak ASM count rate plotted against hardness ratio, for the Crab Nebula (top, 
offset by 65 cs"^), brightest points from the known won-burster X1700-37 (offset by 50 
cs~^), the burst candidates from X1826-238 (offset by SOcs"'") and burst candidates from 
X2127+119 itself (bottom, no offset). We find that this analysis does indeed differentiate 
bursting sources from simple variabilities, strengthening our confidence that the candidates 
selected for X21274-119 do indeed indicate snapshots of type I-like X-ray bursts. 
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Figure 4.10: HST WFPC2 U-band images of the core of M15, obtained in April 1994 (left) 
and October 1994 (right). The positions of AC211 and the three new variables are indicated. 
Each image is 11.5 arcsec across; North points to the top left hand corners, East to the bottom 
left corners. 

the central stellar populations of M15 are presented by De Marchi & Paresce (1994; 1996) and 

Guhathakur ta et al (1996) (hereafter DMP94, DMP96 and G96 respectively). DMP94 used far-

UV and U band FOG images to derive colour-magnitude diagrams (CMDs) and demonstrate that 

there are a significant number (15) of very blue stars (hereafter VBS) in the M15 core. DMP96 

show tha t these are located beyond the blue-straggler section of the GMD, and have properties 

similar to sdB or extreme horizontal branch stars (based mainly on colour and luminosity), but 

note that detailed spectroscopic study is necessary in order to elucidate their t rue nature. 

However, the VBS have properties similar to active LMXBs (indeed"one of them is actually AC211 

itself), and the fainter ones could be accreting white dwarf binaries (i.e. CVs). Since these 

interacting binaries are known to be highly variable, we decided to examine the archive of these 

images and select for fur ther study those obtained of the same regions with the same instrumental 

configurations, but separated in time by long intervals. In order to find blue variables in the core of 

M15, we analysed two sets of HST W F P C 2 narrow-U archival images. The two sets of observations 

were made in April 1994 (UBVRI observations) and in October 1994 (U-band only). 

After careful alignment of the images we used iraf to form difference images in order to highlight 

any variable objects. We detected four blue variables in an 8-arcsec radius from the central cusp. 

One is the known LMXB AC211, but none of the other three (which we have called VI - V3; 

see Table 4.2) is a previously noted VBS (which can be most clearly seen in the G96 composite 

colour image). We used the Vegamag photometric zeropoints for the W F P C 2 to determine the 
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Table 4.2:HST/UV Variables in the Core of M15 
Apr 1994 Oct 1994 

Star U B V U 
VI >22.5 - _ 17.60 ± .03 -0 .3" NE 
V2 16.49 ± .01 16.20 ±.01 15.86 ± .02 15.70 ± .01 -3 .5" due E 
V3 17.20 ± .02 16.97 j: .02 16.56 i .04 16.07 ± .02 -7 .5" due W 

* with respect to cluster centre 

listed magnitudes. The limiting U-magnitude in these exposures (400 s in the F336W filter) is 

about 22.5. The variables appeared in each of the 8 U-band exposures taken in October 1994 

and are therefore not cosmic rays or chip blemishes. These 3 sources (which varied by >0.8 mag 

between the observation epochs), are marked in figure 4.10. We have not corrected for interstellar 

reddening, which in the direction of M15 is a very small effect; E(B-V) for M15 is 0.09 (Rosenberg 

et al., 2000). 

4.5.1 The Na tu re of the Variables V1-V3 

On careful examination of the neighbourhood of VI in the two images, it became clear that the 

source is only present in the October 1994 U-band image (figure 4.10). There is no trace of it in the 

April 1994 images and so the variability range is actually > 5 mags. There is also no sign of it in any 

other HST images of M15 (August 1994, December 1998 or August 1999). The variability of VI is 

thus characteristic of a dwarf nova outburst. Dwarf Novae (DNe) are faint CVs (My typically 6 to 

8 in quiescence, with a large scatter; see Warner 1995) which undergo periodic outbursts of 3 to 8 

magnitudes. X-ray transients are X-ray binaries which have similar quiescent absolute magnitudes 

to DNe, and which undergo in&equent outbursts of 6 to 9 magnitudes (see for example Charles 

Coe 2003). At 17.6 mag, the transient VI is well within the expected range of peak magnitudes 

for both DNe and X-ray transients at the distance of M15 (though of course there is no way to 

know how close to the true peak this value represents), which makes it an event long sought after 

but rarely seen in the high density environments of globular cluster cores. Moreover, the quiescent 

magnitude of < 22.5 is well within the 21-24 mag expected with the 10.2kpc distance to M15. Dwarf 

Nova outbursts typically repeat on a timescale of weeks to months (Buat-M6nard et al., 2001), 

whereas X-ray transients recur on timescales of tens of years (Simon, 2002). Thus the chance of a 

randomly placed HST observation picking up a Dwarf Nova outburs t is far higher than an X-ray 

transient. The expected detection rate with HST may be est imated from CV population studies. 

For example, with its higher core mass and central density, M15 is expected to produce more than 
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the 200 CVs predicted for 47 Tuc (Di Stefano & Rappaport, 1994), through a higher rate of the 

tidal capture and three-body formation mechanisms (Elson, Imagaki & Hut 1987). Applying the 

47 Tuc results to M15, we also expect 50 DNe. With a mean recurrence time of 50 days and 

mean outburst length 10 days, we might thus expect HST to see ^^10 DNe in outburst in each 

visit. These predictions may be overoptimistic, however they do indicate the chances of detecting 

a DN should be very good. In the absence of further information about the nature of the accretor 

associated with VI, we thus conclude VI is a Dwarf Nova. We caution, however, that we cannot 

rule out the possibility that HST might have caught a rare LMXB transient outburst: indeed, 

several millisecond radio pulsars (the descendents of neutron star LMXBs) are detected in the 

core of M15 (Phinney, 1996). At 1.2mag, the variabihty range of V2 and V3 between the April 

and October observations are consistent with less dramatic systems. The absolute magnitudes 

([/ ^ 15 — 17mag) and colours are typical of RR Lyrae variables (Allen, 1973). 

4.6 Discussion 

The optical and X-ray light curves of X2127-H19/AC211 (Homer &: Charles, 1998; loannou et al., 

2002) contain the very stable (and extended) eclipse feature which requires a high inclination 

(i$: 70°) for this system. With its very low Lx/Lgpf ratio ('^20) this has provided very strong 

support for the ADC interpretation. But the van Paradijs et al (1990) X-ray burst from M15 is 

the major key factor that does not fit into the ADC model Eind overall scenario. Note also that the 

distance to M15 is well constrained at 10.5 kpc (Rosenberg et al 2000), thereby providing accurate 

luminosities for both the quiescent and burst X-ray emission. We consider then that there are only 

3 possible explanations available to resolve this situation: 

(a) the X-ray burst is actually scattered in the ADC but remains detectable aa a coherent 

event. We believe that this is unlikely because the time profile is typical for a type I X-ray 

burst, suggesting diSerences in scattered paths to the observer less than a few light seconds (the 

approximate Roche Lobe radius of the neutron star in X2127+119). Moreover, the peak luminosity 

is extremely high (at Lx /sv^.SxlO^^ erg s'^ assuming isotropic emission; van Paradijs et al 1990). 

Scattered bursts are unlikely to reach this luminosity because of the considerable X-ray scattering 

and reprocessing that would be occurring (which restricts ADC sources to only a few percent of 

their intrinsic luminosities; White & Holt 1982); 
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(b) there exists a long-term modulation in the X-ray light curve that could arise from a warped 

accretion disc (as a result of an instability to X-ray irradiation; see chapters 2 and 6), allowing an 

occasional direct view of the inner disc/compact object. The prototypical source for this behaviour 

is Her X-1, for which the disk is beheved to block the neutron star from view during its 35-day 

disk precession period; see chapter 6. We believe that this is also unlikely to occur for X2127+119. 

If the X-ray source were to become directly visible at certain times, then, assuming an average 

Lx/Lopt ratio for LMXBs (van Paradijs & McClintock 1995), the increase in X-ray brightness 

would be much more than the factor 2 or 3 visible in the ASM lightcurves (figure 4.2). Indeed, 

when Her X-1 enters its Anomalous Low States, the source drops out of the bottom of the range 

detectable by RXTE/ASM, corresponding to at least a factor 10 difference in X-ray brightness 

(chapter 6). Furthermore, the source would need to be bursting frequently in order for an event 

to occur during a period of direct viewing; Frequent bursts are simply not present in the extensive 

ASCA and RXTE monitoring campaigns (loannou et al 2002); 

(c) there exists another LMXB (the burster) within the core region of M15 and also very close 

to AC211 (within 5 arcsecs). This is both expected (on the basis of the compact, high density 

nature of the core combined with the eEects of mass segregation) and required (in order for the 

source not to have been resolved by previous imaging X-ray missions, particularly ROSAT). Of 

course, the X-ray burster could also be a chance alignment with the direction of M15, but this is 

extremely unlikely because of the high galactic latitude of M15 (6// ~-27°) and the necessarily 

very precise alignment required (arcseconds) with the core of M15. 

We consider therefore that a second active LMXB in M15 is the mOst likely explanation and also 

suggest that such a source might be associated with one of the UV variable stars we have found 

in the archival HST images. For the observed X-ray Aux levels (now indicative of the intrinsic 

luminosity of the source) we may scale with respect to similar LMXB bursters in the plane (e.g. 

X1735-444, which has My of 2.2 but is ten times more luminous in X-rays; see van Paradijs & 

McChntock 1995) to infer V^^ig. This additional source could then be responsible for the variations 

present in the ASM light curve (figure 4.1), and hence is likely to be comparable to the currently 

observed Hux from X2127-H19, but of course must be much fainter than the intrinsic luminosity 

of the ADC source AC211. Note that the observed X-ray, optical and UV 17.1hr modulation 

of X2127-H19/AC211 demonstrates that a signihcant fraction of the total M15 X-ray Aux must 

originate from this system, but if it is contaminated by another source then this implies that the 

X2127+119 eclipse must be deeper. There would also be implications for the spectral properties 
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Figure 4 . H : Discovery of a second LMXB in M15 (from White & Angelini 2001). Left: 
ACIS/HETG zero-order image of M15, showing the X-ray source associated with AC211 and 
the new source, denoted X2. Right : ACIS/HETG lightcurves for the two sources. 
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of the source (loannou et al 2001) 

4.7 Update: M15 with Chandra & XMM 

While writing the paper on which this chapter is based, we became aware of a Chandra observation 

by White & Angelini (now published in ApJ, 2001) that had serendipitously resolved X2127+119 

into 2 separate sources. This clearly shows tha t our preferred interpretation of the RXTE/ASM 

and H S T / W F P C 2 datasets, in which the burster and ADC source are separate systems, is the 

correct one. We further note that the second source is not at the position of VI , strengthening 

our interpretation of VI as a dwarf nova. Indeed, from our analysis of the archival HST images, 

M15/X2 is instead associated with a faint blue star (U ~ 18.6), consistent with this type of system 

(figure 4.11). 



5. The Variable Third Period in SMC X-1 - 9 2 -

Chapter 5 

The Variable Third Per iod in 

SMC X-1 

Long term X-ray monitoring data from RXTE/ASM and CGRO/BATSE reveal that the superor-

bital period in SMC X-1 is not constant, but varies between 40-60 days. A dynamic power spectrum 

analysis indicates that the third period has been present continuously throughout the five years of 

ASM observations. This period changed smoothly from 60 days to 45 days and then returned to 

its former value, on a timescale of approximately 1600 days. During the nearly 4 years of overlap 

between the CGRO &: RXTE missions, the simultcmeous BATSE hard X-ray data conArm and 

extend this variation in SMC X-1. Our discovery of such an instability in the superorbital period 

of SMC X-1 is interpreted in the context of recent theoretical studies of warped, precessing accre-

tion disks. We find that the behaviour of SMC X-1 ia consistent with a radiation-driven warping 

model. The counterpart paper to this chapter has appeared in print (Clarkson et al., 2003b). 

5.1 SMC X-1 

SMC X-1 is a luminous 6 x lO^^erg s"^) X-ray binary, with ecHpsing pulsar behaviour. The 

spin period of the pulsar is 0.71 s and the orbital period of the system is 3.89 days, with orbital 

decay on a timescale of 10^ years (Reynolds et al., 1993). Pulse arrival times from the neutron star 

and spectroscopic studies of the donor show the orbit to be circular (e < 0.00004; Levine et al., 
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1993; Wojdowski et al., 1998), with neutron star and BO I donor masses 1.6 ± 0.1 M@ and 17.2 ± 

0.6 Me respectively, corresponding to (56.2° < %° < 58.6°; Hutchings et al., 1977). 

5.1.1 Accretion Disk and Superorbital Variation 

Evidence for an extended accretion disk has persisted as long as this system has been observed. 

Accumulation of optical llghtcurves from 1979-1982 shows two remarkable features: (i) at phase 0.5 

in the X-ray orbital lightcurve, i.e. when the neutron star crosses the face of the donor, the optical 

light drops by ^ 0.07mag, and (ii) at phase '̂ O.O, when the neutron star passes behind the donor, 

there is a larger drop of O.lmag (van Paradijs & Kuiper, 1984). The drop at phase 0.0 is well 

6t by a combination of ellipsoidal variation due to donor deformation, and emission due to X-ray 

heating at the face of the donor. The dip at phase 0.5 cannot be Gt by these features, however, 

but is instead well-fit by an extensive accretion disk, which the authors assumed to fill its Roche 

Lobe in order to make estimates on the X-ray albedo of the disk (Ggure 5.1). Furthermore, wind-

driven accretion models cannot provide the observed accretion luminosity (Hutchings et al., 1977), 

suggesting Roche overflow and disk formation. Finally, as shown from X-ray pointings taken by 

Ginga, ROSAT, ASCA and RXTE over a period of nearly seven years, the pulsar has been spinning 

up constantly since its discovery, with fgpin(^) described by a quadratic fit (Wojdowski et al., 1998). 

This suggests that any accretion disk must be persistent, to regulate the sense of the spin change, 

and also large enough to regulate Mi so that the propellor effect never causes accretion to switch 

oS, as often occurs in purely wind-fed systems (c.f. White, Nagase & Parmar 1995). 

Taking the maximum extent of the accretion disk to be the neutron star's Roche Lobe, 

and assuming the donor fills its Roche Lobe, we can use elementary trigonometry to estimate 

the range of system inclinations necessary to eclipse the pulsar but not the disk (figure 5.2), as 

(54.1° < %g° < 61.0^:0.2°). R.emarkably, the measured (see above) is within this range. However, 

the upper limit for ig° is reduced to 58.0° and 56.6° for disk radius 0.5.Rz,i and 0.3J(i,i respectively, 

so for the disk not to be occulted by the donor, it must have ^ 0.55.Ri;i. We urge the reader 

to bear in mind that this calculation assumes the disk to be Sat and in the binary plane; as we 

shall see later in this chapter, the disk probably deviates significantly from this geometry, making 

it more hkely that the donor occults the compact object fully but not the disk. 

Two early sets of optical lightcurves by competing teams of investigators give contradictory evi-

dence as to the existence of any superorbital variation: observations by the Dutch group show no 
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F i g u r e 5.1: L e f t : Optical lightcurve of SMC X-1, showing clear evidence for an extensive 
accretion disk. Prom van Paradijs & Kuiper 1984. R i g h t : X-ray pointings of SMC X-1, from 
Wojdowski et al (1998). GINGA, ASCAl, ROSATl , R0SAT3 and R X T E pointings occurred 
during the high state of the superorbital cycle, with R0SAT2, ROSATC and ASCA2 taking 
place during the low state. 

evidence for any coherent optical superorbital period between 25 and 150 days (van Paradijs &: 

Kuiper 1984). Observations by the Russian group over the same interval, claim an optical super-

orbital periodicity of amplitude ~ 0.04map and period 35.25 days (Cherepashchuk, 1982), but as 

their raw data haa not been published, this claim is impossible to test. However, a superorbital 

periodicity is emphatically present in the X-ray emission, on a timescale first measured as a few 

months (Rothschild, 1981), then reGned to days (Wojdowski et ai 1998 and references therein) . 

The arrival times of the high and low states in this superorbital cycle are seen to vary by ~10 days 

(Wojdowski et al 1998). This disk is presumed to periodically occult the X-rays from the central 

source, thereby creating a modulation in the X-ray lightcurve in a manner analogous to that of 

Her X-1 and LMC X-4 (chapter 2). 

5.1.2 X-ray Spectral Behaviour 

As part of a simultaneous Chandra-ACIS/HST study (Vrtilek et al., 2001), the 1-lOkeV spectrum 

of SMC X-1 was sampled during two low states and one high state in the superorbital cycle. In each 

case the spectrum waa sampled at four intervals in the orbital cycle, allowing spectral behaviour to 

be followed with phaae in both cycles. During the high state of the superorbital cycle, the out-of-

eclipse spectra are dominated by continuum emission from the neutron star, which is successfully 
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Figure 5.2: Schematic of SMC X-1, from the established meisses and inclinations. Visualisa-
tion software by Rob Hynes, U T Austin. 

modeled with the Wojdowski, Clark and Kallman (2000; hereafter WCKOO) cut-off power-law 

model. During eclipse, the continuum level drops dramatically, replaced by broad emission lines 

of 0 , Ne, Mg, S, Ca and Fe. During the low state in the superorbital cycle, all spectra are 

dominated by the emission lines. These lines were not detected by previous missions because 

of their lower sensitivity and spectral resolution. ROSAT pointings show that during the low 

state the orbital lightcurve has no abrupt transition into and out of eclipse but rather a gradual 

transition, suggesting the emission originates in an extended region. The broad emission lines 

detected by Chandra are interpreted as recombination features from X-ray heated wind from the 

donor; these lines are certainly too broad to arise at the surface of the neutron star. Furthermore, 

the observations at orbital phase 0.5 show variation in count rate along the superorbital cycle of 

a factor ~10, whereas pointings taken at eclipse show only a factor ~ 2 variation. Alternatively, 

restricting attention to the high state in the superorbital cycle shows a factor ~50 difference 

between the points in and out of eclipse. The ROSAT observations show similar behaviour, with 

the same factor ~10 difference between high and low superorbital phases out of eclipse, and the 

same factor ~ 2 difference during eclipse, with the same factor 50 difference in and out of eclipse 

during the high state (Wojdowski et al., 1998). 

The published UV spectra from the Chandra/HST campaign show little variation with orbital 

phase. This would suggest the wind dominates the UV emission from the system. However, only 
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F i g u r e 5.3: Section of the ASM and BATSE datasets for SMC X-1, Da ta has been binned 
to 7.78 days, or two orbital cycles, per bin. 

spectra near phaae 0.0 and 0.5 have been published. In comparison, the optical brightness is 

similar at phase 0.5 to 0.0, but these points represent the extrema of the optical variation. Thus it 

is not clear &om the published work how the UV output really varies with orbital phaae, leaving 

identifcation with a system component uncertain. In this chapter we present the results of an 

analysis of both ASM and BATSE data, that allows the variation in the superorbital period to 

be followed continuously over more than a deccide (Chapter 3). We also extend the timeline of 

observations by 3 years since (Wojdowski et al., 1998), which allows us to see that the variation 

of the superorbital period might itself be periodic, as suggested by (Rib6 et al., 2001). We show 

that this variation in the long period must be due to interaction of modes in a warped, precessing 

accretion disk. 

5.2 Dynamic Power Spectra of RXTE and BATSE datasets 

Dynamic Power Spectra were computed for the BATSE and RXTE/ASM datasets of SMC X-1 

as described in Chapter 3. The lightcurves can be seen in figure 5.3, with the power spectra in 

figure 5.4. Not only is there a clear superorbital period on a period similar to that reported by 

Wojdowski et al (1998), but it varies with time, on a scale of 7 years. Because the data windows 

used in this analysis are not independent but have significant overlap, the possibility arises that 
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this apparently smooth variation might instead be a result of this overlap. For example, if one 

periodicity were to suddenly switch oS or be replaced by another, entirely unrelated periodicity 

at a different frequency, one might expect the observed DPS behaviour to be reproduced. This 

possibility was tested for by simulating an abrupt switch in periodicities in the manner described 

in chapter 3. The jump from to <-̂ 45 days exhibited by SMC X-1 is large enough that, were 

it to be an abrupt change, the DPS would clearly not confuse this for smooth variation (see e.g. 

figure 5.5). We thus believe we are dealing with smooth variation of a single periodicity. 

Some additional structure is seen in the BATSE lightcurve at roughly twice the frequency of the 

main structure: this is thought to be a harmonic of the main variation. The remarkably close 

agreement between the datasets suggests that whatever process is responsible for the variation 

affects both wavebands. In the caae of BATSE occultation data, interaction between the spacecraft 

precession period of ~ 51 days and any detected periodicity in SMC X-1 might be expected. The 

orbital precession period was plotted for the duration of the BATSE dataset and found not to 

correlate with the variation in SMC X-l's superorbital period. Furthermore, no bright X-ray 

sources are within the Earth Occultation errorbox of 2° from SMC X-1. However the key point 

to note is the close correlation between the ASM 6ind CGRO results during the period of overlap. 

This is convincing in itself because RXTE haa a diEerent orbital precession period and the ASM 

works on an entirely different principle to BATSE. Data from the ASM and BATSE provide a 4.4 

year stretch of simultaneous coverage in two separate regions of the X-ray spectrum. During this 

period of overlap (MJD 50083-51690), the behaviour of the superorbital period is closely mirrored 

in the two, completely independent, datasets. This can be seen clearly in figure 5.4. Nor is this 

eEect seen in any other bright X-ray source observed by the CGRO. 

5.3 Spectral Behaviour of the Superorbital Period 

We use the spectral information on the variability which is provided by the multi-channel nature 

of the ASM dataset, in order to discriminate between possible superorbital period mechanisms. To 

increase signal to noise, binning the data by phase is desired. However, the variation in superorbital 

period rules out folding over the entire dataset. Examination of figure 5.4 shows that over the region 

MJD 50550 - 50800, the superorbital period is roughly stable for both ASM and BATSE datasets. 

Figure 5.6 shows the phase-binned hghtcurve of the SMC X-1 datasets during this interval. We 
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F i g u r e 6.5: Periodogram of simulated dataset, in which the initial periodicity is abruptly re-
placed by a second periodicity at 43 days, to test the hypothesis tha t the apparent smoothness 
of the long period variation might be an artefact of the 50-d overlap of adjacent data windows. 
The DPS has clearly resolved the two periodicities and there is little apparent smoothing (see 
discussion in Chapter 2, in which this figure is also used). 
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phase in the quasi-stable superorbital period of 46 days that persists from MJD 50550 - 50800. 
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F i g u r e 5.7: ASM spectral hardness plotted against total count rate, for the dataset of figure 5.6. 

see immediately that the ASM variations mirror those in of BATSE. Furthermore, the shape of 

the ASM total count rate variation is almost exactly reproduced in the variation of the hardness 

ratio. The relation between total count rate and spectral hardness is shown explicitly in Ggure 5.7. 

When the ASM phaae-binned lightcurve is split into its individual channels (figure 5.8), we see 

that the amplitude of variation is highly energy dependent. The variation at energies 1.3 - 3.0 

keV, represented by ASM channels 1 and 2, has amplitude 1 and the variation is smooth, 

whereas at energies 5.0 - 12.1 keV the variation is about twice this amplitude. 

5.4 Discussion 

Our analysis of the KXTE and CGRO archival datasets has not only confirmed the presence of the 

superorbital period in SMC X-1, it has clearly demonstrated that this itself is varying on an even 

longer timescale (conceivably periodic, though aa yet there is no evidence for this). Here we shall 

discuss the superorbital period, along with reasons why it might vary with time. Four mechanisms 

have been put forward to explain the superorbital period, and we shall discuss these for the case 

of SMC X-1. 

Broadly speaking, mechaziisms for generating a superorbital period must do so by a variation in 

the X-ray intensity of the source, by variation in uncovered area as seen from the observer, or by 
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F i g u r e 5.8: ASM total countrate, together with channel - by - channel behaviour, on the 
same phase scale as figure 5.6. The low energy channels show smaller amplitude variations 
and smoother morphology of variation. 

a varying absorption along the line of sight to the observer. Varying absorption does not however 

look promising as the prime mechanism for the variation observed in SMC X-1. This is because 

the BATSE lightcurve varies in step with the ASM variation, showing that the variation occurs 

across the entire energy range 1.3 - 100 keV. This rules out wind absorption: although the wind 

density in SMC X-1 can vary spatially by factors of up to '̂ lOOO (Blondin &: Woo, 1995; Wojdowski 

et al., 2000; Vrtilek et al., 2001), this would have no effect on the BATSE lightcurve. Variation 

of uncovered area may be brought about by varying occultation by the accretion disk during the 

precessional cycle, a possibility we examine in section 5.4.1. 

In itself, the relation between ASM intensity and spectral hardness does not act as a good discrim-

inant between mechanisms, as the lightcurve represents a multiple component source (Chapter 1). 

The WCKOO model ascribes the hard component to the region of the central source, which is also 

entirely consistent with the simultaneous Chandra/HST observations, in which, during the low 

state in the superorbital cycle, the continuum vanishes ^ 5keV but is still present at a low level 

beneath this approximate cut-o5 (Vrtilek et al. 2001). Emission at softer energies is thus ascribed 
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to outSow from the accretion disk, which may not be fully occulted due to its elevation above the 

disk surface. 

5.4.1 Mechanisms of Superorbi tal Variation 

Precession of the neutron star's magnetic axis waa invoked to explain the --̂ SSd periodicity in Her 

X-1 (by changing the accretion geometry; see Triimper et al. 1986). However this mechanism can 

be ruled out in the caae of SMC X-1 for two reasons. Firstly, the precession torque is expected to 

be of the same order as the spin-up torque (Lamb et al., 1975). But pointed X-ray observations of 

SMC X-1 show the spin period to be monotonically decreasing (Wojdowski et al., 1998), suggesting 

that precession should either also monotonically decrease in period, or if the sign of the torque 

changes, produce more violent behaviour in the dynamic power spectrum over time. This is not 

observed. Secondly, the precession of the neutron star would result in a superorbital variation 

of the pulse profile, whereas pointed observations suggest that the pulse profile is in fact stable. 

Forced precession has recently been ruled out in the case of Her X-1 for exactly this reason (Scott 

et al., 2000). 

Another possibility is variation in mass trginsfer from donor to neutron star on the superorbital 

period. Giant pulsators, most notably RR Lyrae variables, are known to change their pulsation 

periods (Jurcsik et al., 2001). Thought to be driven by horizontal branch evolution, these pulsation 

period changes are typically monotonic and of order 1 d per 0.1 GYr. However there are cases in 

which the variation is more chaotic and on a faster timescale (Jurcsik et al., 2001), so we must 

address this mechanism. The fact that such pulsations have never been detected in the donor of 

SMC X-1, given the high sensitivity of searches for such behaviour, leads us to strongly doubt the 

existence of pulsations at all. Furthermore, we expect companion star pulsations to produce large 

changes in bulk mass transfer rate from donor to accretion disk, manifesting themselves as large 

changes in the magnitude, or even direction (Nelson et al., 1997) of spin of the neutron star. As 

noted by Wojdowski et al (1998), however, the changes in neutron star spin rate are always in the 

same sense. 

More gentle variation in mass transfer rate can be brought about if the XRB is part of an hierar-

chical triple. The third body causes the inner XRB to undergo nodal precession, leading to mass 

transfer variations even if the inner binary is eccentric only by a small amount (Chou Grindlay 

2001, Mazeh & Shaham 1979). Such a mechanism can be ruled out for SMC X-1, however, by 
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consideration of the orbit of the centre of mass of the inner XRB about the system centre of mass, 

and the variation in pulse arrival time this would produce. The maximum discrepancy in pulse 

arrival time (A^)m due to the orbit of the centre of mass of the binary, is the light travel time 

between the points in the orbit marking the maximum and minimum distance from the observer 

to the inner binary CM. Taking 03 as the outer binary separation, 63 the eccentricity of the outer 

orbit, (3° its inchnation to the observer and 3̂ the angle in the third body orbital plane between 

the semimajor axis and the line of sight, this distance is then given by 

2c(A()m > 03 sin(z3°)/(e3, ^3) (5.1) 

with (Af)m the maximum discrepancy in pulse arrival time and ^̂ 12,3 the reduced mass of the 

hierarchical triple formed by SMC X-1 and its outer companion. Ellipse geometry tells us that the 

projection factor is given by 

= (5.2, 

with 0+ and the two solutions to the relation 

+ cos 6 
tan(g + 03) = - = . — (5.3) 

sm 0 

Evaluating /(eg, 03) thus adds considerable effort to the calculation. However, as our interest is in 

Ending the range of 63 and 23° for which a third body is consistent with observations, 

we can simplify matters greatly by noting that the minimum of y(e3,^3) is just the ratio of the 

minor and major axes of the binary, i.e. 63/03 = (1 — 63)^/^. Measured discrepancies between 

pulse arrival delays and those predicted from a two-body system amount to less than 15ms in 

any X-ray pointing since Ginga (Wojdowski et al 1998). Therefore, to go undetected in the pulse 

arrival times, the orbital period of any third body must satisfy 

3 X 1 ° - ' a (18.8 + 

with ^3 the orbital period of the third body measured in days and M3 the third body mass in solar 

masses. The consistent range of 63 and %3° now depends on the manifestation of the third body 

orbit on the inner binary. The outer body orbit is unlikely to produce the superorbital periodicity 

on because of course this superorbital periodicity varies by 10%. A more likely mechanism 

is precession of the eccentricity of the iimer binary, which occurs on a timescale given by 

(Mazeh &: Shaham 1979): 

+ (5.5) 
M3 J P21 

We classify third-body scenarios into three groups depending on the identiScation of SMC X-1 

components with the 50d and 7-year periodicities. 
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F i g u r e 5.9: Upper limits on the inclination of third body orbits, as a function of the outer 
orbital eccentricity, for the three scenarios discussed in the text . Scenario 1 (solid line): 
Tmod = 50d, P3 = 3.89d. Scenario 2 (dashed line): P3 = 50d, Tmod unconstrained. Scenario 3 
(dotted line): Tmod = Tyears, < 43.9d from M3 > O.OSMg, 

(1) Identifying with the ^50-day superorbital period then constrains the allowed range of 

M3, aa the condition requires M3 l-SMg,. The outer body orbit then requires a high 

degree of 6ne-tuning, with 13° > 2° only if eg > 0.98. 

(2) Alternatively, we might identify f s with the 50d superorbital cycle if some mechanism, 

probably disk-related, is invoked to translate a stable orbital periodicity into an unstable vEiriation 

in inner disk/boundary layer X-ray brightness). Ignoring the seven-year variation for the moment, 

we can estimate that for M3 > O.OSMg, for any > 2°, the system must still have eg ^ 0.8. If we 

further identify with the 7-year variation in superorbital periodicity, equation (5.5) then 

Gxes M3 at 8.2M0, which requires even more severe fine-tuning; then 63 < 0.98 only if 13° < 0.4°! 

(3) Even if is identified with the 7-year variation in superorbital periodicity and the 

'^50-day periodicity itself is left to another mechanism, the allowed range of 63 and %3° is still 

quite restrictive: for example, if we assume M3 > O.O8M0, then for i° Z 2° the orbit must have 

63 0.76. 

Thus any third body scenario requires an extraordinary degree of fine-tuning to reproduce the 

observed results, especially given that the 58° inclination of the inner binary orbit of SMC 



5.4. Discussion -105-

X-1 would then require a ~ 32° angle between the two orbital planes (figure 5.9). The warped, 

precessing accretion disk h6is two clear advantage over the other mechzmisms considered here: it 

can support variations in superorbital period, and does not require such fine-tuning. To show this, 

we first brieEy remind the reader of the phenomenology of warped, precessing disks; the reader is 

referred to the discussion in Chapter 2 for more detaU. 

5.4.2 Stabil i ty of Precessing, Warped Accretion Disks 

Modelling of disk behaviour by Wijers &: Pringle (1999) and subsequent more rigorous treatment by 

Ogilvie & Dubus (2001: hereafter ODOl) has shown that an accretion disk is uiistable to radiation-

driven wazping when the accretion efBciency of the central source exceeds a critical value. The 

most pertinent of the ODOl results for this discussion is the classification of behaviour into modes 

of warping (Chapter 2,6). The stabihty of the accretion disk to warping is predicted aa a function of 

the mass ratio q and the binary separation SMC X-1 is then placed near the border between the 

region supporting stable mode 0 warping and that supporting mode 1 and higher modes (see 6gure 

2.1 and the associated discussion in 2.2.3). We would thus expect the disk to form a precessing 

warp, giving rise to a long periodicity. However, this may not be a stable monotonic warp; instead, 

there may be an interaction between modes by virtue of the unique location of SMC X-1 near the 

border between the two regions. As two or more modes compete, then, a longer term variation 

may be set up in which the sum of modes itself changes slowly with time. This may manifest 

itself as the observed variation in the superorbital period of SMC X-1, which must represent an 

important constraint on future development of such models. 

5.4.3 How the precessing warp manifests itself 

Systems in which a warped, precessing disk brings about long-term behavior are usually thought 

to have as their primary observational effect a change in uncovered emitting area in the inner 

disk (c.f. Gerend & Boynton 1976). The Chandra/HST study of Vrtilek et al (2001) shows a 

clear spectral distinction between the high and low states of the superorbital cycle, in that the 

continuum from the pulsar dominates during the high in the cycle, while during the low the X-

ray spectra are dominated by an additional component, too faint to stand out in the high state. 

This provides further support to the scenario of variation in uncovered emitting area: as the disk 

precesses it blocks the neutron star. The BATSE Sux is also modulated; although the cross-section 
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for photoelectric absorption is smaller by a factor ^100 at energies >20keV than at '^2keV (Eisberg 

& Resnick, 1985; Zombeck, 1990), the passing of the line of sight across the plane of the accretion 

disk may still allow absorption at these wavebands by virtue of column densities many orders of 

magnitude above those above the surface of the disk. Note also that this extensive disk structure 

out of the plane may have led van Paradijs & Kuiper (1984) to infer a much thicker disk than is 

really the case. 

The location of the emission region of the broad emission hnes seen in X-ray eclipse is not imme-

diately clear. One obvious possibility is excitation in wind material from the giant donor. The 

rate of heating of such material depends on the instantaneous accretion rate at the point source, 

the ionisation parameter log(.L/nr^) (WCK2000; recognising also that there may be other sources 

of X-ray luminosity than just the point source), and also weakly on the angular distribution of 

the resulting X-radiation. Hydrodynamic simulations of the ion density in the donor wind 

(Blondin & Woo 1995) suggest that for L x ~ 6 x lO^^erg s"^, significant amounts of gas with 

this range of ionisation parameters exist in the orbitEil plane, with a small component above the 

donor (see Agure 11 of Wojdowski et al 2000 for qualitative comparison). The exact location of this 

material in the orbital plane is unknown, as the BW95 simulations do not account for shielding by 

any accretion disk, which would bring these regions nearer the neutron star than the simulations 

would suggest. As the binary rotates, the observed flux from the recombination region varies by 

virtue of changing its projected area along the line of sight and also &om intrinsic structure in the 

wind (e.g. Wojdowski et al 2000). This may also explain the apparent asymmetry in the low state 

eclipse profile, which is steeper after echpse than before it (Ggure 5.1, right). The ACIS count 

rates recorded during eclipse appear to vary by a factor ^2 between the high and low states in 

the superorbital cycle. The count rates of the lines vary between high and low states but not the 

spectral shape; in particular there does not appear to be any absorption cut-off in the eclipse spec-

t rum in the low state. That the ROSAT and Ginga observations are consistent with this factor 2 

diEerence suggests it is associated with the superorbital variation, and not attributable to random 

short-term variation in the wind. This variation might be brought about by the precession of the 

accretion disk, by variation of disk shielding of the wind material in the equatorial plane. 

However, the optical lightcurve is dominated by the accretion disk, ellipsoidal variations and heated 

face of the donor, with no need for a wind density variation. It is thus unclear if the wind 

can produce the observed variation in X-ray line flux. Another site for the recombination lines 

might be an accretion disk wind (possibly the "circumsource material" suggested in Wojdowski 
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et al 1998). This would probably also require some shielding by the accretion disk to bring the 

ionisation parameter ]og(Z'/»r^) down to the range 1-3 required for production of the lines; in the 

neighbourhood of the pulsar, values are typically a factor '-̂ lOO higher (Blondin & Woo 1995). 

During the low superorbital state, line Guxes are a factor rs,20 lower during eclipse than out of 

eclipse (Vrtilek et al 2001), which is consistent with observed ADC sources (e.g. X1822-371; White 

& Holt 1982). The physical extent of the accretion disk in the prototypical ADC source X1822-

371 may be estimated from its system parameters (fori, = 0.232d and Mg 0.4MQ, therefore 

a ~ 1.9i?0), with the result that if the disks in SMC X-1 and X1822-371 fill their roche lobes 

by the same fraction, the disk in SMC X-1 should be larger than that in X1822-371 by a factor 

Thus a significant disk wind should be expected in SMC X-1. If 0.55, then the disk 

will not be occulted by the donor during pulsar eclipse. However, the disk must have significant 

structure out of the orbital plane, widening the range of for which the Hne-emitting disk wind 

is not obscured. Thus, the observed source inclination of 58° probably does allow the disk wind 

to be unobscured during eclipse of the pulsar. What challenges the disk-wind mechanism is the 

factor 2 variation in eclipse count rates with superorbital cycle; if the same disk wind is viewed 

in both states there should be no diSerence in the recombination flux measured. Variation in 

projected area of the emitting area with disk precessional phase might be a possible mechanism for 

this difference. A further challenge is then to explain the agymmetry in the orbital profile during 

the low state (6gure 5.1, right). 

As noted above, the variation in the superorbital cycle is probably due to a change in the shape of 

the warp, by virtue of the hkely competition of warping modes. This would lead to a variation in 

the shadowing and therefore heating of the surface of the accretion disk. This would change the 

rate of reprocessed emission from the disk, thus changing the radiation-induced torque, bringing 

about the observed change in accretion disk precession rate. A further consequence of this heating 

would be to change the viscosity parameter a, and thus change M through the disk. This is not 

in conflict with the spin-up of the neutron star, as there are deviations from a purely monotonic 

increase (Wojdowski et al 1998). Indeed if one looks at the residuals in the quadratic fit to the 

pulse periods measured by Ginga, ASCA, ROSAT and RXTE (Wojdowski et al 1998), the residuals 

show variation of similar shape and timescale to the variations of the superorbital X-ray period! 

The published At in table 6 of Wojdowski et al (1998) does not match the observed spin periods, 

which is probably due to a typographical error, as the fit in the figures does reproduce the spin 

period evolution. We have therefore re-fit the published spin periods &om the beginning of the 
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BATSE observation interval to a quadratic, yielding the following ephemeris: 

= 0.707779 - 9.33267 x IQ-'̂ f - 7.49741 x lO'^^^a (5.6) 

where t is the time in days from the reference MJD 50000.00. The residuals of this fit are mod-

eled with a sinusoidal variation with a seven-year period, i.e. the timescale for the variation in 

superorbital period. These residuals are well represented by a sinusoid at 2583 days (Ggure 5.10). 

This cycle was baaed on pointings up to the beginning of the RXTE/ASM dataset; if pointings 

taken during the interval since 1996 affirm this cycle, it would provide direct evidence linking the 

variation in third period to variation in accretion flow onto the neutron star. 

5.5 Conclusion 

We have used the dynamic power spectrum to show that the superorbital period of SMC X-1 varies 

in a coherent, apparently almost sinusoidal, way. In conjunction with the spectral behaviour of 

this variation, we have seen that a precessing, warped accretion disk is likely to be responsible 

for the superorbital variation. However the infuence of the warp may be felt not only through 

varying occultation, as is supposed for Her X-1, but through vaj-ying eiccretion at the neutron star 
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boundary layer, permitted because the disk precession is not steady but quasi-steady. Finally we 

saw that the variation of the superorbital period is consistent with current stability theory of warps 

in accretion disks. An Interaction of warp modes may give rise to the variation in superorbital 

period, allowing its variation to change direction several times in a few years. 

5.6 Update: Further Spin Evolution of SMC X-1 

The remarkable apparent correlation between the spin period of the neutron star and the vcilue 

of the superorbital period in the long-term X-ray lightcurves is open to investigation and confir-

mation. The spin periods used for the identification of the spin-period cycle were taken from the 

RXTE/PCA investigation and literature review in Wojdowski et al (1998), and terminate at the 

beginning of the RXTE era. Recently, seven more points have been added to the spin-evolution of 

SMC X-1 through BeppoSAX observations and further archival observations not previously tabu-

lated (Naik &: Paul, 2004). When the spin evolution of SMC X-1 is re-fit with the new points taken 

into account, we see a similar sinusoidal ht to that given in this chapter, with a slightly longer 

period - but still consistent with the superorbitl period evolution timescale noted above (Ggure 

5.11). 

Clearly the next step is to follow the evolution of the spin period into the interval covered by 

RXTE/ASM to establish if a direct correlation between the superorbital period and the spin-up 

of the neutron star really exists. Since 1996 there have been at least 30 RXTE/PCA pointings of 

SMC X-1 at various phases in the superorbital cycle, all of which have been archived at HEASARC. 

Furthermore, the USA satellite, which provided similar capability to the R X T E / P C A and ASM 

instruments at 2-lOkeV for two years, has obtained both long-term observations and pointings 

of SMC X-1. Initial work has been performed by the USA team analysing torque variations in 

SMC X-1 (Wol^ et al., 2000), however due to funding termination upon the cessation of scientific 

activities with the satellite, the eEort necessary to reduce and publish this data has been lacking. 

Initial steps have been made to gain access to the USA pointings of SMC X-1, which, combined 

with the R X T E / P C A archives, should allow the period since 1996 to be populated with ~10-20 

spin period measurements. Derivation and analysis of spin periods from R X T E / P C A data has 

begun with collaborators at Southampton, while ARGOS/USA data will be made available to 

us for spin-period derivation (Bandyophadyay 2004 priv. comm.) This will allow the relationship 

between the accretion disk warp behaviour and the maas transfer rate to be deSnitively established 
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Chap te r 6 

Stabil i ty of X R B to Warp ing 

6.1 Introduction 

In Chapter 5 we used a dynamic power spectrum (DPS) analysis of long-term X-ray datasets 

(CGRO/BATSE, RXTE/ASM), focusing on the remarkable, smooth variations in the superorbital 

period exhibited by SMC X-1. Here we use a similar DPS analysis to investigate the stability of 

the superorbital periodicities in the neutron star X-ray binaries Cyg X-2, LMC X-4 and Her X-1, 

and thereby confront stability predictions with observation. We find that the period and nature 

of superorbital variations in these sources is consistent with the predictions of warping theory 

establishing an observational basis on which to develop models further. 

We also use a dynamic lightcurve analysis to examine the behaviour of Her X-1 aa it enters and 

leaves the 1999 Anomalous Low State (ALS). This reveals a signiGcant phase shift some 15 cycles 

before the ALS, which indicates a change in the disk structure or profile leading into the ALS. The 

counterpart paper to this chapter has been published in MNRAS (Clarkson et al., 2003a). 

6.1.1 Accretion Disk Warping 

As established in Chapter 5, SMC X-1, shows a clear variation in its superorbital period. The 

dynamic power spectrum (or DPS) was used to chart the behaviour of the superorbital period. An;; 
UBRARY 
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apparently cyclic variation (on an even longer timescale of ^̂ 7 years) in the superorbital period 

was evident in the DPS. It was suggested that the behaviour of SMC X-1 is consistent only with 

a precessing, warped accretion disk, where a competition of warping modes leads to variation in 

the warp, giving rise to the shifting superorbital period. 

This interpretation gains support &om the theoretical stability analysis of Ogilvie & Dubus (ODOl), 

which extends a-disk theory to radiation-driven warping, with correct analytic expressions for the 

torque on a disk element. Solutions are examined numerically to determine stability to warping 

for initially flat disks, steadily precessing disks and nonlinear warps. They find that for reasonable 

values of the global disk viscosity a and accretion efRciency the stability of am accretion disk to 

warping is determined by the binary separation r;, and mass ratio g = A further variable is 

the location of the mass input to the disk, whether close to the Lindblad resonance point or the 

circularisation radius rc- For most X-ray binaries, the majority of the torque exerted by the maas 

input is close to r^, aa even in LMXB with large accretion disks, the matter stream is believed to 

continue to approximately the circularisation radius (for example, the SPH simulations of Kunze 

et al., 2001, showed a substantial fraction of the matter stream hitting the disk near for a wide 

range of binary mass ratios). Accordingly, we follow ODOl in taking the location of mass addition 

to be rg. Figure 2.1 shows the division of XRB into regions of stability to warping 6-om this 

analysis. The location of SMC X-1 at the boundary between regions stable to simple mode 0 

warping and combinations of modes supports our assertion that the long-term X-ray behaviour of 

SMC X-1 is due to a competition of warping modes. 

The location of the boundaries between stability regions m rt, - q space depends strongly on the 

global disk viscosity parameter, a and the neutron star accretion e&ciency yy. Uncertainty in these 

values translates into uncertainty as to the location of the boundary between regions and thus the 

stability classiGcation of a system. However, the adopted values of a = 0.3 and ?; = 0.1 are usually 

assumed to be appropriate for neutron star XRB (Frank, King & Raine 2002, ODOl and references 

therein). 

In this chapter we examine the long-term behaviour of a selection of X-ray persistent neutron 

star XRB in which superorbital periodicities are well-established. We apply the techniques from 

Chapter 3, in particular the DPS, to explore the phenomenology of these variations. We focus on 

neutron star XRB for which persistent superorbital periods have previously been reported. Our 

goal is to relate the long-term behaviour of the sources to their position in the rt - g diagram, 

so as to directly confront the stability predictions of the radiation-driven warping framework with 
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observation. If succesful, it will establish the time evolution of periodicities as a powerful indi-

cator of XRB properties in systems whose properties are less well-understood, for example the 

Ultracompact X-ray Binaries. 

6.2 Source Selection 

Each source used in this analysis was selected on the basis of three criteria. Firstly, independent 

estimates of r;, and g must be available, which restricts our search to optically identified systems 

with full orbital solutions. Secondly, the sources must be persistent X-ray emitters at a high 

enough level to provide long-term dataaets of sufRcient quality to detect long-term modulations, 

which favours neutron star XRB. Third, each system used must show independent evidence for a 

persistent accretion disk. 

Table 6.1 shows the sources selected for this study, with the warping behaviour predicted by ODOl 

in table 6.2. The strong dependence of the stability boundaries on a and 7) leads us to choose 

systems with similar compact objects in the hope that for such systems these parameters will take 

similar values. Poor coverage of the rt, - q diagram forces us to select systems with both high and 

low - mass companions. 

Figure 6.1 shows sections of the RXTE/ASM lightcurves from the sources used here, binned 

appropriately to improve signal-to-noise. The lightcurve of Cyg X-2 shows similar morphology to 

that of SMC X-1, though at count rates about a factor of 20 higher. Its morphology is also more 

complex than a single periodic cycle, which leads to the detection of more than one periodicity 

(Paul et al., 2000). The ASM lightcurve for Her X-1 shows a clear variation on the well-known 

35 day cycle, with a secondary peak half a cycle after the main period of extended activity. LMC 

X-4 also shows evidence of a cycle that is superficially similar to that of SMC X-1, although the 

lightcurve shows more scatter. 

6.2.1 Discarded Sources 

Several well-constrained, persistent neutron star XRB are within the regions of interest in the 

rb — q diagram, but we choose not to analyse them here as they do not show significant long-term 
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cyclic phenomena in the RXTE/ASM. Circinus X-1 is well within the region of the stability diagram 

corresponding to mode 1 and higher warping, and is a Imninous neutron star XRB (Tennant 1986). 

However, its orbit is strongly suspected to be highly eccentric, among many other properties the 

system shares with A0538-66 (Charles at al. 1983). As pointed out in ODOl, the stability analysis 

as it stands is valid for non-circular orbits (indeed, in such systems we would expect any 

superorbital behaviour to be dominated by the orbit through tidal effects). 

4U 1907+09 is a pulsar XRB with massive companion (e.g. van Kerkwijk et al 1989) in a wide 

orbit of moderate eccentricity (e ^ 0.16±0.14; Makishima et al 1984), that has shown a monotonia 

increase in pulse period since its discovery (Mukerjee et al 2001). The X-ray brightness of this 

source increases by a factor ~ 4 at a probable interval of 0.5 orbits (in't Zand et al. 1998, Makishima 

et al 1994, Mukerjee et al 2001), at orbital phases 0.195 and 0.695 after periastron, remaining at 

the high count rate for ^^0.3 orbits. QPOs have been discovered at frequencies "̂ lO - 400 mHz, but 

only during these "Aaring" intervals. Formation of a transient accretion disk has been suggested 

(the 18s QPO, for example, corresponds to a Keplerian orbit with radius roughly 10% of the 

corotation radius; in 't Zand et al. 1997). This accretion disk, if rotating in the opposite sense 

to the pulsar, could provide the observed rate of spin-down if it persists for a few percent of the 

orbit (a retrograde disk has also been posited to explain the correlation between luminosity and 

spin-down in the disk-fed accreting X-ray pulsar GXl+4; Chakrabarty et al. 1997). The disk 

must be retrograde if accretion is to occur, aa the 18s QPO suggests matter must pass through 

the corotation radius before accretion. The disk forms twice per orbit as the neutron star passes 

through the equatoriEil plane of the donor, where the density of ejecta is greatest, aa suggested 

from the observation that the eccentric wind-fed pulsar GX301-2 also shows two prominent X-ray 

flares in each orbit (Koh et al 1997). Such a transient disk is unlikely to persist for long enough 

to produce radiation-driven disk warps measurable with our RXTE/ASM analysis. 

X2127+119 has recently been shown to consist of two sources which cannot be resolved by RXTE 

(White & Angelini 2001; Charles, Clarkson &: van Zyl 2002). While resolving the mystery of 

how a source can show evidence for both an ADC and Type I bursts, it is not possible to relate 

components in the observed RXTE/ASM X-ray flux to a single system. 

0A01657-415 is a 388 X-ray pulsar in a 10.4d orbit with a B-type supergiant companion (Chakrabarty 

et al., 2002). It shows marginal evidence for a superorbital periodicity of 16 days (Laycock 2002 

priv. comm). It also shows spin-up and spin-down trends without any correlation with X-ray 

luminosity > 20keV (Baykal, 2000), suggesting no peraistent accretion disk is present. Transient 
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T a b l e 6 .1 : Neutron star XRB exhibiting superorbi ta l modulat ions 

Name RB Q P 1 Mx POTB —M2 
(xlO^GMi/c^) (d) (Mo) (d) (xlO-^M@yr-^) 

Her X-1 3.1 1.56 35 1.36 1.700 1.4 
LMC X-4 4.5 10.6 30 1.35 1.408 3.5 
SMC X-1 8.9 11.0 50 1.6 3.890 2.3 
Cyg X-2 8.0 0.34 78 1.78 9.844 2 

^ Claimed superorbital period 

T a b l e 6 .2 : Predictions of Radiation-Driven Warp ing model 

Name Prediction ^ 
Her X-1 Persistent mode 0 
LMC X-4 Persistent mode 0 
SMC X-1 Mode 0 dominant but other modes possible 
Cyg X-2 Complex combination of modes 0,1 and higher 

^ Based on position in figure 2.1. 

episodes of X-ray brightness increase, coupled with spin-up, are thought to arise through formation 

and destruction of a transient, prograde accretion disk, in the mcinner implied by Bildsten et al 

(1997). As in the caae of 4U1907-t-09, such a disk is unlikely to support radiation-driven disk warps 

measurable by RXTE/ASM. 

Finally, as the purpose of this work is to confront the radiation-driven warping framework with ob-

servation, we further restrict our analysis to systems of sufficient separation to allow such warping. 

The ultracompacts X1820-303 and X1916-053 are thus deferred to a future publication (Clarkson 

et al 2004 in prep). 

6.3 Dynamic Power Spectrum 

Data were analysed using our DPS approach, designed to be sensitive to long-term quasi-periodic 

variations (Chapter 3). Choice of data window length waa inOuenced by the limits of reliable 

period search with the PDS; we choose two complete cycles as the minimum needed for a reliable 

detection. We choose 400-d windows, the maximum length that meets our criteria because this 

brings about the sharpest period detections. 

The error in the detected period was determined empirically from Monte Carlo simulations in the 
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Figure 6.1: Sections of the RXTE/ASM lightcnrves of the sources examined in this work, binned appropriately to emphasise their long-term behaviour. 
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manner described in Chapter 3. The detection accuracy is quoted in units of 3(7 of the fit to the 

resulting distribution in period detections. In one caae (Cyg X-2) the peak period detection was 

shifted from the input period by an amount corresponding to the beat between the detected period 

and 8 times the time interval of a data window, which haa been incorporated into the quoted 

error on the period detection (table 6.3). 

6.4 Results 

6.4.1 Her X-1 

Her X-1 is the prototypical disk warping system, with a ~35-day periodicity detected at optical and 

X-ray wavelengths. This periodicity is almost certainly due to a precessing, warped accretion disk, 

as first suggested by Gerend & Boynton (1976) to explain the optical lightcurve, and corroborated 

by the evolution of the pulse proGle (Scott et al., 2000; Ramsay et at., 2002), and variations in 

X-ray illumination of the companion HZ Her (Leahy et al., 2000; Still et al., 2001). The accretion 

disk is thought to be tilted and twisted (Gerend & Boynton 1976, Schandl & Meyer 1994, Schandl 

1996). With X-ray pulsations at 1.248, eclipses at 1.7 days and 6m A7 Roche lobe-filling companion 

(Middleditch & Nelson, 1976) of ~2 Mq, the mass ratio and binary radius are constrained (but see 

Leahy & Scott, 1998, for uncertainties due to possible non-synchronous donor rotation). Geometric 

arguments based on optical lightcurves suggest i° 74.9° (Bahcall &: Bahcall, 1972). On three 

occasions, the source has failed to reach a high state at the time expected from the 35-day cycle 

(Parmar et al., 1985; Vrtilek et al., 1994; Oosterbroek et al., 2000). These Anomalous Low States 

(ALS) last for several 35-day cycles each, and are thought to be the result of a state change in the 

accretion disk (Still et al 2001). 

The DPS of Her X-1 (figure 6.2) shows an extremely significant (>>99.99%) periodicity at 34.98 

days, along with a less significant secondary peak at 17.5 days. This secondary peak is not an 

artefact of the search technique; as figure 6.3 shows, the DPS has picked up the secondary peak at 

phase 0.3 in the 35-day cycle. The system entered the third observed ALS in January 1999; the 

effect on the ASM emission can be clearly seen in figure 6.2. Her X-1 is the only system suspected 

of disk precession to show this secondary feature so significantly. Her X-1 also shows the clearest 

relation between ASM count rate and spectral hardness of all the sources studied here (figure 6.3). 
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F i g u r e 6.3: Superorbital lightcurve (left) and count rate-hardness relation (right) for Her X-1. 
The spectral hardness varies with the ASM count rate and there is a clear relation between 
the two quantities. 
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6.4.2 L M C X - 4 

LMC X-4 is a ~13.5 s X-ray pulsar with a 15 0-type companion that eclipses the X-ray source 

every 1.4 days (Hutchings et al., 1978). QPO's have been found at 2-20 mHz during large X-ray 

Scires (Moon & Eikenberry, 2001), conGrming the presence of orbiting matter at least 0.25 rc«rc 

&om the neutron star. Disk modeling of the orbital and precessional optical lightcurve (Heemskerk 

& van Paradijs, 1989) suggest the accretion disk may extend out to about 4rc, and is very likely 

to show both precession and warping. Recent analysis of ASCA spectra show that the region 

producing the 6.64 keV iron-line complex varies with the superorbital cycle, suggesting warping of 

the inner disk region (Naik & Paul, 2003). 

The DPS of LMC X-4 (figure 6.4) shows the simplest behaviour of the sources analysed here: a 

periodicity at 30.28 days that is both stable and persistent throughout the entire dataset. The 

DPS is not sensitive to the ~ 0.02% yr~^ systematic variation of this periodicity reported recently 

by (Paul & Kitamoto, 2002). At LS power ~ 38, this 30-d cycle is somewhat less significant than 

for Her X-1 (LS Power ~ 300), but the power still corresponds to > 99.9% significance. There 

appears to be slight jitter in the peak period, but at jk 0.05 days this is not significant when 

compared with the 3a uncertainty for this source of ±0.46 days. LMC X-4 shows a relationship 

between RXTE/ASM spectral hardness and count rate (figure 6.5) that is somewhat less steep 

than for Her X-1. 

6.4.3 Cygnus X-2 

Although not a pulsar, Cyg X-2 nevertheless has a well-constrained binary orbit, with a 0.5 - 0.7 

Mq companion in a 9.84-day period (Casares et al., 1998), unusually long for a LMXB (Liu et al., 

2001). Type I X-ray bursts (Kahn & Grlndlay, 1984) established Cyg X-2 aa a neutron star XRB. 

Modeling of lUE spectra (Vrtilek et al., 1990) yields a best-fit outer accretion disk radius of ~ 0.6 

Rl (where RI is the Roche lobe radius), while modeling of optical lightcurves (Orosz & Kuulkers, 

1999) suggests the disk radius may be closer to 0.9 Rl- A pattern of high- and low-intensity X-

ray states haa been seen in early RXTE/ASM, Vela 5B and Ariel-5 observations (Wijnands et al., 

1996), on timescales of %77.7, %77.4 and % 77.7 days respectively, while the Ginga/ASM lightcurve 

shows the strongest periodicities on periods of 53.7 and 61.3 days (Paul et al., 2000). There is 

still debate over the nature of this variation; the burst activity and QPO-state are not correlated 
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F i g u r e 6.5:Superorbi tal lightcurve (left) and count rate - hardness relation (right) for LMC 
X-4. Though a more noisy dataset, there is a correlation between the variations of the two 
quantities. 
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T a b l e 6.3: Detected periodicities 
Name (d) (d)^ 
Her X-1 35.0 0.16 
LMC X-4 30.3 0.46 
Cyg X-2 59.0 0.45 

3(7 

with the X-ray cycle (Wijnands et al 1997, Kuulkers et al 1996), suggesting this variation does not 

represent variation in Mi; however the Z-pattern of variability does vary with the ~ 78d variation. 

The variation haa instead been attributed to accretion disk warping and precession, though there 

is still debate about this (Vrtilek et al., 1997). Cyg X-2 is not detected by CGRO/BATSE, unlike 

Her X-1, LMC X-4 and SMC X-1. 

Cyg X-2 shows complex behaviour in the DPS, with an extremely signiScant (LS > 900) periodicity 

at period 59 days, seen over the interval from day number 600-900 (Ggure 6.6). This feature 

seems to form aa two separate periodicities converge, then diverge as the feature vanishes. There 

are also significant recurring features at ~ 40 days. The ~ 77-day periodicity noted previously may 

be present during the beginning of the RXTE/ASM dataaet, though is of equal or lower signiGcance 

than its harmonic. In any case the longterm variation of Cyg X-2 is not the reliable clock suggested 

by Wijnands et al (1996). In contrast to Her X-1 and LMC X-4, the binned superorbital lightcurve 

of Cyg X-2 shows a negative relation between the RXTE/ASM spectral hardness and count rate 

(figure 6.7), as expected if the superorbital lightcurve is due to an obscuration effect (section 6.3). 

6.5 Discussion 

6.5.1 Her X-1: Disk Inclination Change? 

The clear hardness-intensity relation in the RXTE/ASM lightcurve (figure 6.3) is not by itself an 

indication of the physical mechanism (Tanaka, 1997). In fact we find no feature of the lightcurve of 

this source that contradicts the precessing, warped accretion disk scenario of Gerend and Boynton 

(1976). As the warp precesses, it could uncover regions deeper towards the central accretor, 

predicting the correspondence between spectral hardness and count rate observed. The asymmetry 

in the superorbital lightcurve can be brought about by a combination of the system inclination 

and vertical extent of the warp (Gerend &: Boynton 1976, Schandl & Meyer 1994, Schandl 1996). 
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Figure 6.6: DPS of Cyg X-2. Contours spaced at LS powers of 200. 
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Figure 6.7: Superorbital lightcurve [left) and count rate - hardness relation (right) for Cyg 
X-2, over day numbers 600-900. In contrast to Her X-1 and LMC X-4, the spectral hardness 
appears to have a negative correlation with the count rate. 

The superorbital periodicity is completely absent from a significant fraction of the data, marking 

the third ALS detected in this source to date (Oosterbroek et al. 2001). This is not an effect of 

data sampling, as might be expected for a source with such a low count rate; on the contrary, the 

persistent emission at ~ 1 cs~^ is still well sampled. Measurements by BeppoSAX (Oosterbroek et 

al 2001) show that the most recent ALS is accompanied by a rapid spin-down of the neutron star, 

in which the spin-down rate is some nine times faster than the spin-up rate during "normal" X-ray 

output. At the same time, optical observations during the ALS show that the companion is still 

strongly irradiated (Margon et al., 1999). Spectral fits and lightcurve modeling of RXTE/PCA 
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Figure 6 .8: The 35-day R X T E / A S M and CGRO/BATSE dynamic lightcurves of Her X-1. 
The phasing of the peaks undergoes a shift before the onset of t he Anomalous Low State 
(ALS), and the relative significance of the peaks alters. When the ALS ends, the phasing is 
unaltered from the early years of the dataset. 

pointings during the ALS suggest the X-ray output during the ALS consists of X-ray reflection 

from the companion (Still et al 2001). The current interpretation for this behaviour is that the 

line of sight to the central source has been obscured during the ALS, causing the turn-off, by an 

increase in line-of-sight column density due to the disk. 

This would impact the superorbital lightcurve in two ways. Firstly, the asymmetry between the 

peaks in the fold would be altered, but whether as an increase or decrease would depend on the 

current inclination and the precise disk profile. Secondly, a phase shift in the superorbital fold 

would be seen during the change of inclination. The twist of the disk brought about by the warp 

means that any given feature in the warp would be seen at different disk azimuth angles for different 

heights above the nominal flat disk equator. 

In figure 6.8 we plot the dynamic lightcurve (DL) of Her X-1, in both RXTE and BATSE wave-

bands. Prom the DL we see that there is indeed a phase shift taking place over some fifteen cycles 

of the RXTE/ASM lightcurve, before the ALS. This behaviour seems to also be present in the 

BATSE lightcurve. The secondary peak in the 35-day cycle appears to decrease in relative am-

plitude just before onset of the ALS. The cut-off in the superorbital period detection, however, is 
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Figure 6.9; Her X-1 Hardness-Intensity relation for the normal state (Top) and the ALS 
(Bot tom), using 1-day data bins to improve S/N. There is no significant difference between 
the low-level emission in the two states. 

abrupt, taking place over three cycles at most. By the end of the ASM dataaet, the system shows 

behaviour similar to the beginning of the dataset, and the secondary feature is recovered. 

This phage shift and profile change is most naturally interpreted as a change in the line-of-sight 

disk profile. There are two good candidates for the nature of this change. It has been suggested 

(Wijers & Pringle 1999, van Kerkwijk et al. 1998) that if a disk is sufficiently warped, the inner 

disk may actually flip over and start to precess in the opposite direction to the outer disk. This 

would produce the extremely rapid spin-down observed during the ALS as the direction of flow of 

accreting matter would then oppose the spin of the neutron star. Following this interpretation, we 

would expect to be observing the neutron star through the accretion disk for at least some of the 

ALS, which would produce a harder spectrum for the ALS than for the normal state. However, the 

continuum X-ray emission is not spectrally harder for the ALS than for the emission prior to and 

after the ALS (Agure 6.9). A further dlHiculty is that one would expect to see some manifestation 

of the change of disk orientation in the overall ASM lightcurve. 

A second interpretation involves the disk changing its inclination with respect to the observer. We 

suppose here tha t the X-ray intensity from a twisted, warped disk varies as the amount of emitting 

area uncovered in the inner disk region varies. If such a disk were to change its inclination with 

respect to the observer, the uncovered area at each point in the cycle would also change with the 
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inclination, were the warp configuration to remain constant over the plane of the disk. A twisted 

disk would naturally produce a variation in the phase of features in the profile. That the ALS is 

accompanied by rapid spin-down of the neutron star presents a difficulty for this scenario, unless 

either (i) the accretion Sow at the magnetosphere/inner disk boundary changes direction to act 

against the neutron star rotation (in effect replicating the fiipped-disk scenario), or (ii) the spin of 

the neutron star causes ejection of matter through the propellor effect (c.f. Chapter 1); SMC X-1 

is certainly in the approximate range of 2)% for which such an effect might occur. The cessation of 

accretion at the inner disk edge would have two effects; firstly, as the donor will transfer matter to 

the disk regardless of the inner disk circumstances, the continuation of matter transfer will cause 

the amount of matter in the disk to increase, and secondly the luminosity intercepted by the disk 

will be reduced. We suggest here that the cessation of mass removal in the inner disk in fact leads 

to a change in the angle of inclination of the accretion disk. A further consequence could be the 

variation with the warp of the area open to X-ray heating, which might bring about a reduction in 

mass throughput depending on the timescale for such heating (Dubus et al., 1999, see also section 

5.4.3). 

The 2001 ALS is clearly different from the 1994 ALS in its hard X-ray behaviour. In the case of 

the 2001 ALS, the RXTE/ASM turnoE is mirrored in the BATSE lightcurve, further strengthening 

the standard interpretation of this ALS as a reorientation of the accretion disk body along the 

line of sight. However, examination of the CGRO/BATSE lightcurve at the time of the 1994 ALS 

shows that the 35d cycle was manifestly present throughout, reaching 45% of the peak brightness 

attained at any high state. Furthermore, while the phasing of the 35d cycle varies on the run-up 

to the 1994 ALS, no such variation is apparent in the 1994 ALS. Thus, the 1994 ALS is clearly 

different in character to the 2001 ALS. The cleanest explanation for this difference occurs when 

the times of the Vrtilek campaign are examined on the BATSE lightcurve; it appears that the 

observations may have just missed the primary high state in the superorbital cycle. Whether the 

secondary high is absent is not clear from the lightcurve. 

6.5.2 L M C X-4: Stable var ia t ion 

As the most distant source in this study by a factor ~5, LMC X-4 exhibits comparatively low count 

rate and hence lower S/N, as can be seen in its 31-day dynamic lightcurve (figure 6.11), which 

furthermore undergoes no significant shift in phaae or overall intensity over the ASM dataaet. The 
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Figure 6.10: Comparison of 1994 and 2001 Anomalous Low States. Left: RXTE/ASM (top) 
and CGRO/BATSE (bottom) lightcurves of the transition into the 2001 ALS, each binned at 
intervals of 3.4 days (i.e. two binary orbits). Right: CGRO/BATSE lightcurve at the time 
of the 1994 ALS as determined by Vrtilek et al (1994), at two timescales (top and bottom). 
Horizontal line represents the interval of the Vrtilek et al observations, at MJD 49209-49214.5. 
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Figure 6.11: Dynamic lightcurve of LMC X-4. Data window length chosen to include 5 cycles 
per window - each bin in this plot is then the average of typically 30 datapoints. 

superorbital lightcurve itself is somewhat different in shape to t ha t of Her X-1 (figures 6.3 and 

6.5), with the primary peak in the profile less symmetric, and no significant secondary peak is 

detected. A secondary peak might be present, however: assuming a similar relative amplitude as 

t ha t in Her X-1, such a peak would occur at only ~0 .2 cs~^. 

This suggests that if the accretion disk in this source does shift its inclination, as suggested for 
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Her X-1, the LMC X-4 accretion disk either does not do so at all on the timescale detectable with 

the DL, or the disk profile and inclination are such that any existing wobble does not impact the 

superorbital fold to the same extent. We can place a rough upper limit on superorbital phase 

variation of features in the dynamic lightcurve of ±0.1 orbit. 

6.5.3 Cyg X-2: M u l t i m o d e Varia t ion? 

For Cyg X-2, in which the DPS behaviour does not show a single stable periodicity, such analysis 

is not possible. Indeed, its behaviour is highly complex, with significant periodicities forming and 

shifting over the 7 years of the ASM dataset. This explains the range of modulations reported 

for this source over the years (e.g: Smale &: Lochner 1992, Paul, Kitamoto & MEikino 2000). 

Of particular interest is the apparent convergence, reinforcement and subsequent divergence of 

periodicities near April 1996 - January 1999 (figure 6.6). Because the accretion disk is a 6uid 

entity and the DPS overlap between data windows of the same order as the warp precession 

periods, we do not expect too discontinuous a change in the variation shape: in other words we 

expect the pattern (primary peak+single harmonic) to persist over a timescale of several data 

windows. At the point at which the strong DPS peak appears to split into two modes, we interpret 

the mode evolving towards lower Grequencies aa the dominant frequency, as it is more signiAcant. 

It is thus easy to interpret this feature as a single periodicity with ill-defined phasing (hence the 

broad peaks in the DPS), with a period that changes in a manner superficially similar to SMC 

X-1, only on a much shorter period: ~2 years compared to the ~ 7 years of SMC X-1. 

However, the behaviour may be more complex. Closer examination of the secondary peak at ~ 

40 days suggests it is not a simple harmonic of the primary period, aa its period is some 20% 

longer than the expected location of the harmonic (see also Paul, Kitamoto & Makino 2000). 

Furthermore, this structure is still present over the last 1500 days of the dataset, even though the 

fundamental it would be a harmonic of has all but disappeared. This feature may represent either 

(i) a slightly shifted harmonic that represents a deviation &om a purely sinusoidal variation profile, 

or (ii) a mode of variation independent of the 59-day variation. 

We can test which scenario describes Cyg X-2 better through simulations of varying periocicities. 

We take the superorbital lightcurve over day number 600-900 (from Jan 6 1996), then scale the 

period over time in a manner approximating our identified dominant periodicity. The DPS of 

this simulation is quite diSerent in character to the real DPS (figure 6.12); the most obvious 
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Figure 6.12: DPS of simulated Cyg X-2 lightcurves. Top: input data consists of the su-
perorbital lightcurve from day number 600-900, which undergoes period change in a manner 
approximating the fundamental from figure 6.6. Bottom: As for top, but with 40-day peri-
odicity added that is slaved to the fundamental, to approximate a non-sinusoidal shape of the 
variation. 
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Figure 6.13: Input lightcurve as for figure 6.12 (top), but with 40-day periodicity kept steady 
as the fundamental varies (i.e. two independent modes of variation). 

differences are its far lower significance and frequency than the ~ 40-day periodicity actually 

seen. A 40-day periodicity was then artificially added but slaved to the fundamental to simulate 

a non-sinusoidal variation. The DPS structure tha t results varies more closely with the dominant 

periodicity than tha t actually seen. If the ~ 40 day periodicity is made completely independent of 

the fundamental , however, by being held steady as the fundamental varies), the DPS tha t results 

is similar in morphology to tha t actually seen (figure 6.13). 

We thus suggest here tha t the apparently variable periodicity at ~ 59 days and the more stable 

periodicity at ~ 40 days represent independent variations, rather than a single variation of non-

sinusoidal shape. This suggestion is in agreement with the conclusion of an earlier analysis based 

on the static periodogram of the early years of the R X T E / A S M (Paul et al., 2000). This suggestion 

gains some support when we notice tha t the 40-day periodicity is close to the expected harmonic 

of the ~ 77-day periodicity reported in the archival Vela 5B and Ariel-5 datasets. To a t tempt to 

constrain the properties of this behaviour over a longer baseline, the Ariel-5 and Vela-5B datasets 

were subjected to DPS analysis. The Vela-SB dataset was used in the filtered, binned form provided 

by NASA HE AS ARC. Enough points were present to use the stat ic periodogram to confirm the 

77.4-day period already noted elsewhere (e.g: Smale & Lochner 1992), bu t not enough to follow 

its t ime evolution in a statistically significant way. However the Ariel-5 dataset has higher S/N, 
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Figure 6.14: Cyg X-2: DPS of the ArieI-5 dataset, binned to one-day averages, with contours 
at LS powers of 9 (corresponding to 99.9% significance over white-noise). 

allowing less coarse binning and thus providing enough datapoints to permit DPS analysis. As 

figure 6.14 shows, the periodicities are highly variable over time, producing the highly complex 

structures seen in static periodograms (Paul et ah, 2000). The ~ 77-day periodicity is strongly 

detected over the middle ~ 400 days of the dataset, while its harmonic at ~ 40 days is detected 

throughout most of the ASM dataset. However, as with the R X T E / A S M dataset, there is a fur ther 

periodicity which appears variable and transient. Thus the apparent combination of two or more 

separate variations does not appear to be a new behaviour. Furthermore, this complex behaviour 

has now been confirmed using two independent datasets separated by 20 years. 

The X-ray manifestation of the precessing warp may be different f rom tha t evidenced from the 

canonical disk precessing systems SMC X-1, Her X-1 and LMC X-4. Cyg X-2 shows a decrease 

in spectral hardness with count rate (figure 6.7), which a t first sight would be inconsistent with 

a precessing warp. However, the variation of uncovered emitting area invoked to explain the 

superorbital periods in Her X-1 and LMC X-4 requires the column density through which the bulk 

of the X-rays reach R X T E to remain the same as the warp precesses. If, however, the emitting 

area is permanently obstructed by the outer accretion disk, assumed not to be a significant emitter 

in the ASM bandpass, the variation can be brought about by changing the column density through 

which the major i ty of the X-rays travel. In this case, the warped disk acts to subtract flux from 
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the central source, rather than contributing significantly to any emission. This removal of flux will 

be seen as X-ray obscuration, which thereby causes the observed spectrum to harden. 

6.5.4 S tab i l i ty of Accre t ion Disks to Warp ing 

We now use our results for the other systems showing superorbital modulations to test the sta-

bility framework of ODOl. We Grst attempt to identify the warping modes corresponding to the 

superorbital variations identified in this work. With their stable behaviour in the DPS and simple 

superorbital lightcurves, Her X-1 and LMC X-4 show clear evidence for mode 0 warping. SMC X-1 

shows a simple superorbital fold that varies over time, probably due to disk instabilities brought 

about as other modes begin to form (Chapter 5). Cyg X-2 shows at least two independent modes 

of warping, thought to represent mode 0,1 and possibly higher warp modes. 

The sources thus behave in ways qualitatively predicted by the stability analysis of ODOl (table 

6.2). Her X-1 and LMC X-4 are both predicted to show stable mode 0 warping, which is indeed 

observed. SMC X-1 is thought to show warping commensurate with its position near the mode 

0 and mode 1 regions. Cyg X-2 is deep within the region predicting mode 1 and higher modes, 

which is consistent with the appearance and interaction of at least two warping modes. 

We illustrate the evolution of disk warping with binary radius in a schematic bifurcation diagram, 

shown in figure 6.15 (modeled after figure 4 of ODOl). This charts the evolution of precession 

solutions as the control parameter r j is increased. According to the ODOl predictions, for low 

values of the control parameter r j , no radiation-dnven disk warping is predicted at present. In 

the region corresponding to stable mode 0 predicted warps, such warps are indeed found, with 

the precession frequency increasing with rt, (Her X-1 and LMC X-4 type variations). Near the 

boundary between regions, modes begin to compete, producing an instability in the superorbital 

period (SMC X-1 type variations). Finally, once the boundary into full multi-mode variations is 

crossed, strong periodicities form and interact (Cyg X-2 type variations). When we overplot the 

location of these sources on the schematic, along with their DPS results, we Gnd that the long-term 

behaviour of the sources agrees qualitatively with the predictions of table 6.1, as can be determined 

from the DPS of the sources. 

This result establishes radiation-driven warping as the most likely mechanism at work in the high-

.Lx systems Her X-1, LMC X-4, SMC X-1 and Cyg X-2, as only this mechanism predicts the 
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Figure 6.15: Schematic bifurcation diagram for radiation-driven warping. As the control parameter ri, is increased, the number of stable precession 
solutions increases. Initially there are none, then stable mode-0 precession rising in frequency as increases (solid line). Near the mode region 
border, the solution becomes marginally unstable as short-lived mode-1 instabilities form (thick line). Finally in the mode 14- region, two or more 
steady solutions are possible, and the system precesses at a combination of these warping modes. When the positions of the sources Her X-1, LMC 
X-4, SMC X-1 and Cyg X-2 are overlaid on this plot, we find that their behaviour is fully commensurate with their system parameters, as shown by 
their behaviour in the DPS. 
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stability behaviour illustrated here. Warping driven by a disk-wind is not yet a likely candidate 

explajiation, aa no correct expression for the torque exerted by the disk-wind has yet been advanced 

(see discussion in Wijers & Pringle). However it should be noted that an accretion disk wind is 

expected in the systems examined in this chapter, and indeed may be inevitable in those systems 

in which radiation-driven warping plays a significant part. The radiation reaction from emitting 

protons rather than photons is greater by a factor (see Pringle 1996), which suggests this 

affect may even dominate under certain circumstances. However, the characteristics of wind emis-

sion are still far from clear; it is uncertain whether such a wind would be emitted instantaneously 

or locally, or whether a wind would act with or against the radiation-driven framework. What 

does appear to be clear is that the wind-driving scenario likely predicts different stability behaviour 

than is seen in the observed systems. The other promising candidate is magnetic warping, in which 

interaction between sheet currents in the accretion disk and the magnetosphere of the neutron star 

or the donor produce a torque out of the plane which in turn drives warping behaviour (Lai, 1999; 

Murray et al., 2002). This mechanism fails to explain the stability results presented in this Chapter 

because the magnetic field of the neutron star is a free parameter with respect to and q (indeed 

the neutron star magnetosphere in Cyg X-2 is likely several orders of magnitude smaller than for 

the other three systems studied here), as is the magnetic field of the donor as experienced by the 

accretion disk. 

6.6 Conclusion 

We have analysed the time variation of superorbital periodicities present in three persistent neutron 

star XRB: Her X-1, LMC X-4 and Cyg X-2. Her X-1 shows a shift in phasing of the superorbital 

period shortly before entering its third Anomalous Low State, which we interpret as evidence for 

a change in disk inclination. LMC X-4 shows stable mode 0 warping, with little change over the 

period of the RXTE/ASM dataset. Cyg X-2 shows a combination of at least two separate modes 

of variation, suggesting more complex warping shape than for the other sources. Furthermore this 

behaviour has persisted for at least ~ 1000 binary orbits, as shown by new analysis of the Ariel-5 

dataset. 

We have identified the most likely warping modes to produce the observed variations in Her X-1, 

LMC X-4 and Cyg X-2, and together with SMC X-1 have constructed an observational stability 

sequence based on their behaviour in the DPS. We find that this qualitatively agrees with the 
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predictions of the stability analysis of ODOl and establishes the DPS aa a powerful tool to probe 

XRB properties. 

6.7 Update: examining warpers in more detail 

In the interval since the work reported here was accepted for publication, several developments have 

been made known to this author that promise to extend this work further. The most obvious way to 

proceed further in the identification of radiation-driven warping ag the dominant warp mechanism, 

is to further populate the rt-g diagram. However, until the truly large (30m-class) ground-baaed 

telescopes such as CELT come online some time in the next 20 years, it will be difficult to establish 

the binary parameters of the as yet unconstrained superorbital period systems in our galaxy due to 

severe interstellar reddening (a significant fraction being in the highly obscured bulge). However, 

we note here that oZZ the sources in this work have luminosities signiAcantly above the sensitivity 

limit of modern examinations of external galaxies (Zezas et al., 2002). For example, of the <-̂ 200 

XRB's discovered with Chandra in M31, well over half show variability on timescales of days or 

longer (Kong et al 2002). We may thus assume the number of observable disk-warpers to jump by a 

factor ^3 as more X-ray data is gathered on these sources. Remarkably, constrmnts on the binary 

parameters of XRB in external galaxies is in some cases already possible; for example in some 

HMXBs the donor and orbital period may be identified from optical eclipses (Pietsch et al., 2004). 

Another example, at least in the black-hole binaries, is the possibility of using the break frequency 

in the power spectrum to estimate the mass of the compact object (Barnard et al., 2003b) 

Also well within the capabilities of modern X-ray instruments is the examination of the nature of 

the superorbital variations in more detail. For example, ASCA investigations of LMC X-4 showed 

varying column depth from the 6.64 Fe-line complex, but little continuum variation, implying the 

warp primarily occurs in the inner accretion disk (Naik & Paul 2003). Further investigation with 

the higher-sensitivity instruments on XMM should o9er much more detailed insight into the nature 

of the warp, including phase-dependent absorption and emission features. The interpretation 

advanced for the ALS in Her X-1, in which the accretion disk changes its tilt, is not of course the 

only possibility; another interpretation is simply that the height of the warp might be changing 

(one might imagine that if the propellor egect inhibits central accretion, the resulting matter 

buildup in the accretion disk would lead to an increase in the warp extent; in a sense this is simply 

a different response of the disk to the same phenomenon). The extent of the disk warp may be 
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Figure 6.16: (O-C) diagram of the main-on in the superorbital cycle of Her X-1, assuming 
constant ephemeris, from BATSE & ASM data (Still & Boyd 2004 in prep). The ALS is 
characterised by apparent step-changes in the superorbital periodicity, which are small enough 
that the DPS approach was not sensitive to them. 

varying from cycle to cycle anyway, aa evidenced by the cycle-to-cycle variation in peak brightness 

reached by Her X-1. This hypothesis is in principle testable, as one would expect the superorbital 

lightcurve features to broaden as the warp changes its vertical extent; however, the RXTE/ASM 

lightcurve by itself probably does not offer sufBcient statistics to place hmits on this behaviour. 

However, the USA satellite weis also operating during the egress &om the 1997 ALS, which should 

enable enough points to be added to the superorbital lightcurve to constrain its evolution out of 

the ALS. 

Finally, the nature of the ALS in Her X-1 now appears to be somewhat diEerent to that suggested 

in this chapter. As discussed in Chapter 3, when a source changes its periodicity abruptly, the 

DPS is insensitive to this change due to the smoothing, provided the instantaneous period change 

is small. Recently Still & Boyd (2004) have traced the evolution of the superorbital cycle to high 

time resolution by plotting the time of occurrence of the superorbital high states and plotting their 

phase f-esiduals from the best-6t linear ephemeris onto a superorbital (O-C) diagram. 

When this is done (figure 6.16) it appears that the superorbital cycle in Her X-1 has a different 

period before and after each ALS, with the period change ( ~ 0.2d out of 35d, i.e. ~0.5%) oc-

curring entirely during the ALS. Due to the smoothing from the sliding windows of the DPS, the 

DPS was not sensitive to this period change, which appears instead as a periodicity of diminish-
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ing signiGcance and broader peak in the power spectrum. Thus it now appears that what was 

interpreted in our work as a variation in pAaaing at constant period, waa in fact a variation in 

period after a short ALS. This casts our interpretation of the ALS into doubt, and raises again 

the possible interpretation of the ALS as an increase in the vertical extent of the warp rather than 

a disk-tilt. Investigation of the relative phasings of the main- Eind secondary-high states in the 

superorbital cycle should help to resolve this issue. Her X-1 appears to be entering a new ALS 

at present (early 2004); future scheduled XMM observations (Still, private communication) should 

allow the spectral evolution both during and on the egress from the ALS to be followed, yielding 

more insight into the nature of the ALS. In particular, the high effective area of the EPIC-PN 

instrument should allow the disk geometry to be probed during the ALS itself, thus establishing 

if the ALS represents a diEerent accretion state or further disk precession. 
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Chapter 7 

Near- IR Spectroscopy of Circinus 

X-1 

In this short chapter I introduce the properties of the eccentric (in many senses of the word) X-ray 

binary Circinus X-1, and present results of the highest-resolution IR spectra yet taken of this object 

in order to directly constrain the donor. Part of this chapter is based on previously published work 

(Clark, Charles, Clarkson &: Coe 2003). 

7.1 Circinus X-1 

Cir X-1 is a galactic X-ray binary located in the galactic plane at a distance of 6-8 kpc (Goss & 

Mebold, 1977). Its most well-known feature is strong X-ray variability on a (presumed orbital) cycle 

of 16.6 days (Kaluzienski et al., 1976). The source distance and X-ray lightcurve imply variation 

of X ray luminosity LX of a factor ~100 throughout this cycle (e.g. Kaluzienski et al 1976). Radio 

flares were found at peak levels of IJy, on a similar period to the X-ray variations (Haynes et al., 

1978), and a similar cycle is evident in the IR activity (Glass, 1994). An arcsec-scale asymmetric 

jet has been imaged (Fender et al., 1998), raising the possibility that outflow from the system 

is relativistic. During an interval of low X-ray activity, EXOSAT detected eleven X-ray bursts, 

and their identification with Cir X-1 strongly suggests that the compact object is a neutron star 

(Tennant et al., 1986). Quasi-periodic oscillations (QPO's) have been detected and characterised 
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on two occasions (Tennant, 1987; Shirey et al., 1998). The earlier EXOSAT observations suggested 

Atoll-like behaviour on the X-ray colour-colour diagram, whereas R X T E / P C A observations in the 

late 1990's show Z-source behaviour (Shirey et al., 1999a), implying an external magnetic field 

strength ^ lO^G (van der Klis 1995). X-ray maxima are often preceded by dips in the X-ray 

lightcurve. Spectral fits with ASCA, RXTE and BeppoSAX during these dips are consistent with 

a partial covering model, in which the X-ray emisison consists of a bright component undergoing 

varying absorption, plus a fainter component not attenuated by absorbing matter (Brandt et al., 

1996; Shirey et al., 1999b; laria et al., 2001). 

Very little is known about the mass-losing star in this system, due to a high but uncertain amount 

of extinction to the source (5 < < 11 mag; Glass 1994). Early classiAcation of this system aa an 

HMXB was based on an optical identiScation (Whelan et al. 1977) which was later diaproven aa 

the single object originally identiGed was subsequently resolved into three distinct stars (Moneti, 

1992). The best optical spectra to date are likely dominated by the accretion disk, with the donor 

an insignificant component (Johnston et al., 1999). 

Indirect methods of determining the mass of the donor are also indeterminate. Modeling the 

donor mass and eccentricity from the optical spectra (e.g. Johnston, Fender & Wu 1999) assumes 

identification of spectral components with the donor, which is clearly uncertain. The apparent radio 

association of Cir X-1 with the supernova remnant (SNR) G 321.9-0-3 suggested an extremely high 

transverse velocity of 450 km due to an asymmetric supernova kick (Stewart et al., 1993). 

Subsequent exploration of binary parameter space with this kick velocity as a constraint suggested 

both an extremely high eccentricity (0.90 < e < 0.94) and low donor mass (Mg likely below 1 

Tauris et al. 1999). However, a recent EST study (Mignani et al., 2002) finds no measurable 

proper motion, implying an upper limit on the transverse space velocity of ~ 200 km s~^. This 

rules out the association with SNR G 321.9-0-3, thereby leaving Mg and e undetermined. The 

Chandra X-ray Observatory (CXO) detected a remarkable set of strong X-ray P Cygni profiles 

through periastron paasage, corresponding to highly ionised states of Ne, Mg, Si, S and Fe (Brajidt 

&: Schulz, 2000). The breadth of the lines ('^ 200 - 1 9 0 0 km s"^) and their time variability suggest 

identification of these lines with highly ionised outflow from the inner region of the accretion disk 

(Schulz & Brandt, 2002). Taken with the radio observations of an expanding jet from the source 

(Stewart et al 1993, Fender 2003 priv. comm), the emerging picture of Cir X-1 is of an extremely 

unusual neutron star analogue to the galactic black hole candidate microquasars such as SS433 

(see Mirabel & Rodriguez 1999 for a review of stellar jet sources, and figure 7.1). To attempt to 
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Figure 7.1: Schematic of the mysterious XRB Cricinus X-1. Observational properties are 
either ambiguous or contradict each other. See text for details. Figure prepared using visual-
isation software by Rob Hynes. 

make a direct detection of the donor in this system, Circinus X-1 was observed in the JHK band 

with the IRIS2 spectrograph mounted on the Anglo Australian Telescope (AAT). 

7.2 IR observations of X-ray Binaries 

The mounting of IR and near-IR spectrographs on 4m- class and larger telescopes is opening up 

new regions of the galaxy in which to probe the properties of XRB, due to the lower susceptibility 

interstellar absorption. Cir X-1 is an ideal object for such investigation, as it exhibits visual 

magnitude My ~ 21.5 (Mignani 2002), but in the IR has appeared as bright as i f ~ 7 (Glass 

1994)! With this in mind, we review briefly here the recent IR and near-IR observations of XRB. 

In the case of massive donors, with Tgurf ^ W K , the parameters of the outer atmosphere/circumstellar 
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environment can be probed by identification of emission line series and the line strengths of the 

constituents (Oudmaijer et al., 1995; Clark et al., 1999). Just as optical spectra from various 

components of XRB are often dominated by the Baimer series, in the near-IR the Brackett series 

dominates. With T lO'̂ K, an equatorial disk about a Be- donor gives rise to significant levels 

of free-free and bound-free IR emission, which results in excess emission in bands redwards of V. 

This (J-K) colour excess is often used in confirming the identity of a Be star in the absence of 

optical information, and may also be used to estimate the size of the equatorial disk (Charles & 

Coe 2003). The IR spectral properties of OB-stars have been charted in a systematic study of 180 

such stars that are also well-studied optically, with the result that the 2-2.2^m behaviour of such 

stars allow discrimination between spectral sub-classes (Hanson et al., 1996). 

Turning to lower mass systems, several class of donor may be identihed from their IR emission 

features. K-band spectra of isolated (G-M) stars exhibit neutral metal lines and the bandhead 

in absorption (e.g. Mould, 1978; Kleinmann &; Hall, 1986). Furthermore the luminosity class within 

the spectral type can be inferred from the observation that the ratio of line strengths 

varies &om ^10 in giants up to 90 in dwarfs (Campbell, Maillert & Lambard 1990 and references 

therein). These features are also seen in LMXBs, notably GX13-H (Bandyopadhyay et al 1999). 

A product of the accretion-outflow process is strong Br^-y) and He-I emission lines, which are 

often broad and may have P Cygni profiles. This, coupled with the line velocity and breadth, 

suggests in several systems (e.g. Sco X-1, GX13-I-1; Bandyopadhyay et al 1999 & Bandyopadhyay 

et al. 1997) that the lines originate in an accretion disk wind. By contrast, narrow line profiles 

suggest instead origin in the outer accretion disk and/or heated face of the secondary (e.g. Sco 

X-2; Bandyopadhyay et al 1997). This raises the possibility of carrying out radial velocity searches 

(Steeghs & Casares, 2002) in the HI; aa we show in this chapter, Cir X-1 may be the ideal candidate 

for such an investigation. 

7.3 Observations 

Commissioned between October 2001 and July 2002, the IRIS2 imager and spectrograph mounted 

on the 3.92m AAT provides long-slit near-IR spectra with typical spectral resolution 7% 2400 

(Smith & Churilov, 2003). At its heart is a 1024x1024 Rockwell HAWAII-1 HgCdTe infrared 

detector, illuminated by a f / 8 to f/2.2 focal reducer. Spectroscopy is achieved by the implemen-

tation of a slit wheel allowing the insertion of a 1" wide slit (or multi-slit masks), and a wheel 
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in the collimated beam containing grisms. These grisms use 50mm 45-degree prisms of sapphire 

to deviate the beam and feed replica transmission gratings applied to their surfaces. The spatial 

scale of IRIS2 is 0.446" per pixel, giving a field of view of 7.7' x 7.7'. The 1" slit for spectroscopy 

corresponds to limiting spectroscopic resolution of 2.2 pixels on the detector, yielding the 2400 

figure quoted above. This value turns out to be within ~ 10% of the spectral resolution after 

reduction. 

A set of three K-band spectra were taken near periastron in the 16.6-day cycle, during shared-risk 

service runs as part of the commissioning process, on the nights of 26-28 July 2002 (see figure 7.2). 

On each night, six exposures were taken at 5 minutes each, yielding a spectrum with S/N=40. 

The high sky brightness in the near-IR makes standard 6at-6elding, as performed in the optical, 

inappropriate as the resulting systematic errors are significant. Instead, the target is nodded along 

the spectrograph slit to perform direct sky subtraction. This process is susceptible to error due to 

variations in e.g. OH emission over time; however these are subsequently removed by subtracting 

along the slit itself. Arc calibrations and observations of telluric standards 08V (night 1) and AOV 

(nights 2 &: 3) were also made. 

There are clear detections of strong Br{'^) and He-I lines in emission (equivalent widths ~ 30 and 

~ 15A respectively), as well as lines of He - II and Fe - II. However, what immediately grabs 

attention are the two lines at 2.0364 and 2.144 /.im; these lines are of comparable significance to 

the Br(-y) and He —I lines. Identification based on known transitions proved impossible; there is a 

Mg - II line at 2.144/im, however for optically thin emission one expects the Mg — 7/2.138 : 2.144 

ratio to be ~2, which is clearly not observed. The alternative explanation for these lines was 

their origin in high-velocity outflow, both with apparent velocity separation ~ 3100km s—1. The 

absence of outHow at longer wavelengths could then be explained by the transverse doppler effect 

for highly relativistic material, i.e. matter moving away from the observer is redshifted out of the 

K-band, while a combination of jet orientation and doppler shift allows retention of the blue jet 

(Kaiser et al., 2000). These lines would thus represent the first direct detection of highly relativistic 

outflow from any neutron star, a highly significant discovery. 

Unfortunately, the "jet" lines are in fact artefacts of the IRIS2 optics. The grisms were created with 

the plane of birefringence 90° out of alignment, with the result that the optical path corresponding 

to the birefringent second image was sent to the detector, rather than harmlessly to one side as 

was made clear in the design (Boyle 2003, private communication). As a result, a double image of 

each spectral line was produced. 
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Figure 7.2: IRIS2 spectra of Cir X-1, taken on the nights 26-28 July 2002 in shared-risk service 
mode. The Br('y) and He-I lines are clearly present, but so are extremely bright counterpart 
lines, displaced by ~ SlOOkms"^. 

As a result of this error on the part of the contractors, we were awarded two nights of "payback" 

service time, which were used to obtain a set of JHK spectra near apastron in the 16.6-day cycle, on 

the nights 4-5 September 2003. Because these observations were performed some ten days before 

a PATT telescope proposal deadline, we were able to obtain preliminary reductions made by the 

observer, Stuart Ryder, who is warmly thanked for his help. Owing to time constraints on the 

par t of all the collaborators in this work, we base our analysis on these reductions. 
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Figure 7.3: RXTE/ASM lightcurve of Cir X-1 during the K-band IRIS2 spectra taken in July 
2002. The times of observation are denoted by the vertical solid lines on the plot. 

7.4 Near-periastron spectra 

The July 2002 K-band observations took place just after the source underwent a periaatron pas-

sage, as evidenced by the RXTE/ASM lightcurve during the observations (Ggure 7.3). The sys-

tem was thus in the usual state of high X-ray activity encountered after the quasi-regular X-ray 

"dips" (Chapter 8). During this state, the system is thought to undergo extensive (possibly quasi-

spherical) mass transfer onto the compact object, with the result t ha t outflow-driven phenomena 

are expected to dominate the IR spectrum. Excising the regions corresponding to the "ghost" lines 

from the result, the remaining line features were compared to model atmospheres to attempt to 

identify the spectra with known stellar features. The results are summarised here; the reader is 

referred to Clark et al (2003) for more details on the modeling and identification of the spectral 

features. 

We plot the mean K-band spectrum of Cir X-1 in figure 7.4, along with the IR spectrum taken by 

Johnston, Fender & Wu (1999), the compeirison Be X-ray binary X T E 19464-274 (Verrecchia et al., 

2002) and the microquajsar GRS1915+105 (Harlaftis et al 2001). The strongest lines, and their 

probable identifications, are presented in Table 7.1 (taken from Clark et al 2003). No evidence 

is seen for the Na-I doublet (2.20624/2.20897 fxm) the Ca-I triplet (2.26141/2.26311/2.26573 ^m) 

or the and molecular bandheads longwards of 2.29 /fm, which would suggest emission 
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Table 7.1: Strongest emission lines from K-band spectra, 25-7 July 2002 
Central Suggested EW(A) 
Wavelength (;fm) Transition N1 N2 N3 
2.0597 He-I (2s^S 2pip") 2.058 11.8 15.3 15.2 
2.0907 Fe-II(z4F3/2 c^F3/2) 2.089 1.8 - 1.9 
2.1665 Br( ' r ) 2.1661 24.2 32.2 19.5 
2.1887 He-n(10-7) 2.189 1.3 - -

kom late (G-M) spectral types for the donor. Conversely, spectra of stars earlier than 0 6 show 

evidence for strong C — / y and # — 777 emission, which is absent from the spectra, while later 

0 stars are excluded as a result of the Br{'y) and He — II emission (Hanson et al., 1996). The 

strength of the Br('y) emission rule out classiGcation as a Wolf-Rayet star (Figer et al., 1997). 

The remaining possibihties for standard massive stEirs are thus a Be star or B supergiant. The 

spectrum is indeed superficially similar to the Be X-ray binary X T E 1946+274; however, the 

primary emission lines are uniformly less than 20% of the strength observed in Cir X-1 (Clark et 

al 1999), so this classiEcation is discarded. The final remaining possibility, i.e. a B-supergiant, 

is broadly consistent with synthetic spectra of e.g. a mid-B supergiant (c.f. Hillier & Miller, 

1998). However, the signihcant and rapid time variability of the Br('y) and Tfe - 77 emission 

lines probably also rules out this classification. If the emission is primarily due to uncontaminated 

donor emission, then, the only possible identification would be some unusual F- or earlier type 

star, suggesting IMXB classification. 

A crude constraint on the donor mass might be expected through the non-detection of any shift in 

central wavelength over the course of the three nights for which the K-band spectra were obtained. 

Examination of figure 7.2 suggests that any intrinsic central line shift must be less than O.OOS/Ltm, 

corresponding to an upper limit on line shifts of ~ 700km s"^ over two days. This provides a useful 

upper limit on the donor mass only for unrealistically eccentric orbits (simulations suggest e ^ 0.95 

is needed to produce this size velocity variation over such a short t ime period). 

As suggested from the high X-ray output, the contamination from the accretion process is likely to 

be highly significant. In the case of the micro quasar GRS1915-H05, photospheric features of the 

(K-M) donor were unidentifiable (Greiner et al., 2001), and indeed the emission features are also 

entirely consistent with disk or disk-wind origin (c.f. Bandyopadhyay et al., 1999). To unearth the 

nature of the donor by direct detection thus requires comparison with observations at apaatron, 

when the contamination from the accretion/outfiow process is minimal. 
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Figure 7.4: Mean K-band spectrum of Cir X-1, along with the IR spectrum taken by Johnston, 
Fender & Wu (1999), the comparison Be X-ray binary XTE 19464-274 (Verrecchia et al 2002) 
and the microquasar GRS1915-I-105 (Harlaftis et al., 2001) 

7.5 Spectra Near Apastron 

In contrast to the three nights of K-band spectra, the observations near apaatron (figure 7.5) consist 

of a single set of JHK spectra, spread over two nights (figures 7.6, 7.7 & 7.8). The RXTE/ASM 

lightcurve shows that the observations occurred during the (somewhat erratic) decline in X-ray 

output following the main X-ray maximum. Furthermore, the source has continued its longterm 

decline (Chapter 8), with an average X-ray brightess a factor ~ 2 lower in September 2003 than 

for July 2002. 

The contrast between the apastron and post-periastron spectra is remarkable. Both show strong 

Br(7) emission, but at apastron it is double-peaked. Strong He-I 1.08/zm emission is also double-

peaJced, as are Br(lO) - Br(14), which suggests doppler splitting due to (i) an accretion disk and/or 
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Figure 7.5:RXTE/ASM lightcurve at the time of the JHK near-apastron spectra. Observa-
tion intervals are denoted by the vertical solid lines. 

bipolar outflow at the accretor, or (ii) rotation in a Be-X circumstellar disk. From initial reductions 

we estimate the velocity separation of these lines to be ~600 km s~^, which when identified with 

the keplerian velocity of rotating matter is consistent with rotat ion rates observed in Be-disks 

(Negueruela et al., 1998). Alternatively, assuming the majori ty of this emission occurs in the outer 

^^10% of the accretion disk (Shafter et al., 1986), the outer radius derived is then '^2xl0^^cm, or 

roughly 10% the Roche Lobe radius of the accretor, which is fully consistent with the transient disk 

expected in such a violent eccentric-orbit binary Johnston et al. (1999). Whichever explanation is 

posited, the existence of such a feature appears to depend on binary phase. 

A dominant feature of the post-periastron spectrum is the strong He-I line at 2.058/im. Objects 

undergoing high mass loss rates usually show this feature in conjunction with the 1.08/im line. 

Its apparent absence in the apastron spectrum, for which the 1.08/im line is extremely strong, is 

therefore puzzling. Furthermore a strong emission line is present at apastron at 2.03//m, without 

an obvious double-peaked structure. This line is presently unidentiAed: the He-n(15-8) transition 

does occur at 2.0379 fim, but it is not expected in isolation. 

A further surprise is the strong, narrow emission feature at "^2.275 ^m, present only at apastron 

(compare 6gure 7.6 with Ggure 7.2). This is unlikely to be an artifact of the reduction process, 

as it is present in the raw spectra. As yet, this line has no unambiguous identiEcation, but may 
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Figure 7.6:K-band IRIS2 service spectra, taken Sep 4 2003, i.e. just after apas-
tron.Preliminary reductions courtesy S. Ryder, AAO. 
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Figure 7.7:H-band IRIS2 service spectra, taken Sep 5 2003, i.e. just after apastron. A 
strong set of nearly symmetrical double-peaked emission lines are present, which we identify 
as Br(lO) - Br(14). Preliminary reductions courtesy S. Ryder, AAO. 
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Figure 7.8: J-band IRIS2 service spectrum, taken 4th September 2003.. Preliminary reduc-
tions courtesy S. Ryder, AAO, 

indicate the nature of the donor, since it is also present in the black hole candidate B[e] system CI 

Cam (Clark et al., 2000). Absolute 3ux calibration of these spectra have not yet been performed, 

largely through time constraints, so it is unclear at present if this feature is also present during the 

2002 observations. We might estimate flux calibration by assuming the B r (7) feature is associated 

entirely with the accretion-outGow process, in which cage it would sceile with the X-ray luminosity 

of the source. We might thus expect the Br('y) line strength to be a factor 2 — 3 lower for 

the apastron spectrum, which means the 2.275/im line would have been detectable. However, this 

estimate fails because the continuum is also expected to scale with the X-ray luminosity, making 

any such ad-hoc estimate extremely unreliable. 

If this line were associated with the donor, it might still be intrinsically variable throughout the 

orbit: for example, the recurrent transient A0538-66 shows remarkable variation in its spectral 

type over the course of a 16.6-day X-ray outburst cycle from B2-111 at quiescence to B8-9I in 

outburst, or a 30% jump in Tg// (Charles et al 1983)! 

7.6 Can M2 be detected from its radial velocity? 

With the new combinations of high-spectral resolution IR spectrographs and large telescopes, 

uncovering the origin of these line features, and therefore the na tu re of Cir X-1, should be well 
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Figure 7.9: Computed radial velocity profile for Cir X-1 assuming e=0.6, i° = 60°, and angle 
of observation such that the line-of-sight velocity is zero at periastron, producing the most 
pessimistic estimate. Here MI = IAMQ (solid line) and Ms = 5.0M@ (dashed line). 

within the realm of possibility. For example, the long-unresolved issue of the value of Mg should 

be amenable to solution through radial velocity studies. The system inclination is likely moderate-

high, given the existence of the prominent X-ray dips at periastron, so the projection factor 8ini° 

should not reduce the detectability of radial velocity features too severely. Using a spectrograph on 

an 8m- class instrument, with spectral resolving power R ~ 8000 (e.g. VLT/ISAAC), would lead to 

centroid velocity resolution ~20km Assuming from the double-peaked features i° ~60deg, then 

for eccentricity 0.6, motion of the neutron star will be detectable for Mg i^O.4 Mg, while detection 

of donor motion requires Mg ;$10 (see figure 7.9 for an example proGle). (We have assumed in 

these estimates that radial velocity detection corresponds to six distinguishable measurements of 

the velocity, i.e. the range of projected velocity values must be at least 6x the expected velocity 

resolution.) This shows tha t the motion of at least one component will be measurable for all donor 

masses, while the motion of will be measurable for (0.4 Mg 1O)M0 (Ggure 7.9). A lack 

of any detectable radial velocity shift from either body would thus immediately imply that the 

accretion/outflow process dominates the IR emission. 
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7.7 Update: Further AAT/IRIS2 Observations of Circinus 

X-1 

To attempt to resolve the motion of Mg, we proposed for and were awarded follow-up observations 

of Cir X-1 with the AAT/IRIS2 combination. These observations will take place between Jun 28 -

Jul 05, 2004, and are timed to occur through and after apastron passage, i.e. when the contribution 

from the accretion/outflow process is at a minimum. As outlined in the previous section, these 

observations should allow limits to be placed on the donor mass. 
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Chapter 8 

X-ray Dips as a Diagnostic of 

Per iodic Behaviour in Cir X-1 

8.1 Summary 

We examine the periodic nature of detailed structure (particularly dips) in the RXTE/ASM 

lightcurve of Circinus X-1. The significant phase wandering of the X-ray maxima suggests their 

identification with the response on a viscous timescale of the accretion disk to perturbation. We 

find that the X-ray dips provide a more accurate system clock thaji the maxima, and thus use 

these as indicators of the times of periastron passage. We fit a quadratic ephemeris to these dips, 

and find its predictive power for the X-ray lightcurve to be superior to ephemerides based on the 

radio flares and the full archival X-ray lightcurve. Under the hypothesis that the dips are tracers of 

the mass transfer rate from the donor, we use their occurrence rate as a function of orbital phase 

to explore the (as yet unconstrained) nature of the donor. The high f term in the ephemeris 

provides another piece of evidence that Cir X-1 is in a state of dynamical evolution, suggesting 

the possibility that the system might be in a state of post-supernova circularisation. We further 

suggest that the radio "synchotron nebula" immediately surrounding Cir X-1 is in fact the remnant 

of the event that created the compact object, and discuss briefly the evidence for and against such 

an interpretation. The counterpart paper to this chapter is available from MNRAS Clarkson et al. 

(2004). 
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8.2 Introduction 

The various parameters and behaviours of Cir X-1 are detailed in section 7.1. The 16.6 day cycle 

has long been fit with a quadratic ephemeris, based on radio flares measured at HARTRAO between 

1978 and 1988 (Stewart et al., 1991). This ephemeris shows a comparatively high quadratic cor-

rection, which implies a remarkably short characteristic timescale for the period evolution (P /2P) 

of ~ 5600 years. The longterm X-ray lightcurve of Cir X-1 over the three decades since its identifi-

cation (Margon et al., 1971) was recently examined (Parkinson et al., 2003, hereafter SP03), using 

Fourier techniques to determine the 6rst ephemeris for this system based on X-ray data alone. 

Period determination with this method is dominated by the X-ray maxima (section 8.4), whose 

large intrinsic phase scatter leads to systematic errors in the resulting ephemeris. 

In this chapter we examine in detail the RXTE/ASM lightcurve of Cir X-1, and find the periastron 

X-ray dips provide a superior system clock to the X-ray maxima. Possible explanations for the 

phase wandering of the X-ray maxima are discussed. We use the resulting measurement of the 

intrinsic phase profile of the dips to extract information about the orbitEil eccentricity e and discuss 

the implication of the X-ray results for the age of Cir X-1 and its future determination. 

8.3 RXTE/ASM Light Curve 

8.3.1 M e t h o d s of analysis 

To illustrate the phase variation of features in the lightcurve, and how this can be used as a tool for 

testing an ephemeris under the hypothesis of steady behaviour, we used the dynamic lightcurve. 

This breaks the dataset into windows of sufficient length to give good statistics, then folds these 

windows on the ephemeris specified to show the evolution of phase-dependent behaviour as a 

function of time. One orbital cycle per data window is sufEcient to give good signal to noise to 

follow the light curve structural changes. Unless otherwise stated, the intensity of the grayscale is 

directly proportional to the RXTE/ASM count rate. 

We examine the usefulness of the pure RXTE/ASM lightcurve for period determination by using a 

dynamic power spectrum approach (see chapter 3). Beyond Fourier techniques, much of the period 

determination in this chapter is performed under the hypothesis that a certain type of behaviour 
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Figure 8.1: RXTE/ASM dataset used in this chapter, binned at 5 days per bin. Throughout 
the figures in this chapter time is shown in units of days elapsed since MJD 50000, i.e. 10th 
October 1995. Top: RXTE/ASM count rate. Bottom: RXTE/ASM spectral hardness (see 
Section 8.2). 
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Figure 8.2: RXTE/ASM lightcurve of Cir X-1, normalised to a running average evaluated 
over intervals of 200 days (section 3.1). Count rate errors, not overplotted in this figure for 
clarity, are typically 0.3 cs"^ for the "high" state ranging to ~ 3 for the "declined" state. 
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Figure 8.3: Distribution in phase of the X-ray maxima, folded on the radio ephemeris (Stewart 
et al 1991). 

should (i) be stable over time and (ii) be minimally scattered in phase at the t rue period. The 

best-fit ephemeris is then defined as that which minimises the phase scatter of these events over the 

entire lightcurve. To determine this ephemeris, the start time, period and quadratic correction are 

varied and for each combination of parameters the resulting phase scatter is determined. The period 

search was performed over a range of parameters much wider t h a n the variation in ephemerides to 

avoid bias towards any set of values. The range of values used for the start t ime MJDQ, period 

P and quadratic correction, C ~ I f f , respectively, was ± 5 d, ± 0.2d and ± 10"^ d. Solutions 

were then re-examined in finer detail, iterating to the accuracy of the ephemeris determination. 

8.4 X-ray Behaviour 

The X-ray lightcurve can broadly be divided into three separate behaviour types: quasi-regular 

dips, near phage zero of the radio ephemeris; a "steady" average level beneath which the output 

rarely drops, except during the dips; and periods of peak activity, during which the output varies 

erratically from (1-3) x the steady level. Furthermore, this "steady" level actually evolves in the 
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Figure 8.4: Top: RXTE/ASM spectral hardness for a 50d stretch of the lightcurve starting 
at day number 490, during the "high" state. Bottom: RXTE/ASM lightcurve during the 
same state, illustrating the anticorrelation. For one cycle, phase zero according to the radio 
ephemeris is plotted as a vertical dotted line. 

long-term lightcurve (see Ggure 8.1) and so, for convenience in this chapter, we divide the lightcurve 

into three "states" depending on the steady value. 

We shall refer to day numbers 0-700 as the "high" state of the source, day numbers 1800-present 

as the "declined" state, and the interval inbetween as the "transitional" region. We urge the 

reader not to confuse these denominations with the low/hard and high/soft states often used when 

describing black hole microquasars (Mirabel & Rodriguez, 1999). 

8.4.1 Longterm Decline 

The steady level has decreased dramatically over the 7 years of the RXTE/ASM dataset (Ggure 

8.1). During the "high" state this level corresponds to at least 0.7 LEDD for a 1.4 M© neutron 

star (assuming the lower limit 6 kpc distance), but currently represents perhaps only 0.3 As 

pointed out in SP03, the decline represents an apparent return to the X-ray levels of some thirty 

years previously. This decrease is accompanied by a corresponding increase in spectral hardness. 

We a t tempt to normalise the longterm lightcurve by the "steady" level, by calculating the average 

count rate over bins of 200 days, boxcar smoothing the result and dividing the instantaneous 
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Figure 8.5: 50-day sections from the RXTE/ASM lightcurve of Cir X-1 corresponding to the 
three "states" of the lightcurve. Top: starting at day number 490, count rate offset 340 cs~^. 
Middle: starting day 1425, offset 150cs~^. Bottom: starting day 2350, no offset. For one 
cycle, phase zero according to the radio ephemeris is plotted as a vertical dotted line. 

lightcurve by this running average lightcurve. We notice immediately that to within 20% the 

maximum count rate achieved at outburst scales with the running average level (Ggure 8.2). 

8.4.2 X-ray Maxima 

The X-ray behaviour at peak activity is extremely erratic and variable, and to some extent appears 

dependent on the source state. During the "high" state the X-ray output varies erratically between 

the steady level and an envelope described by the histogram in figure 8.3. Also present during a 

few cycles is a smaller secondary maximum, which appears to be similar to a secondary maximum 

in the radio light curve during this state (Fender, 1998). During the "high" state the spectra] 

hardness is anticorrelated with the X-ray activity (see figure 8.4). The "transitional" interval 

shows similar evolution of the spectral hardness to the "high" state. The X-ray maxima do not 

appear to be accurate system clocks, as they occur across a large range of phases in the 16.6 day 

cycle (Agure 8.3). Furthermore, the shifting during this interval of the occurrence of the maxima 

to phase 0.5 and later has uncovered an apparent gradual recovery in X-ray output from a low level 

at phase zero (figure 8.5, middle). The lightcurve during the "declined" state appears less erratic 
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Figure 8.6: Top: Frequency chart for the entire RXTE/ASM dataset indicates the existence 
of a separate population of low-count rate "dips." Bottom; ASM hardness-count rate plot for 
the RXTE/ASM dataset. 

than the previous two states, with fewer maxima and less phase wandering (figure 8.5, bottom). 

8.4.3 X-ray Dips 

Phase zero in the radio ephemeris approximately predicts the quasi-regular dips in X-ray intensity 

(Shirey 1998). These dips form a separate population of datapoints, as can be seen from the 

frequency-count rate chart of the ASM dataset (figure 8.6). When folded on the radio ephemeris, 

we see tha t the dips show far less scatter about phase zero than do the maxima (figures 8.7 & 

8.8). X-ray dip spectra are best fit with a two-component model, with a strongly absorbed bright 

component and an unabsorbed faint component (Shirey 1998). Similar behaviour is seen during 

X-ray dips in R X T E / P C A observations of black hole candidates G R O J1655-40 and 4U1630-47 

(Kuulkers et al., 1998). 
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Figure 8.7: Top: Dynamic Power spectrum of the full RXTE/ASM dataset. Middle: Dy-
namic Lightcurve showing the X-ray maxima, folded on the radio ephemeris. Bottom: Dy-
namic lightcurve showing X-ray maxima, folded on the SP03 ephemeris. Note that for the 
dynamic power spectrum the day numbers represent the beginning of each 400-day data win-
dow in the power spectrum. 
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8.5 Bphemerides 

As the best X-ray system clocks, the dips can be used to test the various published expressions for 

the ephemerides of Cir X-1. Until very recently, the most commonly used was the radio ephemeris 

based on HARTRAO and ATCA observations taken in 1989 (Stewart et al 1991), which, when the 

zero point is shifted to the RXTE/ASM epoch, can be expressed as (Shirey, 1998) 

M = 50082.04 + (16.54694 - 3.53 x lO'^AT) jV (8.1) 

where N is the cycle number. This ephemeris shows an r.m.s. scatter over the interval of the 

original radio observations of 0.06 days (Stewart et al 1991), or a 3cr scatter in Hare occurence 

of ~0.36 days when extrapolated to the beginning of the RXTE era. As this ephemeris is based 

on radio data now more than 15 years old, its deteriorating predictive power makes an updated 

ephemeris desirable. The recent FFT-based analysis of aJl long-term X-ray dataaets of Cir X-1 

(SP03) provided the first ephemeris based on X-ray activity alone. This ephemeris retains MJDQ 

from the radio ephemeris, but other than this constant offset the two are independent. Shifting to 

the RXTE/ASM epoch, this X-ray ephemeris is expressed aa: 

MJDw = 50082.04 4- (16.5389 - 1.354 x 10-^Ar)Ar (8.2) 

with 3cr errors on the period f and quadratic correction C of 1.7 x lO^^d and ^ 1.39 x 10"^d 

respectively. 

We test the suitability of the x-ray maxima for period determination by plotting the dynamic power 

spectrum of the entire RXTE/ASM lightcurve of Cir X-1 with the dynamic lightcurve (figure 8.8). 

Error in the period determinations is manifested as a systematic drift in phase from cycle to cycle. 

The transitional period, during which the maxima wander considerably in phase, corresponds to 

the interval noted by SP03, during which the 16.6d cycle is suppressed. This suggests that the 

outbursts dominate the period detection from such methods, which is why the transitional region 

was excised from the RXTE/ASM lightcurve by SP03 when determining their ephemeris. 

The radio ephemeris (figures 8.7 & 8.8) shows less of a drift, particularly in the dynamic lightcurve 

of the X-ray maxima, but a systematic drift in the occurrence of the dips is still visible from day 

number 1000 onwards. The extrapolated scatter in the radio ephemeris (section 8.5) leads to 3a 

phase error of ±0.025 by the end of the RXTE dataget, but this is still small compared to the 

systematic shift in phase of 0.1 that we observe. Consequently, we do not believe that this 

shift C8in be explained by the extrapolated uncertainty in the radio ephemeris alone. The radio 
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ephemeris is currently quite accurate in predicting the onset of dip events, but is expected to 

become less accurate as the events drift farther backwards in phase. 

8.5.1 Ephemeris based on X-ray Dips 

When folded on the radio ephemeris, we see that the dips show far less scatter about phase zero 

than do the maxima (Bgures 8.7 & 8.8). Based on the hypothesis that the dips near phase zero on 

the radio ephemeris are in some way related to the binary orbit, and thus should provide a good 

system clock, we have attempted to fit an ephemeris on the X-ray dips alone (chapter 3). The 

radio flares to some extent correlate with the X-ray dips (Shirey 1998), suggesting a causal link, 

but at present little is known about the mechanisms producing either the radio Gares or X-ray dips, 

which makes it impossible to exploit their relative timing. We minimise assumptions by keeping 

the time of phase zero as a free parameter in the At. (If instead the best St ephemeris is calculated 

holding MJDQ at the same value as the radio ephemeris, the smallest value of the phase scatter 

with respect to phase zero is increased by about 15%). The result of dip phase minimisation is the 

following ephemeris: 

M = 50081.76 4- (16.5732 - 2.15 x 10-^Ar)Ar (8.3) 

with 3(7 errors on the ephemeris components MJDo, f and C of 8.7 x 10"^d, 3.2 x lO'^d and 

2.6 X lO^^d respectively (c.f. chapter 3). 

We test the predictive power of this X-ray dip ephemeris by plotting the occurrence of dips against 

its predictions. As can be seen in Egures 8.8 & 8.9, the dip ephemeris predicts the occurrence of dips 

with a higher degree of accuracy than the radio or bulk X-ray ephemerides. In broad agreement 

with the SP03 ephemeris, we And a quadratic correction term almost an order of magnitude 

above that suggested from the radio ephemeris. It appears that MJDo for the X-ray dips occurs 

approximately 7 hours corMer than for the radio Sares, but this lag is within the extrapolated error 

of the radio ephemeris of <-̂ 0.36 days (8.5 hours). 

8.5.2 The Dura t ion of the Dips 

The uneven sampling of the RXTE/ASM makes detziiled constraints on the dips as a population 

somewhat uncertain. For example if two RXTE/ASM points are found at a count rate suggestive 
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Figure 8.8; Top: Dynamic lightcurve of X-ray Dips, folded on the SP03 ephemeris. Middle: 
X-ray dips folded on the radio ephemeris. Bottom: X-ray dips folded on our ephemeris. In 
this figure the grayscale is inversely proportional to the RXTE/ASM count rate. 
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Figure 8.9: RXTE/ASM lightcurve at two epochs (diamonds), with Scr bounds on the tim-
ing of X-ray dips, as predicted by the three ephemerides (section 8.5). In each plot the 
ephemerides, from top to bottom, are based on the X-ray maxima (SP03), X-ray dips (this 
work) and radio flares (Stewart at al 1991). Ephemeris predictions offset for clarity; no pre-
diction of count rate during dipping is made. 

of dipping, only upper and lower limits can be set on the duration of the dip. The lower limit on 

the duration is the interval between the two points (assuming this duration is lower than some 

sensible limit, thus avoiding the suggestion of 2-week long dips). The upper limit is the time 

interval between the two out-of-dip points (identiHed by count rate) directly before and after the 

dipping points. Between these limits the true behaviour and thus dip duration is unconstrained. 

As seen in figure 8.10, ~50% of dips have durations ^0.2 days while 90% have durations ^ 1 . 7 

days. 

However, we note that, of the small number of high time-resolution X-ray lightcurves of Cir X-1 

through periastron passage, aZZ have shown indications of two separate populations of dips, with 

severed short dips lasting 5ks each, and a single much longer dip 35ks). It is unclear if the 

shorter dips should follow the same phase distribution as the longer dips; we have proceeded on 

the hypothesis tha t they are due to the same process of obscuration by accreted mat ter , and thus 

have assumed they do. As illustration, we plot in Hgure 8.11 an example R X T E / P C A lightcurve 

we obtained in Jun 2002, taken at periastron passage as predicted by the X-ray dip ephemeris and 

with very high coverage ( ~ 60%). The division into dip populations based on duration seems clear; 

moreover similar behaviour is seen in the PC A lightcurves at and near phase 0 &om observations 
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Figure 8.10: CDF of the duration of the X-ray dips (in days) as determined from the 
RXTE/ASM dataset. The upper limit represents the time interval between the first "high" 
points before and after each dipping interval caught by the ASM, while the lower limit repre-
sents the interval between the first and last recorded point in the dipping interval. Points with 
zero minimum duration (i.e. only one measurement in a dipping interval) have been removed. 

of Cir X-1 in the high state at the beginning of the RXTE era (Shirey 1998). Without more high 

time-resolution lightcurves of Cir X-1 it is unclear if this population division is robust; it is not 

reproduced in the R X T E / A S M lightcurve (see e.g. figure 8.10, which shows no clear break in dip 

populations). 

8.6 Discussion 

The central issue with Cir X-1 has been the nature of the companion star, and the ASM lightcurve 

does not appear immediately to resolve the issue. Furthermore, the system eccentricity and incli-

nation have not been constrained (we note that the eccentricity is also only estimated for A0538-66, 

the prototypical Be XRB, whose X-ray lightcurve, when active, is strikingly similar to Cir X-1; 

Charles et al 1983). We examine here the use to which the R X T E / A S M lightcurve can be put to 

address these issues. 
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Figure 8.11: RXTE/PCA lightcurve of Cir X-1, at periastron interval as predicted by the 
X-ray dip ephemeris (vertical line). This lightcurve is not background subtracted, however 
the presence of a deep, long X-ray dip at phase 0, and subsequent and prior shorter dips, is 
evident. 

8.6.1 A simple wind model 

We attempt to model the X-ray lightcurve by using a simple spherical wind model, on the grounds 

tha t during the high state accretion may be quasi-spherical at periastron. Taking the Bondi-

Hoyle result, we consider that matter is accreted only if its specific kinetic energy is less than its 

gravitational potential energy. In the vicinity of the neutron s tar , wind material moves nearly 

radially from the donor at r < a{9), thus matter satisfying this condition lies within a cylinder of 

radius 

(8 .4) 
''re! 

where is the velocity of the wind material relative to the neutron star. The mass accretion 

rate then depends on the binary separation a(t) as 

Ml - : 
47rG^Mg/)(o) 

''re! (a ) 
(8 .5) 

The X-ray lightcurve is then simulated from estimates of p and v^ei. We assume azimuthal density 

variations to be unimportant (i.e. along a radial path, matter deflected off through rotation is 
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replaced by matter deflected on from adjacent paths), and approximate the density as a radial 

power law 

F = m ( g ) (« G) 

The velocity of the wind relative to the accretor, Vrti, consists of three components; the radial 

wind velocity in the frame of the donor the tangential wind velocity in the same &ame 

and the relative velocity of the centres of mass of the donor and accretor niz. Continuity yields 

the radial component 

— '(̂ 0 j (8 7) 

and donor rotation with period (in the frame of the observer) produces the azimuthal compo-

nent from angular momentum conservation 

fapr 

The positions of the two stars are computed numerically, producing the relative velocity nig from 

the time increments in the computation. This toy model thus produces wind light curves for 

estimates of the unknowns Mg, fgp, fo, e and the wind power-law index n. The resulting 

hghtcurve can be quite complex: the contribution from the density power law always peaks at 

periastron, but the occurrence of the trough in Urez(^) (c f .eq 8.5) varies with the velocity balance. 

We use a 15M@ donor in order to generate a strong stellar wind, with e = 0.7. The power-law 

expressions for VW,R{T) and p{r) are approximate fits to more realistic derivations. For these fits, 

the index n is estimated from the results of standard treatment of steady, adiabatic, spherically 

symmetric gas How (e.g. Frank et al., 2002; Choudhuri, 1998), which yields Gve classes of solution 

for i'r,tu(r). We assume > 0 for all r, corresponding to class F in figure 6.9 of Choudhuri 

1996 or class 1 in figure 2.1 of Frank, King & Raine 2002. For this class of solution, D'^VR^W/DR'^ < 0, 

therefore our power-law 6t must have (2 ^ n 3). The spin period of the donor is unknown, but a 

reasonable assumption is that the angular velocity of the neutron star is within a factor ~ a few of 

the angular velocity of the accretor-donor pair about each other at closest approach, which would 

imply Psp ~3d. For VQ ^ O.lkms"^, spin periods ^ 1 day have little effect on the shape of the 

lightcurve. The closest fit to the observed lightcurve that can be produced by wind alone is given 

in figure 8.12, corresponding to — 50kms"^ and n = 2.8. A steep power law index is required 

to produce the rapid rise in Mi at periastron. This is clearly dissimilar to the observed lightcurve, 

as the accretion rate always drops nearly to zero within a few days of the periastron outburst. 

Attempts to remove the abrupt drop to quiescent level after periastron passage by invoking fast 

rotation (to reduce the relative velocity of wind and accretor during the appropriate part of the 
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Figure 8.12: Example wind-driven accretion model following section 8.6.1. 

orbit) require donor spin periods far higher than breakup for any reasonable stellar companion; 

thus, as expected, stellar wind alone cannot reproduce the shape of the X-ray lightcurve. 

8.6.2 The X-ray maxima 

The signiGcant phase wandering of the maxima during the "transitional" state of the lightcurve 

suggests that they are associated with some feature of the system that is not entirely locked into 

the orbital clock. This feature is not completely independent of the orbital clock either, as there 

are still no cycles for which an X-ray peak appears between orbital phase 0.8 and 0.9, although 

during the "transitional" interval there are cycles in which the peak occurs slightly before phase 

zero. The X-ray dips appear to be a better system clock than the outbursts, and we identify 

their occurrence with changing mass transfer from the donor during periastron passage. Stellar 

wind accretion cannot account for the phase wandering of the maxima; for example, in the case of 

GX301-2, an eccentric (e = 0.462) X-ray binary in which the accretion takes place via wind plus 

a small accretion stream Leahy (2002), the phase wandering of maxima is tiny compared to that 

for Cir X-1. 
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8.6.3 The Accretion disk and the Maxima 

We are thus left with the a.ccretion disk to provide the source of material for the majdma, as it 

is capable of doing so in a manner that could show sufficient variation in the time of occurrence. 

The mechanism to do so is not immediately clear. The obvious analogy would be the dwarf nova 

cycles seen in cataclysmic variables (Warner 1995), however this interpretation suffers obvious 

limitations. The irradiation from the neutron star is likely to keep the inner disk in a permanent 

high state, suggesting such cycles would require extremely Gne tuning (e.g. Fr6ink, King & Raine 

2002). Furthermore, this model does not account for the scaling of the X-ray output at maximum 

with the light curve mean. 

We prefer to argue that the X-ray maxima are due intervals of increased mass transfer onto the 

compact object as a result of a combination of disk perturbations and varying mass transfer rate, 

both driven to some extent by the eccentric orbit. These variations will occur at or near the viscous 

timescale of the disk as this is the timescale for disturbances to propagate through the disk. This 

interpretation has the attraction that it allows the outbursts to occur over a quasi-steady base 

level of accretion, as is observed with RXTE/ASM: such response to perturbations will occur 

preferentially in the outer disk, where material is closer to the impact region of the varying mass 

transfer stream. This model also has the benefit of predicting how the amplitude of the maxima 

will vary with the running average: both should scale with the global density of matter in the 

accretion disk. 

It is still unclear what causes the phase of the X-ray maxima to vary so wildly during the "tran-

sitional" region, but this interval does immediately precede the longterm return to low levels of 

X-ray output, so therefore may be related to it. However, it is also possible that the longterm 

decline is part of an even longer-term pattern of variation in the mass transfer from the donor, 

possibly due to tidal evolution of the system. 

An alternative model for both the longterm variation outburst level and the phase wandering 

thus involves Cir X-1 as a Be/X-ray transient, in which the reformation and destruction of the 

equatorial disk provides the mechanism for the variation of the X-ray lightcurve on a timescale of 

decades. Variations in the phase of X-ray maxima on a timescale of years are then produced by 

the precession of the equatorial disk and/or evolution of 2D structure in this disk. It is known 

that in several Be/X-ray transients with similar orbital periods to Cir X-1, the equatorial disk 

is tilted with respect to the plane of the orbit and precesses, as seen in for example V0332-t-53 
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(Negueruela et al., 1999) and 4U 0115+63/V635 Cas; (Negueruela et al., 2001, hereafter NOl). 

This disk may also be destroyed and reformed on a timescale of months - years, as seen in V635 

Cas (NOl). Furthermore, 2D structure in equatorial decretion disks through global one-armed 

oscillations is predicted theoretically (Okazaki, 2001; Okazaki Sz Negueruela, 2001) and indeed 

suggested observationally from V/R variability in several Be/X-ray transients on a timescale of 

years to decades (Hanuschik et al., 1995). The high cind unknown reddening towards Cir X-1 

makes constraining such models extremely difficult for the forseeable future (chapter 7). 

8.6.4 X-ray dips as tracers of M{t) 

Whichever ephemeris is used (we are assuming each is a different approximation to the true orbital 

ephemeris), the dip occurrence rate depends strongly on orbital phase, as all dips are clustered 

around ± ~ 1 day of phase zero. That this is in sharp contrast to the maxima used by SP03 

to determine the ephemeris does not invalidate their discussion, as we are examining a different 

feature of the lightcurve. We examine here the information that can be extracted about the binary 

components from this property. 

Absorption dips have been used as a diagnostic in the RXTE/ASM lightcurve of the near-circular 

orbit black hole candidate Cyg X-1 (Balucinska-Church et al., 2000). In this case the occurence 

rate of X-ray dips was also shown to vary strongly with orbital phase, in a manner dependent on 

the line of sight to the binary: the dips occured with greatest frequency when the donor passed 

directly in front of the accretor. In this model the X-ray dips are due to photoionisation in the 

wind of the donor. Applying this model to Cir X-1, however, the near-coincidence of the dips with 

times of maximum activity at other wavelengths (and thus periastron passage) would suggest the 

line of sight to the observer passes through the densest parts of a donor wind at periastron, i.e. 

the semimajor axis of the binary orbit would have to be almost aligned with our line of sight to 

the binary. We reject this as requiring Gne tuning. 

However, subsequent studies of Cyg X-1 with RXTE/PCA divide the X-ray dips in Cyg X-1 

into two populations based on spectral behaviour; "Type A" dips, concentrated about donor 

interposition phases as above, and "Type B," which occur throughout the orbit (Feng & Cui, 

2002). One suggestion put forward for these dips is absorption of an X-ray emitting region by 

optically thick "clouds" in the accretion flow near the accretion disk. The number density of such 

clouds in the vicinity of accretion stream impact in the outer disk scales strongly with M (equation 
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10 of Prank, King &: Lasota 1987, hereafter FKL87). In an eccentric system such as Cir X-1, M 

will be a strong function of orbital phase (see Charles et al 1983 or Brown & Boyle 1984). We 

thus identify the X-ray dips exhibited by Cir X-1 as "Type B" dips, which here occur only during 

episodes of enhanced mass transfer at periastron passage. This has the attraction of removing the 

need for fine-tuning of the line of sight to the system. 

The accretion disk will respond to changes in M on its viscous tiraescale. We can estimate this 

value from the phase spread in the outbursts (figure 8.3) or alternatively from assumptions on the 

mass transfer rate and viscosity (Frank, King &: Raine 2002), to be of order 10 days. The inner 

disk can respond more quickly but is likely to be highly ionised (Brandt &; Schulz 2000), thus will 

not Ggure in the formation of the X-ray dips. The response of the accretion disk to varying M 

thus occurs on too long a timescale to aEect the relationship between M(t) and the occurrence 

rate of the dips. 

The velocity of the gas flow in the accretion stream will be greater than the adiabatic or isothermal 

sound speeds, allowing internal shocks to be neglected in the direction of the Gow (c.f. Frank, King 

& Raine 2002; we assume further that any variation in sound speed along the stream due to 

changing M is insufficient to bring the sound speed above the freefall velocity at any point in the 

stream). The sound travel time across the stream will be long compared to the transfer time to 

the accretion disk (c.f. Lubow & Shu 1975), so we neglect the internal response of the gas in the 

accretion stream. The impact of the accretion stream on the disk results in shock formation and 

the condensation of cold absorbing clouds on a timescale similar to the recombination timescale 

r̂ec (FKL87), 1-30 minutes for the parameters of Cir X-1. The evaporation timescale for such 

clouds is of order a few dynamical timescales TDYN (FKL87, Krolik, McKee & Tarter 1981), so they 

will persist for ^ 5 hours. The formation rate of clouds leading to X-ray dips will thus respond 

quickly to changes in M, and furthermore such dips will persist for a long enough interval to 

affect the X-ray lightcurve. The ^ 5 hour timescale for cloud evaporation suggests reduction in 

dip occurrence rate may lag shortly behind the reduction in M, which is fully consistent with the 

slight apparent asymmetry in the dip population (section 8.6.6). 

8.6.5 Using the dips to investigate the binary paramete rs 

We attempt in this section to relate the rate of occurrence of X-ray dips to the donor mass M2, 

the eccentricity e and the donor temperature T. To do so we require a model predicting M(f) 
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as a function of these parameters. A preliminary theoretical investigation of M{t) due to tidal 

lobe overflow in an eccentric-orbit binary was undertaken (Brown & Boyle, 1984, hereafter BB84) 

(hereafter BB84), which we summcirise here. 

The surface of the donor is described by an "effective Roche Lobe radius" R, which is the value the 

Roche Lobe radius would take if the orbit were circular with separation equal to the separation in 

the orbit at time t. Mass transfer towards the accretor is then envisaged as Aree thermal division 

along the effective Roche eqipotentials, i.e.: 

fOO fOO 
= —TMf / 27rr / /(;;, r)WWr (8.9) 

VA Vo 

where f{v,r) is the number density of protons at altitude r moving with velocity v in one particular 

direction, chosen in this case as the direction of the accretor x. Describing the outer layers of the 

donor as an exponential density decrease with constant pressure scale height H = i i 

(kTr^)/(GmfM2), and / ( v , r ) by a MaxwelliEm distribution then gives 

111̂  1 

2 
(8.10) 

with c | = kT/{mpP). Assuming H/R < < 1 then the mass diffusion rate is then the usual 

approximation of the density at the Roche surface p, multiplied by the Roche nozzle area ~ RH 

(Warner, 1995), i.e. 

Mg = -(27r)^/^j%.ff/)oexp 
-{R — Rq 

(8.11) 
H 

As the orbit is eccentric, the equivalent Roche Lobe radius .R = ad, (where the binary separation 

d Eind correction from rotation a) both depend on orbital phase î . Joss & Rappaport (1984) fitted 

an expression for a!(< )̂, the ex6ict form of which depends in a somewhat complex msinner (eqn 5 of 

BB84) on the system masses and the quantity 

(wort and Wrof being the orbital and rotational angular velocities respectively of the donor at 

periastron, with the angular co-ordinate around the orbit and e the system eccentricity). As-

suming the instantaneous Roche lobe is stationary during periaatron passage, this allows Mg to 

be modelled through insertion of R{'t>) into the expression for Mg. An innovation of BB84 was to 

model the effect of the instantaneous variation in the effective Roche lobe radius, by assuming only 

particles moving with positive velocity relative to the Roche Lobe can be accreted. This results in 

multiplication of the Maxwelhan integral by a factor 

rOO 
"y(e) = 2 / exp[—(u 4- (8.13) 

Vo 
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where e = (J%)/(2^/^cg), and R is found by carrying out the differentiation of R = ad (equations 

13-14 of BB84). The mass transfer rate is then predicted by the expression 

— cos^ M(<^) a 1 + e . . 
-'Y(e)exp 

1 + e COS (6 

with 

-a!;8e 
1 + e cos 

(8.14) 

/ ! = 2 ^ (8.15) 

Thus the M2{'f>) profile is predicted from the system masses Mi & M2, the eccentricity e and the 

temperature T of the envelope material. 

This aemianalytic approach was followed up by numerical simulation (Boyle & Walker, 1986), ex-

ploring the range of parameter space for which capture of transferred matter might occur, in an 

attempt to model the X-ray activity of A0538-66. Only a single binary orbit was followed in these 

simulations, so it is not possible to determine the fate of material not immediately captured by 

the neutron star. Earlier simulations (Haynes et al., 1980) did not take into account hydrody-

namic eEects, but in covering more orbits suggested that matter not immediately accreted in one 

periastron passage may be accreted in subsequent cycles, complicating the accretion proAle. We 

thus reject the capture condition espoused by Boyle & Walker (1986), in which gas is only cap-

tured if its specific potential energy is greater in magnitude than its specific kinetic energy. More 

modem simulations of eccentric orbit accreting systems suggest this subsequent accretion may be 

extremely important in determining the X-ray output of an eccentric binary (Podsiadlowski 2003 

priv. comm.). However, as our interest is not in the X-ray generation rate per se but in absorption 

due to the matter stream, we take the BB84 model for lack of current alternatives. The reader 

is therefore cautioned that the model on which our constraints will be based is in some sense a 

preliminary one. 

8.6.6 A simple model 

We use the M predictions of BB84 to attempt to fit the profile of dip occurrence rate as a function 

of M2 and e. We take this opportunity to remind the reader of our core assumption; that the rate 

of occurrence of the X-ray dips does indeed represent the instantaneous accretion rate. One can 

readily imagine a model in which this is not (quite) the case, for example if the dips are due to 

obscuration in jets produced at periastron (consistent with the low inclination suggested by the 

radio jets; Fender et al 2004); in this case the radio ephemeris would still represent the orbital 

motion of the system. There would then be an offset between true periastron and the interval of 
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most frequent dipping, due to the time taken for the system to travel through its orbit to the point 

at which the line of sight passes through the jet, and our assumption would be violated. However, 

were this offset to be large, we would expect a signiGcant peak in X-ray emission before the onset 

of dipping; that this is not observed suggests it should be a good approximation to assume the 

rate of dipping does trace the accretion rate (and therefore the orbital phase (f>). We estimate /? 

by assuming the pressure scale height is constant over the outer layers of the donor, and thus 

its instantaneous Roche Lobe radius for the altitude r. The stEindard Roche Lobe prescription 

(Eggleton 1983) is used for i?, which combined with the orbital period of Cir X-1 gives 

^ ( r w ( i + 9 ) : / ^ ) ( 7 4 ( 1 - 6 ) ) 

where f{q) is the tidal lobe radius at periastron as a fraction of the semimajor axis, q = M2/M1 

and 74 is the temperature at the surface of the donor, at periastron, in units of 10^ K. As the 

X-ray dips occur over a very limited phase range, we neglect any radius variation that may occur 

in the donor over the course of the periastron passage, beyond the variation of the tidal lobe 

itself. Furthermore, we follow Charles et al (1983) in assuming the surface of the donor corotates 

with the orbit at periaatron (i.e. Wpof = Wort in (8.12) above). It is currently unclear what the 

quantitative effect of non-synchronous donor rotation will be on the M{t) profile. We expect the 

change in the amount of matter ejected from the surface of the donor to compete with an opposing 

change in the amount of matter that can be captured by the accretor (Petterson, 1978), however 

the balance of the effects is far from obvious. In the absence of a model for the phzise dependence 

of this behaviour, we retain the assumption of corotation at periastron. We merely caution here 

that if Cir X-1 is a dynamically young system, as suggested by its apparent eccentricity and other 

behaviours (section 8.6.5), non-synchronous rotation at periastron is highly possible. 

The final step when making predictions is to translate into an expression for M{t). This is 

readily accomplished by evaluating the time taken for the orbital phase to change from 1̂ 1 to 

f o r t , 
*12 -(1-e^)^/^ / (1 + ecos^) (817) 

2TT 

To save computation time, it was elected not to evaluate the integral directly for each (M,e) 

combination, but instead replace it with an analytic expression from a table of indeSnite integrals 

(Petit-Bois 1961): 

F x . V 1 /9 .1 . , 
sm< (l-^ecos<^) = ^ 

(1 — e)-'/^ 
tan 

1 - 1 + e cos 
(8.18) 

.1 + 6 / 2 

with = 0 at periastron as is usually taken. In the cornerstone paper establishing Cir X-1 as a low-

mass system based on its kinematics and identification with SNR G321.9-0-3, the approximation 
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used is inappropriate for all but high eccentricity, as setting e = 0 gives a different answer from the 

PORB/{4'2 — <I>I) demanded from symmetry (equation 10 of Tauris et al 1999). Expression (8.18) may 

cease to be valid for high eccentricity; it clearly breaks down for all at e = l , while (8.17) is still be 

valid for restrictive ranges of We thus check the accuracy of our imported expression (8.18). The 

integral (8.17) was evaluated numerically for a given set of parameters and the approximation 8.18 

overplotted for the same parameter set. The direct numerical evaluation and analytic expression 

are found to diSer by less than 10%. 

We plot the dip occurrence profile, along with an example M(() prediction, in figure 8.13. As can 

be seen, the profile can be 6t quite readily with the tidal lobe model, within the errors (assumed 

gaussian) between the measured X-ray dip rate and the intrinsic cloud formation rate. For the 

following analysis, dips occurring in the phase range (0.95 - 1.05) are used, as outside this region 

the errors are comparable to the observed dip rate. Clearly the fit is degenerate, in that in principle 

any combination of q, T4 and e can reproduce the observed dip profile. We narrow the parameter 

space somewhat by noting tha t the donor mass is unlikely to exceed the ~ 15MQ necessary to form 

a neutron star (Tauris & Heuvel, 2003) or else it would have noticeably evolved. More stringent 

constraints on the donor mass through direct detection of the sytem are not possible due to the 

uncertain location of the IR-emitting regions (chapter 7) and the uncertain level of reddening 

(Glaas 1994). 

A large range of T4 is in principle possible, as there are several sources of energy dissipation that 

could heat the surface of the donor significantly above its unperturbed value of T4 ~ 0.5 — 1. The 

accretor has been among the brightest X-ray sources in the sky, so might be expected to irradiate 

the donor to T4 ^ 10 (e.g. van Teeseling & King 1998; we neglect here the enhanced mass loss 

such a mechanism might produce). The supernova itself may have deposited a large amount of 

energy in the donor leading to significant heating of the stellar envelope to T4 ~10 (Marietta et al., 

2000; Podsiadlowski, 2003). Finally, if the system really is eccentric, tidal circularisation will give 

rise to internal heating of the donor, also bringing 74 to 10 or higher (see Podsiadlowski, 1996). 

To account for these possibilities, we repeat the M(f) proSles for several input values of T!) in the 

range (0.1 < 74 < 100). 

Initial sets of simulations were fit to the observed dip profile through comparison of the FWHM 

of the prediction with the observations (Sgure 8.13). In further simulations the predictions were 

evaluated using the least-squares fit. The results are plotted in figure 8.14. We note that the 

condition of tidal lobe overGow at periastron leads to larger scale heights than is usually the caae 



8. X-ray Dips aa a Diagnostic of Periodic Behaviour in Cir X-1 -174-

Accretion profile: sample fit 

Orb i ta l Phase 

Figure 8.13: X-ray dip occurrence profile as a function of (presumed orbital) phase. Over-
plotted is a sample prediction of the BB84 model, in this case M2=2, e—0.4, Hp—l.h x 10^ 
km. 

10^ km), though still small compared to the stellar radius. The reader is urged to bear in mind 

t ha t the low number of dips recorded per bin by RXTE/ASM leads to significant uncertainty in 

the t rue dip occurrence profile (figure 8.13). Monte Carlo simulations suggest tha t the values of 

M2{e) calculated from fitting these dips are thus uncertain to a 3(J error of at least 50%. Above 

^4 <̂ 5 the factor becomes largely insensitive to the donor mass M2, and oJZ combinations occur 

at e ^ 0.6. We note further tha t the values of % ( e ) should be considered lower limits, as the true 

M profile may be narrower than the X-ray dip occurrence profile, which would shift the curves 

upwards in Mg. Indeed, the SA persistence timescale for the stream-impact "clumps" suggests 

the dip profile should be asymmetric, with more dips occurring after the peak than before it (see 

figure 8.13). We thus make no a t tempt to determine the value of M2 from our simulations, opting 

instead to determine regions of e for which solutions exist for reasonable values of T4. 

As expected, for the same width of M profile, larger eccentricities correspond to lower values of 

M2 and thus lower donor radius. Perhaps surprisingly, low eccentricities are not in principle ruled 

out, although they do require both low surface temperatures and large donor masses. However, 

the surface of the donor is likely to be significantly heated by any mechanisms discussed above (so 

34 5). Thus, within the limitations of the model (see above), the system is likely to be at high 
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Figure 8.14: Combinations of orbital eccentricity and donor mass that fit the observed dip 
occurrence rate profile. Prom left: 14=0.1, 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 respectively. 

eccentricity (0.6 ^ e ^ 0.95) for all M2 (figure 8.13). More accurate limits await the results of 

more detailed simulations of M(t) for highly eccentric x-ray binaries. 

8.6.7 Is Cir X-1 a very young system? 

The results from the above toy model suggest the system is likely in a state of high eccentricity, 

leading to the suggestion tha t Cir X-1 may be in an early stage of post-supernova evolution. 

We urge the reader to bear in mind the limitations of the above model, however; in particular the 

assumption of corotation will likely not hold for a young system. In particular the balance between 

the competing effects of non-synchronous rotation will likely depend on orbital phase. Without 

a robust exploration of the eEect of non-synchronous donor rotation on the accretion proBle it 

is impossible to plzice limits on the discrepancy between our simulations and the true accretion 

profile. 

The ephemeris based on the X-ray dips is a stronger indicator of the age of Cir X-1. The X-ray 

dip ephemeris establishes a characteristic timescale P/2P even shorter than tha t suggested by the 

SP03 analysis, at ~1000 years. This is an extremely short timescale for such a wide XRB, which 

provides further circumstantial evidence to support the suggestion that the system may still be in 
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a state of tidal evolution after the supernova. We examine this claim brieSy here. The evolution 

of the orbital angular momentum of the binary 

can be straightforwardly expressed as 

% l ( M i + M 2 ) \ 

2a (1 - e2) ^ 2 Ml -I- Ma j ^ ^ 

As outflow is observed from this system, we follow Verbunt (1993) in parameterising the fraction 

kept as Ml = —̂ SMg and give the outHow a fraction a of the speciGc angular momentum of the 

donor. Angular momentum evolution then simpliGes to 

f Jort ee Mg 
(1 - e2) Mz 

a ( l - / 3 ) -
Af 1 Af 1 -f- A/2 

(8.21) 

(with M2 < 0). The left hand side of this relation is of order ~ 10"® - 10"^yr"^, depending 

if one identifies the quadratic correction in the X-ray or radio ephemerides with orbital period 

change. Angular momentum loss through accretion is insigniBcant by comparison: even for % — 

—lO^^Mgyr'^, without giving the matter lost an extremely high angular momentum (a ^ 50) the 

last term on the right hand side of (8.21) is of order ~ 10"^yr~^. The rapid period evolution thus 

occurs as a reaction to a torque changing Jort, with the eccentricity evolution then describing the 

inspiral of the binary. The long orbital period makes angular momentum loss through gravitational 

radiation and/or magnetic braking likely to be insufiacient to produce the observed period derivative 

(see e.g. Zeldovich & Novikov 1999; for the magnetic braking we take the model of Verbunt 6 

Zwaan 1981; such a model is considered fast by the standards of magnetic braking, but produces 

inapiral many orders of magnitude too slow for Cir X-1). Turning to tidal interactions, it haa long 

been suggested that the approach of an initially eccentric system to circularisation and corotation 

leads to orbital period change in the system; however the physical timescale corresponding to such 

change depends on the state of the donor interior (e.g. Mazeh & Shaham 1979). However, the 

evolution to minimum energy is not necessarily monotonic; by considering the evolution of normal 

modes excited in the donor as a function of the eccentric orbit, it has been shown that for a variety 

of circumstances, the binary evolution may be highly complex (Mardling, 1995a,b). Resonant 

modes can be excited leading to quasi-stable behaviour at high eccentricity; indeed the evolution 

can become chaotic, with high-amplitude variations in the orbital eccentricity and period. In the 

simulations of Mardling (1995a,b) the chaos boundary is reached once the periastron separation 

shrinks below ~ 3x the donor radius; as the donor radius is effectively a free parameter this 

situation cannot be ruled out. Identification of the evolutionary state of Cir X-1 from its orbit 
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alone is probably not possible without a direct indication of the donor mass and radius; however 

indirect evidence may exist for the age of the system (see section 8.7). 

If the system were in a state of tidal evolution shortly after the supernova, the system components 

may not yet have achieved corotation and alignment of their spin axes. The evolution to alignment 

is expected to give rise to high amplitude variations in mass transfer on a timescale of decades 

or more (Podsiadlowski 2003, priv. comm.). A look at the long-term X-ray history of Cir X-1 

(e.g SP03) shows variability by a factor of at least 10 on such a timescale. This may be further 

evidence that the system is evolving dynamically, though without ruling out other explanations 

for such long-term apparent variation, no deGnite claim can be made. 

However, Cir X-1 is surrounded by a synchrotron radio nebula approximately 5 x 10 arcmin^ 

(Stewart et al 1993). Now that the association with SNR G321.9-0.3 haa been ruled out (Mignani 

et al 2002), we propose that this radio nebula may in fact be the supernova remnant of Cir X-

1. (When completing the paper on which this chapter is based, we became aware (Fender 2003, 

priv. comm.) of others exploring this possibility, but believe it has not yet been discussed in 

the literature.) Such a conclusion is consistent with standard SNR expansion models, and the 

high reddening would obscure optical emission from the nebula. With a diameter of ~ 8 pc, the 

remnant would likely be in the Sedov-Taylor stage, which implies ^ 4,000 years have elapsed since 

the supernova (e.g. Choudhuri 1998). Comparison with observed SNRs at this stage of evolution 

(Hughes et al., 1998) suggests the X-ray luminosity is likely to be Lx ~ 1 - 50 x 10̂ ® erg s ~ \ or 

roughly 1% the "steady" output of the point source. 

8.6.8 The External Magnetic Field of the Neu t ron Star 

The primary objection to the young source scenario has always been that the external magnetic 

Geld of the neutron star is observed to be much weaker than expected for a young system, as 

suggested by the existence of Type I bursts (Tennant et al 1987) and Z-source QPOs (Shirey et 

al 1999), and the non-detection of X-ray pulsations (though the latter is inclination-dependent). 

We suggest the discrepancy may be resolved by accretion-induced screening of the core magnetic 

Geld. That low-Geld radio pulsars exist nearly exclusively in binaries suggests rapid external Geld 

evolution occurs as a result of the accretion process (see Battacharya & Srinasvan 1995 for a 

review). Detailed consideration of the accretion and screening process is beyond the scope of 

this work: we merely summarise the model and recent results. Matter initially channeled onto 
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the magnetic poles spreads under the weight of the accretion column to cover the surface of the 

neutron star. This matter is a fully ionised plasma, and therefore is diamagnetic, leading to the 

screening of the internal magnetic Geld (Taam & van de Heuvel, 1986). Advection of the screening 

layer then submerges the internal magnetic field (Romani, 1990). Evolution of the external field 

then depends on the competition between the timescales for advection of the accreted matter and 

for ohmic diffusion of the internal field into the newly accreted matter (Konar & Bhattacharya, 

1997). In the steady state, for M ^0 .1 MSDD, screening can occur only if the buried field is weaker 

than 10^° - lO^^G (Gumming, Zwiebel & Bildsten 2001). However, if previously screened at higher 

M, during periods of low M the internal field will break through the screening on the timescale for 

ohmic diffusion across the outer crust (Gumming et al., 2001), which will be measured in decades 

for all sensible values of the crustal scale height. Thus one need only consider the intervals of 

high M when considering the screening process. Using the RXTE/ASM count rate and source 

distance to estimate the mass accretion rate of Cir X-1 from the luminosity, we find instantaneous 

accretion rates approach ~ S M g j j in the early stages of the RXTE/ASM lightcurve, while the 

"steady" accretion rate appears to reach 0.7Mgjd for periods of years. (We remind the re;ider 

that the type I bursts were observed during an interval when Cir X-1 was accreting at a faction of 

its current rate; Saz Parkinson et al 2003, Tennant 1987) . Brown & Bildsten (1998) compute the 

competition between advection and ohmic diffusion for polar accretion, and find that for O.SMgjj 

the timescaie for ohmic diffusion is larger than for advection, suggesting screening may be possible 

on the advection timescale (~ 10^ - lO^yr). Recent 2D simulations (Ghoudhuri & Konar, 2002) 

suggest that if magnetic buoyancy is neglected the interior field may be screened by 3 or 4 orders 

of magnitude on a timescale of ~ lyr for a modestly stiff equation of state, however inclusion of 

magnetic buoyancy leads to a longer timescale of screening of lO^yr. Further work is needed 

to arrive at robust timescales for screening: in particular the evolution of instabilities breaking 

the screening (c.f. Gumming, Zwiebel k Bildsten 2001) and the extension of the model to three 

dimensions have yet to be explored. Without information about the likely mass transfer rate of 

Cir X-1 immediately after the supernova, it is difficult to judge the likely effectiveness of screening, 

as no information is thus available as to the M history. We simply suggest here that if Cir X-1 

has undergone many intervals of mass transfer as high as observed by RXTE/ASM, screening of 

the internal magnetic field by several orders of magnitude appears at present a possibility, on a 

timescale ranging perhaps from 10^ - 10^ years. Furthermore, we remind the reader that during 

enhanced accretion at periaatron passage, the maas transfer onto the accretor may be spherical 

even with strong internal B-fields. We speculate that this may reduce the timescale necessary for 

screening. 
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8.7 Using Chandra to search for an associated SNR 

Having raised the possibility Cir X-1 might still be in a stage of early post-SN inspiral, we now 

examine archival high spatial-resolution observations of Cir X-1 to determine if the associated 

remnant has already been observed. The Chandra observatory oSers spatial resolution almost an 

order of magnitude finer than all other X-ray missions to date. Incoming photons are reflected 

off the mirror assembly into one of two instruments; the High Resolution Camera (HRC) (Murray 

et al., 2000) or the Advanced CCD Imaging Spectrometer (ACIS; Gar mire et al., 2003). The ACIS 

camera may be operated in one of two modes; Imaging or Spectroscopy. The Spectroscopic mode 

employs a row of six CCD detectors, two of which (SI and 83) are back-illuminated, providing 

better energy sensitivity than the front-illuminated chips. The High Energy Transmission Grating 

(HETG) (Canizares et al., 2000) consists of two reflection gratings; the High Energy (HEG; range 

0.8-10.0 keV) and Medium Energy (MEG; energy range 0.4-5.0 keV) gratings are mounted with 

their rulings rotated 9.9° from each other, so that the 1st order diffraction patterns are spatially 

distinct and may be used concurrently. The zeroth-order image is also let through the grating, 

forming a direct image centered about the aimpoint. The presence of the grating reduces the sen-

sitivity of the zero-order image by about a factor ~ 3 - 10 (based on calculations using HEASARC 

W3PIMMS). The NASA/HEASARC facility has archived a high fraction of all X-ray observations 

taken; data from Guest Observer runs are made publicly available after an embargo period, from 

the HEASARC W3Browse web interface. All Chandra observations described in this chapter were 

obtained through this method. 

Cir X-1 has been observed five times with the Chandra observatory, using the ACIS-S/HETG 

instrumental combination On the first occasion, ObsID 706, the spacecraft appears to have been 

slightly misaligned, as the point source has missed the spatial filter, resulting in severe pileup, and 

was taken just after the periastron interval of dipping. ObsID 1700 was taken during an interval 

of dipping, while observations 1905, 1905 and 1907 were taken throughout the rest of the orbit, at 

phases ~ 0.3,0.5&0.8 respectively. 

Observation 1700 resulted in the detection of a remarkable set of strong X-ray P Cygni profiles 

clustered near periastron passage, corresponding to highly ionised states of Ne, Mg, Si, S and 

Fe (Brandt & Schulz 2000). The breadth of the lines (^ 200 — 1900 km s"^) and their time 

variability suggest identification of these lines with highly ionised outflow from the inner region of 

the accretion disk (Schulz & Brandt 2002). Results of observations 1905-1907 have not yet been 
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Figure 8.15: Regions of extraction for Chandra ACIS-S/HETG spectra of Cir X-1. Left: 
ATCA radio map of the Cir X-1 region, indicating the presence of an extended ~ 5 X 10 arcmin 
synchotron nebula. Prom Stewart et al (1993). Middle: On a larger scale, the extraction 
regions for the spatially-resolved X-ray spectra of Cir X-1. The regions corresponding to the 
point source, nebula, halo and background, superimposed on a low-brightness, high-contrast 
image of an original ACIS-S/HETG observation (in this case 1906). Right: The extent of 
the radio nebula to the same scale, calculated from the co-ordinates given in the radio map of 
Stewart et al (1993). 

published. 

As the primary scientific goal of the observations was to follow the evolution of the P Cygni 

profiles throughout the orbit of Cir X-1, the optimal set-up for spectroscopy was used. However, 

the ACIS-S/HETG setup does transmit the zero-order image, as well as the dispersed 1st and 

2nd orders of the diffraction pattern, meaning information can still be extracted from different 

regions of the source field of view. For all the analysis in what follows, da ta for which (0.3 < E < 

10 keV) and using the provided good time intervals (GTI) during which the source was free of 

background contamination. Furthermore it was decided to remove readout streaks from the 84 

chip, as recommended by the Chandra X-ray Center at Harvard (CXC). 

8.7.1 Spat ial ly-resolved spec t r a 

We use vS.O.l. of the CI AO analysis suite developed by the CXC for the Chandra mission, to 

extract spectra of the various regions of the field of view of Cir X-1. These regions were: the point 
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Figure 8.16: Spectra of the four extraction regions, with ~ 2" separation of the neb-
ula/halo/background regions from the dispersion pattern. The halo region contains significant 
contamination from the central point source, as can be seen from the similarity in the two 
spectra below 2 keV. 

source itself, the region corresponding to the radio nebula, a background region, and a region 

between the background and the nebula, which we may expect to be dominated by the X-ray 

"halo" from ISM scattering. These regions were selected using the Stewart et al (1993) radio m a p 

as a guide to the extent of the nebula (figure 8.15). Accurate fitting of the spectra will be deferred 

to future work, using the physically realistic model of Church et al (e.g. 1997); in particular t o 

get accurate fits, points must be selected by spectral s ta te to expect realistic results. The purpose 

of this investigation is to determine the existence of a component in the X-ray emission tha t does 

not vary with time. Under the hypothesis tha t all the X-ray emission from Cir X-1 is due to the 

point source and halo, spectra taken from all the regions described above should vary over t ime. 

By contrast, any extended SNR component should remain constant over the interval between the 

observations, which would be evident as a reduction in fractional variability. 

To remove pileup, the original investigators of these observations used a spatial window to block 

out the zero-order image of the point source. However, spectra of the point source may still be 

taken by sampling the "X" - shaped dispersion pat tern. Care must be taken to keep the selected 

nebula/halo/background regions free of contamination from the much brighter dispersed orders of 

the point source. The users' guide to the HETG states tha t the cross-dispersion of the dispersed 

orders fits entirely within ~ 2" (i.e. 4 pixels) of the orders; an initial reduction taking the nebula 

region separate from the X-pattern by approximately this figure produced a halo spectrum with 

significant contamination, with a high degree of similarity to the point source below 2 keV (figure 

8.16). 
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Figure 8.17: Illustration of the method used to obtain rectangular regions for each lateral 
profile. Lef t : a region of interest is first selected from the overall grating image. Right : 
Annuli are constructed with large radii and at large displacement from the point source. The 
result is nearly rectangular regions, parallel to one of the grating dispersion patterns. The 
annuli show appreciable curvature over the second arm of the "X-pattern," so this arm is not 
used for lateral profile analysis. 

As a result, a brief investigation into the extent of lateral contamination was undertaken. This was 

achieved by taking transverse cuts through the "X-pattern" of t he dispersion orders and estimating 

the lateral distance at which the contribution from the diffracted point source is not significant. 

Whilst generally an extremely powerful, modular piece of software, the CIAOtool dmextract used 

to create radial profiles only accepts annular regions for extraction. For this first pass, profiles 

were generated using very large annular regions displaced from the central image so that the large 

thin annuli approximate rectangular extraction regions to ^ 1%. This leads us to take the more 

conservative value of ~ 5" (10 pixels). Regions inside 5" f rom the diffraction pat tern were thus 

subtracted before proceeding further (c.f. figure 8.17), 

The ACIS-S/HETG images of the five observations, with the extraction regions overlaid, are plotted 

in figure 8.18. To standardise the analysis and allow comparison, the same extraction regions were 

used for observations 1700,1905,1906 and 1907, translated and ro ta ted as appropriate, ensuring the 

same amount of extraction area for these four observations. T h e offset of observation 706 forces 

the use of different extraction regions, which, combined with the expected radial drop-off of the 

source brightness, make selection of extraction regions comparable to tha t used for the other four 

observations impossible. 

The resulting spectra are plotted in figure 8.19, immediately showing several features of interest. 

As expected, the point source region varies by a factor ~ 3 above 3 keV and a factor ~ 10 below 
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Figure 8.18: Regions of extraction for the five observations. The same area was used for 
observations 1700, 1905, 1906 and 1907, translated and rotated as appropriate, but for obser-
vation 706 the same area cannot be used. 

3keV. Furthermore, as predicted from the energy dependence of dsc and A(, the spectral shape of 

the halo flux varies between the observations, with a factor ~ 4 variation in total flux between the 

observations. However, the time-variation of the spectra from the regions corresponding to the 

nebula and halo appear consistent with each other. Thus the spectra taken over the full observation 

interval shows no immediate indicator of a strong SNR component. 

8.7.2 La te ra l Prof i les 

We now turn to spatial profiles of the emission from Cir X-1 to ascertain if an extended X-ray 

structure exists, and if so, if this structure is consistent with or distinct from an X-ray "halo." As 

the detailed P S F at large angles of the zero-order image of the ACIS-S/HETG combination is not 

well known (Proposers' Observatory Guide, cycle 6), we proceed as with the XMM observations, 

by empirical comparison with observations of different objects bu t with the same instrumental 

setup. For low-nZf we choose the IMXB Cyg X-2 (observation ID 1016), for which ROSAT fits 

suggest nH ~ 10% that of Cir X-1 (Predehl & Schmitt, 1995). We also compare with GX 13+1 

(observation ID 2708), the archetypal X-ray halo source, with nH ~ 1.3 tha t of Cir X-1 (Predehl 

& Schmitt, 1995; Smith et al., 2002b). Also useful as a comparison is the observation of Cir X-1 
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Figure 8.19:Point Source (black), Nebula (red), Halo (green) and Background spectra (blue), 
for observation 1700 (top left), 1905 (top right), 1906 (bottom left) and 1907 (bottom right). 
All plots are to the same scale. 

in the high-state (ID 1905), as any halo/SNR will be less significant to the diffraction pat tern and 

point source in this case. We extract lateral profiles across the X-pat tern at a distance of 4 arcmin 

from the point source, i.e. within the radio nebula observed by Stewart et al. (1993). 

Using the large-annulus approximation described above figure 8.17 to extract lateral brightness 

profiles, an empirical fit was obtained to the 1-st order HEG pat tern of the low-niJ source Cyg X-

2. The exact form of the profile is a narrow gaussian profile over a broad lorentzian and a constant 

level. Keeping the component widths and the ratio of their normalisations constant then allows 

the profile to be applied to the other observations, normalising for the total count rate in each 

case. When the low-niJ (from here on "instrumental") profile is applied to Cir X-1 in the bright 

state, we see tha t it reproduces the observed lateral brightness drop-off quite faithfully (figures 

8.20 & 8.21). 

However, when the instrumental profile is applied to the h igh-n i l source GX13-I-1, we see there is 
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Figure 8.20; Lateral profiles as a function of nH. Left: Cir X-1 during outburst, over the 
best-fit profile for the low-ni? source Cyg X-2. As expected, the profile is consistent with a 
single point source. Right: The same profile apphed to the high-nff source GX 13+1. The 
dispersion is clearly more broad than for the simple point-source, suggesting either increased 
background due to halo scattering or variation in dispersion optical path due to smearing of 
the point source. 
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Figure 8.21:The best-fit profile from GX13-H, scaled to the count rate of Cir X-1 during 
dipping. There is marginal evidence for an additional broad component. 

clearly a broad component present tha t cannot be accounted for by the fit to low-nH da ta alone. 

This can be explained from two factors; (i) a contribution due to emission scattered from the 

halo on top of the dispersion pattern, and (ii) a broadening of the dispersion pattern itself due to 

effective smearing of the point source due to this halo. As expected, the same result persists for Cir 

X-1 itself during dipping. When the model is re-fit to GX13+1 da ta , we can then apply it to Cir 

X-1 during dipping to investigate similarities between the lateral profiles of Cir X-1 during dipping 

to halo-dominated diffuse emission. As before the ratio of the amplitudes of the two components 

are kept constant, but this time the widths of the lorentzian and gaussian are fixed as per the GX 

13-H profile. We also keep constant the ratio of the linelike components to the constant offset. 
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As can be seen, the resulting proGle does not quite fit the data; in particular the constant oSset is 

incorrect by ~ 50%. In order to get the halo-dominated lateral profile to fit the dispersion of Cir 

X-1 during dipping, then, the constant offset must be adjusted. This implies that the lateral drop-

off from the dispersion pattern, assuming onfi/ a halo component as per GX13-t-l, is not sufBcient 

to reproduce the breadth of the lateral dispersion from Cir X-1 during dipping. However, such 

an interpretation is somewhat tentative, as the details of the lateral dispersion will depend on the 

distribution of scattering grains, which may diSer substantially between the two sources. We thus 

must turn to radial profiles for a further test. 

8.7.3 Radial Profiles 

Before extracting radial proGles it is important to correct for variations in exposure across the 

chipset, in particular the chip gaps for which no data was taken. This allows conAdence that 

variations along the radial profile are due to behaviour on the sky and not variations in the chipset. 

However, following the appropriate thread in the CZAO documentation introduces artifacts to the 

resulting radial proSles as well as producing somewhat unrealistic error figures; indeed the CXC 

urge caution when applying the exposure map to grating data. Instead, the raw radial proGles 

were used and divided manually by radial profiles over the exposure map images (c.f. figure 8.22). 

This procedure is not entirely free of artifacts, as can be seen from the radial profiles themselves, in 

which a sUght deviation due to the chip gaps can be seen, but it provides an improvement over the 

reduction thread as is. As the PSF nominally foUows a power-law (Proposers' Observatory Guide, 

Cycle 6), we choose log-spaced annuli to accumulate a similar number of counts in each bin and 

thus standardise errors somewhat. As discussed above, before proceeding computing radial proGles 

we remove all points within 5" of the X-pattern itself, to reduce the possibility of contamination 

from the point source. 

The results are plotted in Ggure 8.23. The dramatic apparent decrease in count rate towards the 

centre of the Cir X-1 radial profile is due to the spatial Glter applied to block the point source. 

Surprisingly, beyond 2 arcminutes from the central source (JZmW = 240), the exposure-corrected 

radial profiles of Cir X-1, GX 134-1 and Cyg X-2, appear largely indistinguishable; except for a 

constant offset, all three appear to follow the same power law. Certainly within the ~ 5 arcmin 

extent of the radio nebula observed by Stewart et al (1993) there is very little difference between 

Cir X-1 and GX13+1. 
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Figure 8.22: Section from the exposure map image of Cir X-1 during dipping. Clear variations 
both within each chip and across the chipset can he seen. 
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Figure 8.23: Radial profiles for the low-nff source Cyg X-2, the archetypal X-ray halo source 
GX 13-1-1, and Cir X-1 during intervals of dipping. The radial profiles for GX 13+1 and Cir 
X-1 are entirely consistent with each other. 
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Robust comparison between the radial profiles, especially with Cyg X-2, requires normalisation 

by the central source flux. However, the spatial filter blocking the point source in the case of 

Cir X-1 makes such normalisation somewhat challenging. An attempt was made to arrive at the 

normalisation between the radial profiles by estimating the count rate &om the readout streak. 

(The A CIS instrument takes data while the chip is being read out, causing photons to be clocked 

into the wrong row during the 3.2s frame time. For bright sources, this results in a visible streak 

across the position of the point source.) The ACIS-I readout streak was used to extract the point-

source spectrum in the case of GX 13+1 (Smith et al., 2002b), so it waa supposed that a similar 

method would allow determination of the central source count-rate, independently of the spatial 

filter (or lack thereof) at the centre of the image. Unfortunately, however, such a method does 

not produce results due to the diEerent pile-up fraction between the sources. Scaling by the count 

rate in the X-pattern instead may be a more robust method to estimate central source Gux (this 

will suEer less from pileup and therefore be more uniform across the sources of interest); however 

without selecting GTI's from each source based on spectral state, estimation of the central source 

flux will be unreliable due to poor spectral fits. Rigorous comparison is thus left to future work. 

8.8 Conclusion 

We have examined the periodic nature of the X-ray maxima and dips exhibited in the RXTE/ASM 

lightcurve of Circinus X-1. We And that the X-ray dips provide a more accurate system clock than 

the maxima, and thus identify them with the periastron approach of the binary components. The 

outbursts are interpreted aa the viscous timescale response of the disk to perturbations from the 

varying mass transfer. We attempt to use the X-ray dips to constrain the nature of the donor and 

the eccentricity of the orbit, and find that, within the limitations of the model used, a wider range 

of parameters are in principle allowed than has previously been thought, although without further 

exploration of the effects of nonsynchronous donor rotation, quantitative limits are at this stage 

unreliable. The high rate of change of the orbital period adds to the growing body of evidence that 

Cir X-1 is in an extremely early stage of post-supernova evolution. If the system is indeed in an 

early stage of post-SN evolution, the observed weak external magnetic field must suggest strong 

screening of the internal magnetic Held of the neutron star. 

Observations to date do not yet place constraints on the brightness of any X-ray counterpart to the 

radio nebula surrounding Cir X-1. Chandra ACIS-S/HETG observations appear fully consistent 
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with diffuse emission from the ISM, but the high column density towards Cir X-1 predicts this 

anyway. Whether there is extended X-ray emission from a SNR has not been established. Fresh 

Chandra observations taken during dipping, without the grating in place, are sorely needed as 

under these conditions the sensitivity of ACIS-S will be dramatically enhanced. For now, no direct 

constraint on the age of Cir X-1 can be made irom the current spatially resolved X-ray emission. 

8.9 Update: Radio Ejections from Cir X-1 

Since the majority of the work in this chapter was completed, new radio observations of Cir X-1 

with ATCA appeared in print (after some two years' preparation). These observations show moving 

ejecta along a bipolar trajectory, with an apparent space velocity of 15, indicating relativistic 

Fbu!* Z 15. This is by far the highest space velocity of relativistic outflow from stellar-mass 

jet system, and shows that the event horizon is not essential to the formation of such outflows 

(Fender et al., 2004). The ^ 5 x 10 arcminute radio nebula imaged by Stewart et al (1993) was 

shown to be concentrated into a smaller ~ 5 x 3 arcmin, which entirely fits onto a single ACIS-S 

chip. The X-ray counterpart to such a nebula is thus even harder to detect from archival Chandra 

images, aa during dipping the spatial Slter removes most of the Gux from this region, and during 

observation 706 the point source is bright enough to make such a nebula undetectable. A proposal 

has thus been sent for Cycle 6 to use the high sensitivity of ACIS-S, with no grating, to image the 

circumbinary region during dipping and thus determine definitively if an X-ray counterpart to the 

radio nebula exists. 
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Chapter 9 

Conclusions 

This thesis illustrates the value of longterm X-ray lightcurves to the study of the X-ray Binaries. 

Chapters 4-6 and 8 have used them to constrain the properties of M15, SMC X-1, Her X-1, LMC 

X-4, Cyg X-2 and Cir X-1 in ways not otherwise possible, and, where applicable, the conclusions 

drawn have been shown to be consistent with subsequent work by other authors (see the update 

to Chapter 4 for an example). Chapters 5 & 6 have suggested radiation-driven warping is the 

most plausible mechanism to produce the longterm X-ray periodicities due to disk-warping in the 

bright X-ray binaries aa a class, and leaves the door open for fruitful future work (see update, 

chapters 5 &: 6), which in both cases has already started in collaboration with other groups. The 

work on Cir X-1 (chapters 7-9) is to some extent incomplete, aa further observations have been 

either scheduled (AAT/IRIS2) or proposed with a high chance of success (Chandra/ACIS-S). These 

observations promise to place the best constraints yet on the nature of this enigmatic system. We 

note that no matter which interpretation turns out to be correct for Cir X-1 (i.e. young/massive 

or old/low-mass), its properties are clearly contradictory in a way tha t will challenge XRB models 

(see Chapter 8). 

9.1 Future Work 

The nature of long-term lightcurves is such that, as the observation interval continuously increases, 

the possibility is always present that the discovery that challenges the current model is always just 
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around the corner. This has already happened at several junctures, for example the cases of M15 

(chapter 4), SMC X-1 (chapter 5) and Her X-1 (chapter 6). For each of the scientiHc chapters, I 

have suggested the obvious next step in the work in the updates at the end of each chapter. Beyond 

this, chapter 2 has shown there are many systems which need better characterisation to establish 

convincingly if their long varation is indeed due to disk precession; there is still debate, for example, 

over whether the long periodicity in Cyg X-2 really is due to a precessing disk-warp or some other 

characteristic of the mass transfer process. Of particular interest is the new predictions starting 

to be made of spectral evolution of sources as a function of precessional cycle when the disk is 

warped. There is also the issue of the ultracompacts, aa the most modem theory does not predict 

they should warp, yet observations suggest at least one of them doesn't understand this, and does 

so anyway. Work on the spin period history of SMC X-1 has started, and we expect to be able to 

say for sure whether the warp relates to the accretion torque within a few months from now (June 

2004). Turning to Cir X-1, high time-resolution RXTE/PCA time has recently been allocated to 

coincide with the apastron-periaatron IR monitoring suggested in the update to Chapter 7. We 

are attempting to secure radio and INTEGRAL time to perform a truly multi-wavelength study 

and provide the best constraints yet on the system. Cir X-1 probably has more suprises in wait, 

and the Rosetta-stone nature of this system suggests such constraints may be important to our 

understanding of XRB behaviours. 

9.2 Future All-Sky Monitors 

As I am confident this thesis illustrates, detailed study of long-term lightcurves at high energies is 

extremely fruitful and indeed represents the only way to constrain certain properties of the X-ray 

Binaries. With the end of RXTE imminent (at least one time allocation committee has reduced 

the amount of co-ordinated time with XTE to a multiwavelength project to six months on the 

assumption the satellite may not laat the year), a replacement X-ray monitor is sorely needed. 
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