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Flux Dependent Variability from Black Holes
Lucy Maria Heil

ABSTRACT

The propertics of X-ray variability from accreting black holes reveal much about conditions
close to the event horizon. Observing common timing signals in many objects, suggests simi-
laritics within their acerction flows,

T further this aim this thesis presents a systematic survey ol the short term variability proper-
tics in 19 observations of 16 Ultraluminous X-ray Sources (ULXs) taken with XWAM-Newion
using the power spectra. Significant short term vanability is detected in 8 observations, but 4
of those remaining have upper limits on levels of variahility below those observed in Galactic
Black Hole Binarics (BHB=). Suggested causes for this suppression include large scale op-
tically thick outflows destroying correlated vanability from the source, or that the variahility
concentrated over shorter imescales than those studied here.

Tests fora positive linear correlation between the amplitude of variability (rms) and Aux within
an obscrvation are presented for archival observations of 9 BHBs. Revealing that this relation
15 ubiguitous in the broad-band noisc for all long, bright observations with sufficient variahility
tov measure the rms. Interestingly, comparisons between the propertics of the rms-flux relations
over the course of many outbursts, reveal that the x-axis offscts become strongly positive as
the source mowves into the bard intermediate state.

The presence of a linecar rms-flux correlation is also found in the light curve from a ULX
(NGO 5408 X-1) and in some observations of the type C QPO from the 1998 outburst of XTE
11550-564. In the latter case the rms-flux relation is found to be dependent on the frequency of
the QFPO), hecoming constant or even negative once the QPO moves above ~ 5 He, A possible
time lag between soft and hard emission is also identified from the ULX.
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Chapter

Introduction

When William Herschel first discovered the existence of infra-red light bevond the visible
spectrum from the Sun he inadvertently opened the doors to a whole new world. The obser
vation of celestial ohjects in wavelengths beyond the optical has revealed a sky containing
sources of radiation inbmitely more complex than was imagined only 200 yvears ago. At high
cnergics we can now probe the formation and behaviour of cxotic objects such as black holes
and neutron stars. This thesis focusses on observations of cmission from black holes at X-my
cnergics. Although our view of the X-ray sky beyond the Sun is less than 50 vears old, obser
vations in this band have widened and deepened our knowledge of some of the most energetic

phenomena occurring in the Cosmos,

1.1 Viewing Black Holes

Black holes are one example of the extreme objects which high encray astrophysics, partico-
larly in the the X-ray regime, has allowed us to probe. These objects are defined as regions

of space-time where mass 15 80 concentrated that velocity required to cscape is greater than
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the speed of light (0). For a non-spinning black hole the Schwarechild radivs defines this crit-
ical point By = 2R, = 2(GM/¢?) = 30km M/10 M alter which light cannot escape, a mass

cntirely encloscd within its Schwarechild mdius is by defimition a black hole.

Although light is not directly emitted from black holes themselves, we may observe them
thromgh indirect methods. Any matter acereted onto a black hole loses enormous amounts
of gravitational potential encrgy as it travels towards the singularity. The infalling matter
often also has significant amounts of angular momentum, which complicates this process as
it needs to be lost belfore aceretion can ocour. It therelfore forms an accretion disc around the
black hole, the angular momentum it contains negates the possibility of direct accretion into
the compact object. Once the material is in the accretion disc, viscosity will transfer angular
momentum oubwards and material travels inwards. Gravitational potential energy is then lost
hath into arbital motion and then through viscous dissipation into the immediate surrounding
arca, increasing the temperature of the gas. Corrent work suggests that this viscosity may
be the result of the magnetorotational instability Balbus & Hawley (1991, The gravitational
potential is higher as material moves closer to the Black Haole, therefore the amount of energy
cmitted increases inwards and a temperature gradient is created in the disc. This description
i= typically referred to as the “thin® disc model originally suggested by Shakura & Sunyacv
i 1973), so called as the disc is geometrically thin, although it is optically thick. When talking
about accretion within this thesis, the matter is assumed to be coming from a companion star
within the system. The manner in which this is diverted towards the high mass compact object

i5 discusscd in section 1.3.1.

Close to the central black hole a point is reached after which stable orbits are no longer
possible — the innermost stable circular orbit (15000, The position of this orbit relative o
the Schwarechild mdivs is dependent on the spin af the black hole, in the non-rotating case
Risee = 6BR, = 3R; = 90km M0 M, in the exireme spinning case (Kerr black hole)

Risee = B, = 15 km M/10 M. Astrophysical black holes can be therelore desenibed simply
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by their mass and angular momentum (spin).

To approximate the luminosity emitted as the source accretes we make the following assump-
tions. If the source i= spherically symmetnic and a fraction (7)) of the gravitational potential of
the acereted material was lost before it reaches the event honzon then the accretion luminosity

should he-

L,. = M = npMc’ (1.1

Rs
where M 15 the accreton mate and R s the radivs of the source. There is also a factor 7,
describing the radiative efficiency. As black holes do not have a surface a certain amount of
cnergy will reach the event horizon without being madiated. » is dependent on the spin of the
black hole and the dynamics of the accretion Aow, for a non-spinning BH i = 0.06, however
around a maximally spinning Kerr black hole the efficiency rises o5 = 042 (sce Thorne,

1974 Frank et al., 20002,

At a certain acerction rate, the infalling matter will be stopped by the radiation pressure from
the photons being emitted. This point is referred o as the Eddington limit, nominally it de-
scribes the upper limit on luminosity from a source and i= chicAy defined by the source mass.

[T the gravitational force inwards is delined as

. GMm, .
'f'_l:l'.ll' - R: [.]_':|
where my, 1s the mass of a proton. The force applicd by the radiation oubwards is
I
Frat = — (1.3)
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Based on a spherically symmetric object steadily emitting with a Aux of L/4xR® at radius
K. erp is the Thomson cross-section, this cquabtion assumes that the accreting matter is pure
hydrogen gas. The Eddington lumincsity is debined at the point where these two Forces are

cquivalent, equating them and re-armnging for the luminosity gives

dzGMm e
Lppg = ———— (14
i
Therefore Ly = 10%(M10M:) erg 571 Typically a source might not be expected o emit

abowve this limiting luminosity, although super-Eddington accretors are observed and are dis-

cusscd in section 1.4.3.

1.2 Emission processes

One method vsed to probe the environment close to the black hole is through studying the
cnergy dependence of the emitted mdiation. For the work in this thesis the main relevant emis-
sion processcs arc blackbody emission and inverse Compton scattering — primarily obscrved
in the X-ray cmission from black hole X-ray binarics. However other production mechanisms
are bricfly included for completeness. These radiation processes are discussed in detail within

Tucker (1978) and Rybicki & Lightman ( 1986).

1.2.1 Blackbody radiation

[ asystem absorbs then emits all radiation incident upon it in thermal equilibrium it is a black-
body. All objects with any form of heat emit thermal radiation, the emission from black body

ohjccts has a very chamctenstic spectrum. The peak of this spectrum dircctly relates to the
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temperature of the emitter, although it produces cmission over a wide range of wavelengths.
This relation hetween the peak wavelength emitted and the temperature is described by Wein's

displacement law-

1. =2 (1.5)

T
where b is a constant & = 2.897 x 10" nm K. Thus hot ohjects emit at shorter wavelengths and
we cxpect to sce the peak at higher photon energies For these sources. If the aceretion disc
surrounding a black hole is optically thick, all photons are scattered within it then we expect
the emission from the disc within a localised region to be approximate to that of a blackbody.

The shape it takes is discussed later in this introdoction in section 1.3.4.

1.2.2 Compton processes

The scattering of photons off clectrons s described as cither Compton or inverse Compton
scattering depending upon which direction energy is transterred. In the former the photon
loses encrgy to the electron, in the latter the photon gains energy - it is this process which is
most important for the sournces discussed here. A diagram of inverse Compton scattering is

given in Figure 1.1,

[nverse Complon scattering of photons into the X-ray regime occurs in hot (7, ~ 10" K
conditions where the population of electrons has a high fraction of kinctic energy relative 1o
that ol the photons. The spectrum produced 15 4 non-thermal power law, due to cither an
underlying power-law encergy distribution of scattering clectrons or multiple scatterings by a
non-power law distribution. Generally the resulting spectrum is approximately a power law
in the X-ray band, manging from the typical sced photon energy 1o the typeal electron energy.

The effect of Inverse Compton scattering on the energy spectm is discussed in more detail in
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Figure 1.1: Diagram of inverse Compton scattering, taken from http://chandra.
harvard.edu/graphics/resources/illustrations/xlight3catkter-72.
gif

section 1.3.4.

1.2.3 Bremsstrahlung

Bremsstrahlung, or free-free radiation, originates when a charged particle, such as an clec-
tron, passcs by a positively charged ion cavsing the clectron to he detflected releasing radi-
ation. In ioniscd gas bath the ion and the clectron are not bound either before or after the
collision, hence free-free emission. The motion of electrons and ions within the gas and the
resulting interactions will produce a continuous spectrum with a sharp cut-off, that of thermal

Bremsstrahlung.

1.24 Synchrotron emission

Electrons interacting with strong magnetic helds may be accelerated, radiating photons as they
travel. Relabivistic electrons spiral along the magnetic ficld lines emitting synchrotron radia-

tion, if the electrons are non-relativistic then the emission is cyclotron mther than synchrotron
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Figure 1.2: Diagram of Bremsstrahlung, taken from http: //chandra.harvard.edu/
graphics/rescurces/illustrations/xlightCocllision—-3200.gif

mmaprnetic ficld 7 s-ray

Figure 1.3: Diagram of synchrotron emission, taken from http://chandra. harvard.
edu/graphics/rescurces/illustraticns/xlightRadiate-200.gif

but it 15 the former which is relevant close to compact objects. The amplitude power radiated
15 dependent on the energy of the clectron, the strength of the magnetic ficld and its veloc-
ity relative to the beld. If the initial energy distribution of clectrons is of a power law form,
the spectra produced should also be a power law with an index related to that of the original

clectron energy distribution.
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Figure 1.4: Mhagram of Line cmission, taken from http://chandra.harvard.edu/
graphics/resources/illustrations/xlightEmit-200.gif

1.2.5 Line emission

Emission lines from hot plasmas are caused by the transition of clectrons within atoms from
higher to lower excitation states. Collisions with a free electron, ion or photon can cause the
bound clectron to be excited — it may reach a higher energy level, or be ionised and freed
altogether. It the clectron is not released it later decays, this may occur inone jump or through
a serics of steps, cach of which has a specific drop in energy associated with it. Pholons arc
thus released with these energics and this produces the chamcteristic line features in the final
spectrum. A sccondary process of radiative recombination also creates emission lines — a free
clectron is capturcd by an atom becoming bound. At this point it may cither directly reach the
ground state, in which case the photon produced is related to the initial energy of the electron,
or to an excited state and then cascade down the encrgy levels producing line emission, in the

manner previously described.
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1.2.6 Pair annihilation

Finally. radiation can also be produced when a particle and its anti-particle interact and an-
nihilate cach other. Two photons are emitted which between them share the total energy and
momentum of the original particles. In the case of an clectron and a positron annihilating, the
energy of a resulting photon must be at least mge” = 0,511 Mel corresponding to emission in

the y-may regime.

1.3 Black Hole X-ray binaries

Cialactic Black Hole X-ray hinarics (BHB=) consist of a stellar mass black hole in a system
with a non-degencmte secondary star. These black holes ane typically the products of massive
star collapse during the evolution of binary systems. In these cases the mass of the black hole
can be estimated from obscrvations of the companion. IF the radial velocity measured from the
companion’s spectra reveal a periodic signal, so the period and radial velocity of the system
can be estimated then the mass function for the system may be derived and the lower limit on
the mass of the compact ohject inferred. Cygnus X-1, the first identificd BHEB, was initially
detected in X-rays during a rocket flight (Bowyer ¢t al., 1965). When an optical counterpart
was [ound within the X-ray crror box and identificd as a high mass star with a clear periodicity
from the radial velocities of 5.6 days (Murdin & Webster, 1971). This suggested that the mass
of the unscen X-ray emitting companion must be greater than 2M, leading to the conclusion
that it could be a black hole (Webster & Murdin, 1972). Later derivations of the mass ratio
further confirmed this conclusion (Bolton, 1972). X-my vanations on timescales of 100 ms
had already been observed from Cyvg X-1 by Dwerwe (Oda et al., 1971), further confirmation
that this was an acereting compact source. Both this and LMC X-3, the next confirmed BHE,

are now known to be high mass X-ray binarics (HMXHBs) ic. their companion is a massive
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Figure 1.5: Cartoon of a black hole binary system, showing accretion through a Lagrange
point via Roche Lobe overflow. Image made by Rob Hynes.

OfB spectral type supergiant. The next identified class of BHBs were those with low mass
companions (LMXBs) and these showed quite different behaviour A 0620-003 was only
ohserved when it went into outhburst in 1975, suddenly brightened to a level of ~ 50 Cmahb
(~ 1.45 % 107 erg s7' em™) and then slowly decayed (Elvis et al., 1975). This source was
only the first of a whole group of black hole X-ray transients which have now been observed
going into outhurst, often repeatedly. The propertics and behaviour af these two groups of

sources are discussed in the following sections.
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1.3.1 Accretion methods

LMXEs - Roche Lobe Overflow

When the companion star is less massive than the compact ohject, accretion occurs primarily
through Roche lobe overflow. Surfaces of equipotential exist between the two potential wells
formed by the objects in the system. A point at which a small mass is allowed (by the combi-
nation of the cquipotential and centrifugal forces) to remain stationary relative to the two stars
1= bermed a Lagrange point. Five of these points exist within a binary system, as illustrated
for an example system in Figure 1.6, The equipotential surface which passes through the first
Lagrange point (the thick black line on this figure) defines the Roche lobes for the objects.
During evolution the sccondary star expands, flling its Roche lobe and then overtlowing. At
this point the cxcess matter is directed in a thin stream through the first Lagrange point and on
towards the compact object. The lifetime of LMXBs is therefore determined by the length of
time taken for the secondary to lose the expanding eovelope until it no longer Olls its Roche
lobe — ~ 107 = 107 yr (For full discussion of the evolution of these objects see c.g Tauris &

van den Hewwel, 2006)

HMXBs - Wind Accretion

Relatively few of the confirmed black hole X-ray binaries (~ 3) have high mass stellar com-
panions (3 = M < 10 Mg). far more of these systems are observed where the compact object is
a neutron star. Only one well observed HMXB= (Cyvgnus X-1) is within the Galaxy, the other
two arc in the Large Megallanic Cloud, for this reason the formation and aceretion mechanismes
of these ohjects are less well understood than the NS systems (Brown et al., 20007 The high
mass companion star sets these systems apart due to their ability to drive strong winds. Ac-

cretion from the secondary occurs when the gravitational potential well of the compact ohject
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Figure 1.6: [Nustration of the five Lagrange points and equipotential surfaces for an example
system, taken from Tauris & van den Heuvel (2006)

capturcs the wind and focusses it inwards towards the acerction dise, although bright sources
may also be accreting via Roche-lobe overflow (sce e.g. Negueruela, 2010). The acerction rate
in these systems is therefore highly sensitive o the wind propertics, such as velocity, density
and ionisation. The evolution of this secondary 1s relatively fast, meaning that the lifetime of
HMXBs (~ 107 — 107 vr) 15 shorter than that of LMXBs (sce c.g Tauris & van den Heuwvel,

2006,

1.3.2 Transiency and outbursts

Although HMXBs are observed as persisient X-ray sources, LMXBs anc generally transient
and new objects are only detected once they go into outburst. These outhursts may last from

weeks 1o months with gaps of years between their appearance, one source, GRS 1915+105 i=
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Figure 1.7: Outburst of the LMXBE H1743-322 as obscrved by the all-sky monitor on RXTE.

thought to be a transicnt LMXRE, but has been in cutburst since 1992, In the past sixteen years
the monitoring capahilities of KXTE have allowed transient sources 1o be closely monitored
during these bright periods. Observations of repeated outhursts in a number of sources show
that there are clear similaritics in behaviour within cach outburst, distinct “states™ are visible
both in the encrgy spectra and the short term variability, which appear in all sources with
remarkahble similaritics between them. [ now discuss some of the observational characteristics

of these stabes, and the models put forward to explain them.

1.3.3 State changes in BHBs — Hysteresis

States in black hole X-ray binary systems werne originally defined by a combination of the
cnergy spectra and the flux. The Orst change of state in a BHB was observed in Cygznus

X-1 in obscrvations by Ui, the system transitioned from a siate dominated by soft X-
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rays (2-6 keV) to one mainly emitting in higher energy range (10-20 keV). During this time
a radio counterpart associated with the source was observed 1o turn on (Tananbaum et al..
1972). These two slates were then observed in other sources and seemed o be linked o the
luminosity. The soft state was generally observed at during bright periods and so referred to as
“High/Saft”™ (H5). The hard state when the source was fainter, thus “Low/Hard™ (LH). Further
observations ol transient sources indicated that the two initial states were insufficient for a
full explanation. States which did not it into either of these two categories were then given a
range of different names dependent on their Qux or spectral appearance (e, “Intermediate™,
“Wery High™, “Steep power law™). Following the launch of RXTE the ahility to obscerve an
orhject at regular intervals over the course ol an outhurst meant that far more data on the range
of stales hecame available. Plotting the hardness mtio of observations within an cuthurst
against the Hux in a hardness-intensity diagram (HID), revealed a g-shaped hysteresis curve
followed by the source clearly showing gradual evolution and blurring the edaes between
the zoo of states previously defined (see c.g. Homan et al., 2001; Belloni, 2004, MoClintock
& Remillard, 2006a; Relloni, 2000a). Encrgy spectral models make assumptions about the
origins ol various components, using the HID to define states reduces the reliance on these

models being correct.

The uncertainty over exact designation of states has led to a disparate nomenclature, partic-
ularly For those which clearly Fall ouiside the classic HS/T.H boundarics. For this reason the
same ohservation may have a different label according to when the analysis was carried out.
[t i= therefore important to define what is meant by cach of the names vsed herein, where the
ohservations in this stale are likely to appear on the HID), and the timing behaviour observed
at cach point. In Figure 1.9 examples are given for cach of the states normally vsed in this
thesis, along with other names also used for a similar state, this demonstrates the evolution of

the hoth the energy and power spectra over the course of an cuthurst.



Chapter 1. Introduction 15

10

F » ..—.* sl sl
#—. » .—* 13 comman

Energy = Flux

arre il

0.1

|-__....-I'"r‘“-'

— | u-‘ _—---—— lawy 13

1 10 100 1000

.01

Energy (keV)

Figure 1L&: One proposcd model For the evolution of the accretion flow close 1o the black
hole, shown with example energy spectra from GRO T1655-40 from Done et al. (2007), As
the source moves into the soft states, the inner edge of the disc moves closer to the compact
object, the jets switch off, and the corona reduces in size. The ultra-solt state 15 a form of solt
state with a very weak power-law tail and the very high state corresponds to the intermediate
states, as described below,
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1.3.4 Energy Spectral components

The cnergy spectra of BHBs typically consist of two main components — one non-thermal
and the other thermal. The strength of these two components changes with state. [nthe soft
state the thermal component dominates at lower energics, whercas in the hard state the non-
thermal component is stronger in the high energy region. In general the thermal component is
modelled by some variation on a multi-coloured dise model. The temperature of the aceretion
disc increases towards the bhlack hole, therelore the peak of the blackbody emission from
cach consecutive annulus also rises in energy (sce section 1.2.1). The resultant spectrum is a
sum of various blackbody spectra cach with a different temperature, in a BHB the component
typically peak at kt ~ lkeV (T ~ 107 K) in states where it is clearly visible. The inner mdius
of the accretion disc can then be derived from the highest peak temperature and the luminosity,
possibly allowing for constraints to be placed on both the inner disc edge and the black hole
spin (sce c.2. MoClintock & Remillard, 2006a). Figure 1.8 shows the evolution of the energy

spectra over the course of an outhurst.

The non-thermal component is typically modelled with a power law arising from repeated
inverse Complon scatterings in a hot optically thin corona. The observed index is generally
I' ~ 1.7 in the hard statec and I ~ 2 — 3 in the soft (sce reviews such as Reynolds & Nowak,
2003 MoClhintock & Remillard, 2006a; Gilfanow, 2010; Done, 200100, The shape of this power
law is dependent on the state of the source — in the hard state a high energy turnover is ob-
scrved which 15 not present in the soft state. If the hot Comptonised clectrons are from a
thermalised arca there will be a roll over at high values close to the scattering clectron energy,
typically ohserved in the hard state. [T the clectron distribution has a high energy non-thermal
component, then the Complon tail may extend to much higher energies. The top end of the
power-law is governed by the highest energy of the scattering electrons, as observed in the

soft state (sce c.g. Gilfanoy, 2010; Done, 2010, and references therein).
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[n addition to these two main components an emission iron line at 6.4-6.9 keV and "reflection”
spectrum are often detected in the energy spectra of some black hole binarics, thought to he
caused by a combination of line emission and reflection of photons from the comptonised
corona back onto the dise. Relativistic effects, such as beaming and redshifting as the disc
rotates make the line profile asymmetric. This asymmetry combined with the extension of the
line profle have been used o derive values [for both the black hole spin and the inner stable
circular orbit (sce Reynolds & Nowak, 2003; Done & Diaz Trigo, 2010; Hiemstra ot al, 2008,

2000, and references within).

For spectral analyses there remains a great deal of uncertainty about the geometry and dynam-
ics of the disc and corona. These may instead be investigated through the characteristics of

their vanability, understanding the behaviour of the aceretion low for different imescales

1.3.5 Power Spectral components

Fourier analysis techniques are regularly used to evaluate the varability propertics of lightcurves
from astrophysical sources. Probably the most commonly used tool is the power spectrum,
which on the most basic level shows the power (the square of the Fourier amplitudes) of the
variability as a function of the frequency (), this is further discussed in detail in Section 2.2,
The integrated arca under the power spectra gives the amount of variance in the lightcurve
over that frequency range. It is gencrally plotted on a log-log scale, sometimes with 7 % v on
the y-axis {where £ is the power). In these units small variations in power laws become clearer
and it becomes casier to compare the integmted power in components at different Frequencies,
as it represents this quantity in equally spaced logarithmic frequency intervals, making it a
usclul visuval reference. Both forms of plotting (with just /* on the y-axis or with # 3 ) arc

uscd throughout this thesis.

As well and broad noise components power spectra can also feature sharp components such
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as quasi periodic oscillations (QPOs). These are not strictly periodic as, although they are
narrowy, their power is spread over a range of frequencies and their shape can be approximated
by a Lorentrian. A peak is typically defined as a QPO if the quality of the peak is greater than
200 = v/ FWHM where v is the peak frequency of the QPO and FWHM is its full

width at hall maximuom) (van der Klis, 1989a).

The power spectm are also observed to evolve gradually over the course of an outburst, and
this evolution can be closely linked to that of the energy spectrum. Timing propertics such as
the power spectrum and time lags reveal imescales and therefore estimate absolute size scales
within the system. Explaining how the vanous power spectral features relate o structure at
the source 15 difficult however, not least becavse the similar characteristic frequencics are
commonly observed across all sources — regardless of different masses for both the compact
object and its companion or orbital periods. There are various different models wsed o At
power spectra (For discussions of these models sce Nowak, 20000, Bellont et al., 2002; van
der Khs, 2006). The broad-band noise from power spectra has been fitted with multiply or
singly hroken or bending power lows (Nowak et al., 1999), a serics of Lorentrians (Nowalk,
200073, or a combinabion of the two dependent on source state — the method which 1s now most
typically used. Generally power spectra in the hard siates can be fitted with a series of hroad
Lorentzians, whereas those in soft states require additional power law components 1o fit the

ohserved low Frequency shape (sce c.g. Klein-Waolt & van der Klis, 2008).

Hard states have particularly complex power spectral shapes, 3-4 Lorentzians may be used to
describe the hroad band noise, with up to 4 additional narrow components required to fit any
QPO component with harmonics and sub-harmonics (sce Klein-Wolt & van der Klis, 2008, for
cxamples). There is no strict naming convention for these components, although Klein-Walt
& van der Klis (2008) clearly describe one which may be used, and exact differentiation of
one feature from another may prove difficult. An cxample hard state power spectra, fitted with

a comhination of Lorentzians labelled vsing the naming convention for the work presented
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here is shown in Figure 1100 In contrast power spectra in soft states are generally well fitted

by a power law bending at around 4.0 He from an index of ~ -1 to ~ -2,

Warious correlations have been identificd between power spectral components, some of which
apply to both neutron star and black hole binaries, although these are obviously dependent on
the model vsed to it the power spectra. These include correlations between the low frequency
QPO and peak of a broad-band noise component (Psaltis et al., 1999 and the low frequency
QPO with the break frequency (Wijnands et al., 1999). Correlations are also clearly visible
between the frequency of the components and their strength, such as that identibied in Bel-
loni ot al. (2002) between break frequency and the power level. These correlations are further
discusscd in Chapter 6. Since this inital work it has become clear that many of these compo-
nents evolve together as the sources go into outburst. Rao ot al. (2010a) show that many of
the components move up in frequency together as the source hardens and that many remain
harmonically related. This behaviour is also similar to that observed in Meutron Star hinarics

— [or examples sce van der Klis (2006),

Orrigins of the X-ray variability

Although it has not yet proven possible to directly associate components within the power
spectra to specific propertics of the source, the variahbility has been linked to various cnergy

spectral propertics in a more general manner.

A positive correlation has been found between the amplitude of varahility within a time in-
terval and its mean flux. This relation has been observed For timescales of several years for
approximately identical power spectral shapes (Uttley & MeHardy, 2001; Gleissner et al.,
2004). This is referred to as the rms-flux relation and is the subject of Chapters 4, 5 and 6.
This relation has been observed in a range of different accreting compact objects (BHB=s, NS

and AGN). as well as from BHEBs in optical wavelengths (sce c.g. Uttley, 2004 Vaughan et al.,
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Figure 1.10: Top. Example power spectma in the Hard state fitted with multiple Lorentzians
cach labelled with the convention used throughout this thesis. Bortom Example cnergy spec-
tra in the thermally dominated state showing the thermal (DISKER) and power law (POWER)
components and indicating the presence of an unresolved imon line.
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2003a; Gaskell, 2004; Uitley et al., 2005; Gandhi, 2009). Early models of X-ray variability
were based on shot noise — the superposition of independent pulses of emission which can re-
produce practically any power spectral shape (Lehto, 1989 Doi, 1978), many of these models
could reproduce power spectral shapes such as those seen from Cygnus X-1 but the shots arc
independent over a range of timescales and so cannot reproduce a linear rms-Aux relation over
a mange of tmescales (Uitley & MeHardy, 20001 ). It is thercfore more likely that the variability
over all timescales = coupled. One model, suggested by Lyubarskii (1997, where long term
variations from the outer edges of the disc propagate inwards multiplying together with faster
variations at smaller radii and eventually creating the observed light curve, seems to provide
an obvious salution. Simulations mimicking this multiplication effect (through exponentiation
of a lightcurve simulated with a particular power spectral shape) can be used 1o recreate the
lincar relation between variability and Aux observed over all timescales in lightcurves from

other sources (Dtley et al., 2005).

1.3.6 Characteristic properties of the Energy and Power Spectra in var-

ious states

The launch of RXTE allowed For consistent monitoring of transient sources over the course
of outhursts. [t became clear that sources frequently reached states which did not fit into the
high/soft or low/hard groupings. For this reason the classification of obscrvations into states is
inconsistent and still evolving. Although energy spectra and flux have historically been nsed to
classify obscrvations it has become clear that the most obvious transitions occur in the timing.
[n this scction [ deline the states as they are referred 1o within this work, generally following
the nomenclature from Belloni (2010k). Crucially these states are defined through the shape
of the power spectra instead of the energy spectra as it is the variability which is studied here.

Other namies used for these states are also referred to and cxplained.
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Ouiescence

All conbirmed LMXBs have been observed in guicscence, excluding GRS 1915+105 which
has been in outburst since 1992 and has not entered quicscence since its discovery (Tom-
sick et al., 2005). Most of these sources show exceedingly low X-ray luminesitics in these
quicscent states generally < 107 erg 7' (Tomsick et al., 2003), so LiLg,y ~ 1077, this is
remarkable as the luminositics of LMXBs rcach luminosities close to L/ ~ | at the peak
of an outhurst and as a conscguence the count rates are low so drawing full conclusions about
the propertics of this state is very difficult. The launches of XMM-Newton and Chandra have
allowed for observations of BHBs 1o be made in this very faint state. In general the source
propertics in quicscence arc assumed 10 be very similar to the standard hard state. Evidence
of mdio emission from a jet with a power-law dominated energy spectm and strong aperiodic
variability is expected. Radio emission from a source in a quicscent state has been observed
in AOG2ZO00 (Gallo et al., 20067, as well as from Y404 Cyg and GX339-4, however Calvelo
ctal (2000 failed to detect cither GRO T1655-40 or XTE T1550-564 in observations providing
quite stringent upper limits on emission from both sources and suggesting that these sources

are more radio quict than others when in quicscence.

[etermining the exact nature of the X-ray spectra is hampered by the low count rates. [P
the quicscent state 15 indeecd an extension of the hard siate down to low Qux levels, then the
cnergy spectrum is expected o be dominated by a strong non-thermal power law. In general
this is what has been observed with indices between [T = 1.5 = 2.1, McoClintock & Remilland
i(2006a) provide a review of these observations up to 2003 (sce also Kong et al., 2002, for
a discussion on the use of a Complonised model). Corbel et al. (20067 examined a set of
seven observations of XTE 115330-364 by Chandra. Simultancous Oiting of all observations
indicated that the encrgy spectra did not change significantly, although large changes in the
Mux were observed. They suggest that the observed photon index ~ 2.25 s softer than those

typically observed in the hard state and that this softening may also be observed in the other
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hlack hole Binaries XTE 1118+H80 and GX 339-4, which could indicate a difference between

the typical hard state and quicscence in some sources.

The other significant property of BHBs in the hard state is the prescnce of strong aperiodic
variability. Again the low observed count rates mean that this can only be tested at relatively
long timescales, or with the more powerful X-my telescopes. Tomsick ot al. (2004 used a long
ohservation taken by Chandra to measure the power spectra of XTE J1650-5300 as it dropped
from the hard state into guicscence. They observed strong aperiodic varability below ~ 0.4
He, and possible evidence fora QPO at (0011 He, Corbel et al. (2006) used a 26 ks observation
of XTE J1550-564 when it was relatively bright (0.46 ¢t s™"). binned the lighteurve up to 1 ks
and saw clear evidence For variability over this imescale, suggesting that short-term variability
1= still present and thercfore that the source propertics may be similar between the hard state

and quicscence.

The Hard state

The hard state is observed at the start of the outburst as the source initially brightens and again
before it drops back into quicscence. The energy spectra is typically dominated by a power
law with an index of ~ 1.7 and a high cnergy turnover as discussed in section 134, The index
remains relatively consistent whilst the source brightens, gencrally stecpening slightly (sce

c.g. McClintock & Remillard, 2006a, For examples from a mange of sources and outbursts).

Once the lux from the source is high enough to detect short-timescale variability the power
spectra are also obscrved 1o gradually evolve as the fux riscs. In this stale the variability is
strong with a fractional rms level = 20 %, The multiple Lorentzians often used to fit power
spectra in the hard state (as discussed in Section 1.3.5) shift as the state changes. Initally
starting at low frequencics, as the source brightens the peaks of these Lorentzians arc obscrved

to move up in frequency, in line with the stecpening power law component observed in the
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cnergy spectra (a good example of this behaviour can be seen in Rao et al., 2010a). In the hard
state a low Frequency (= 10 He) QPO is often observed, commaonly with both sub and higher
harmonics, this QPO is referned 1o as Type "C7 (Remillard et al., 2002) This component
shifts up in frequency along with the other Lorentrians. Initially observed at Frequencics of
~ .01 Hz or even lower it has risen in frequency to above 2 He before the source transitions
ot of the hard state. Throwghout this work the strongest QPO feature is assumed 1o be the
fundamental component, although this may not necessarily be true Kao et al. (2010a) expand

upon this point

The increases in frequency observed over the course of the outburst have been interpreted as
cvidence for the inner edge of the dise moving inwards. In this case il the corona is positioned
between the inner disc edge and the black hole then the inner edge of the acenction dise moving
o smaller mdii, reducing the size of this region could explain the incncasing chamcteristic

[requencics within the power spectra.

Radio emission is observed from objecis in the hard state, interpreted as evidence of a constant
compact jet. This has been seen in a range of sources — for a recent review sce Fender et al.
(2009 In some cascs the compact jet has been resolved (Dhawan et al., 2000; Stirling et al..
2001; Corbel et al., 2002). The detected radio emission in the hard state is optically thick, has

an approximately constant spectral index and appears to be steady (e.g. Gallo, 200060,

The Hard Intermediate State (HINMS)

The hard intermediate state is sometimes referred to as the very high state or the steep power
law state. As suggested by these names, sources in this state are bright and close to the peak
flux of the outburst if the source remains non-thermally dominated. On the HID, observations
in the HIMS are first scen in the top right hand corner and persist as the source softens and

moves to the left. The power law in the energy spectrum is observed with indices = 2.4, and the
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contribution from the thermal component (presumahbly the disc) is often observed o increase,
preceding the change into a soft state (sec examples in MeClintock & Bemillard, 2006h; Dunn

et al., 2010). Radio observations indicate that a persistent compact jet is still present.

The obscrved variability remains at high levels but begins to drop whilst the source 1= in this
state. The power spectra gradually evolve from the hard state into the HIMS, all components
moving up in frequency until the broad-band noise becomes strongly peaked. The type "C7
QPO and its associated components moves up in frequency with the noise and is visible above

~ 2 Hx. reaching as high as ~ 15 He.

Transitions around the jet line and the soft intermediate state (SIMS)

Dramatic changes arc observed in both the X-ray timing and radio propertics when the ohject
transitions from a HIMS to the SIMS. A very rapid transition in power spectral shape is scen
on tmescales <= 1 day, the peaked broad band power observed in the HIMS disappears almost
completely, although the QPO component remains with the fundamental typically ~ 6 He and
a low frequency power law appears, This type “B” QPO (Wijnands ¢t al., 1999 Homan et al.,
2001) 15 very similar to the type "U" observed in the hard states, and is usually accompanicd
by harmonics and sub-harmonics. The tansition to this power spectral shape may occour once
before the source mowves 1nto the sofl state, or a number of imes inbetween observations of a
typical HIMS or hard state power spectra with strong broad- band noise, again these transitions

can occur over very short (< 1 day) bmescales.

The transition is accompanicd by a radio tare and then gquenching of the radio emission. The
point on the HITY at which this quenching is observed to ocour is referred to as the jet line. To
the right, the jet is observed whercas to the left it is not. Fender et al. (2009 have investigated
the peak mdio luminositics in combination with the alterations in the variability. They do

not observe a one-to-one correlation over time between timing transitions and radio Qares but
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conclude that both Features are closely connected, appearing within a few days of cach other,

Over the course of the transition from the hard to the soft state the thermal contribution grad-
ually increases and then dominates. The distinet transformation from state o state observed
within the vanahility docs not appear to be as clearly observable in the energy spectra. Punn
et al. (2010} have carmied out a systematic study of these transitions and discuss their identif-
cation using the energy spectra thoroughly, They confirm that although the fastest changes to
the cnergy spectra occur during the state transitions to and from the hard state, the dramatic

changes in variability arc not replicated in the cnergy spectra.

Anomalons soft states

Whilst the source is still very bright, solt so called “Anomalous™ states may ocour where the
cnergy spectra appear different to those observed in the typical soft-state. They are somewhat
similar to those observed in the HIMS, with a very stecp non-thermal component and a soft

component which is not necessarily dominating the Hux (Sobczak et al., 199%; Belloni, 2010k,

The power spectra in this state are olien a combination of those observed 10 both the hard
and soft states with the amount of varability observed higher than that seen in a true soft
state. A power law bending from an index of ~ -1 to ~ -2 with the break frequency observed
around 4-5 Hz is the typical PSID shape obscrved in the soft state. In the anomalous state this
bending power law may be combined with a high frequency peaked noise component, some-
times defined as a type “A7 QPO Occasionally more than one QPO peak is clearly visible.
This component can be guite strong and is vsually observed above ~ 3 He (McClintock &
Remillard, 2006a). The fractional rms is higher than that typically obscrved in the soft state,

gencrally 6 — 10%.

Adl three of the abowve states are often linked 1o the closest approach of the disc to the compact
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ohject.

The =oft State

[n the thermally dominated soft state most of the X-ray luminosity is presumed o come from
the disc, the contribution from a non-thermal power law component in the encrgy spoctma
1= generally very low but is vsually observed (MoClintock & Remillard, 2006a.b; Belloni,
2010a; Done, 20000, A very low level of power is observed within the PSD, it can usoally
be described by the bending power law model described abowve, with a break in the 1-10 He
frequency band (a number of examples are shown in MeClintock & Remillard, 2006a). QPOs
are typically not observed although sometimes very weak incoherent type A7 nodse is visible
i McClintock & Remillard, 2006h). Radio emission is cither undetected or weak and optically
thin, sugaesting that it is more likely to be remnant emission following the fares observed
during the transition to the SIMS (Fender & Kuolkers, 2001; Brocksopp et al., 2002; Fender

et al., 2006 Gallo, 20107.

The low levels of vanability (= 3 % [ractional rms) observed in this state were originally
thought to be cavscd by the dominance of the disc, if most of the varnability was originating
from the non-thermal corona then as the dise encroaches the power 15 reduced (sce many
revicws including MoClintock & Remillard, 2006a). This is supported by the fact that as the
power spectrum transitions from the hard state to the HIMS, the bard and solt bands initally
show similar amounts of variability. Sometimes the soft band is observed to dominate, but
by the HIMS the hard encrgy band is noticeably more vaniable. This encrgy dependence is
particularly clear in the QPO (Ghcrlinski & Adwiarski, 2005). Recent work using obscrvations
taken with XMM-Newidoan has suggested that the disc does in fact vary. More power 15 obscrved
at low Frequencics in soft energics (helow the encrgy range of RXTE) than in the higher cnergy

band {Wilkinson & Uttley, 2009}, indicating that on longer timescales —most likely 1o he
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associated with the disc, the variability is primarily originating from the thermal power spectral
component. More work necds 10 be done to establish the exact energy dependence of power
spectral Features but the standard solution that the thermal dise emission is less variable is

overly simplistic and the true orgins of the variahility are more complex than first thought.

The source Hux decays gradually in the soft state before the spectrum begins to harden again,
the jet turns back on and the source transitions into the hard state and then fnally back into
gquicscence. The jet docs not scem o switch on at the same hardness ratio at which it turned
off, so the jet line on the HID is not vertical and the exact cause of its recovery is not yet clear
i Fender et al., 200%). Better radio monitoring over the course of many outhursts so that many
ohservations of the jet reactivating can be collected 15 needed before this can be explained

(Fender et al., 2006,

1.4 Ultraluminous X-ray Sources

Ltraluminous X-ray sources (ULXs) arc extragalactic point-like sources with luminositics
greater than 107 erg 57", they were initially identificd by the Einstein  mission (Fabbiano,
989, Early studics of short term variahility indicated that they were likely to be accreting
compact objects (Okada ¢t al., 1998). They appearcd unusual as their luminosities indicate that
they contain objects with masses = 10 M., assuming they arc accreting below the Eddington
limit, but are located outside the nucleus of their host galaxics (Fabbiano, 1995). Large num-
bers of these sources have now been identified in various galaxics (Colbert & Mushotzky,
19949 Roberts & Warwick, 2000; Caolbert & Ptak, 2002; Liu & Bregman, 2003a; Winter et al.,
2006) suggesting that they are a relatively common phenomena, Plak & Colbert (2004) sug-
gested that up to ~ 12 % of galaxies contain at least one ULX and this number is now thought
o be as high as ~ 20 % (Miller et al., 2004; Roberts, 2007). As a mass function For any ULX

syslem 18 yet to be derived, there has been no clear determination of their mass. Even though



Chapter 1. Introduction a0

there are now many observations of these ohjects, including long observations of the brightest
sources with powerful X-ray telescopes (XMM-Newion, Chandra and Nuzake) their exact na-
ture is still not fully understood — are they the intermediate mass black holes (100 — 1000 M)
sugacsted from their high luminosities? Or stellar mass black holes (< 100 M) undergoing

super-Eddington aceretion?

1.4.1 Populations, Loecations and Environment

Populatiom studies of ULXs have indicated that they are strongly linked to regions of star For-
mation within galaxics (Fabbiano, 1995; Fabbiano et al., 2001; Humphrey et al., 2003; Swartz
et al, 2004; Liv & Bregman, 2005a). Similar correlations have been observed between star
forming regions and HMXRBs (sce g, Grimm et al.. 2003; Fabhiano, 2006; Mineo et al.,
2010). The X-ray luminosity function (the distribution of inferred lumincsitics of the detected
point-like sources) for these galaxics is scen to break above ~ 107 erg 7', with the number
of detected sources above this point consistent with contribution from the background (Trwin
ctal., 2004). The environment surrounding the ULX is also important: low metallicity envi-
ronments could allow for the formation of massive metal poor stars (Pakoll & Miron, 2002;
Soria et al, 2005; Swartz ct al.. 2008). These massive stars (< 40 M) arc less affected by the
cllects of stellar winds and can therefore Form more massive black holes (25 — 80 M), These
ohjects would require a massive companion to power them as ULXs (Patruno et al., 20057, but
could explain the link in the X-may luminosity function From FIMXBs to ULXs and the connec-
tion to star forming regions (sce c.g. fampicri & Roberts, 2009 Mapelli ct al., 2009, 20107,
As metallicity differs within the galactic environment direct studies of the arca immediately
surrounding the ULX are necessary. Ripamonti et al. (20107 have attempted to establish the
metallicity in the region surrounding NGC 1313 X-2 which has an established optical coun-
terpart, but find that it cannot be well constrained until the effects of X-may photoionisation on

the nehula are better understoosd.
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Figore 1.11: X-ray image (red) of M74 taken by Chandra and overlayed with observations
in the optical. The ULX is clearly observed outside the galactic nucleus. Taken from http:
S fchandra.harvard.edu/photo/2005/m74/

1.4.2 Spectral studies and states

As these objects appear to contain compact objects, presumably black holes. the first en-
crgy spectral studies relied upon there being some correlation between the observations of
LI.Xs and the spectra observed from galactic black hole X-ray binarics. Miller et al. (2003
found that for both of the ULX sources in NGC 1313, high quality spectma taken with XAM-
Newton  were Otted best by a multicoloured disc + power law model commonly used to fit
cnergy spectra from BHBs, In both of these sources the thermal component suggested a disc
temperature lower than those indicated from fts to black hole binaries (~ 150 ¢V rather than ~
| keV). As the peak disc temperature decreases as the mass increases the mass must be larger
than the Galactic binary sources (Frank et al., 20020 Miller et al. (2003) suggested that the

minimum masses of these objects were likely 1o be ~ 107 M.
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Systematic studies of the highest quality spectra from a mumber of ULXs have since been
carricd out. Stobbart et al. (2006) found that for a sample of observations from different
UNLXs taken with XMM-Newton simple models (e, just a multcaloured disc or power law)
would not provide an acceptable Ot and that two component models were more statistically
acceptable. But they also found evidence for curvature in the energy spectra above ~ 2 eV
in around two thirds of the spectra in their sample, suggesting inconsistencics with a power
law at high energics. They found that the mest effective model consisted of a disc with an
optically thick Compton scattering component, indicating the presence of an optically thick
corona. This appeared to be consistent with models of BHBs accreting at high rates such as
that suggested by Done & Kubota (2006). The high eneroy turnover was observed in all bar
one of the sample of 12 long observations of ULXs analysed by Gladstone et al. (2009, where
Complonised models of an optically thick corona were favoured in 10 out of 12 cases. As this
model suggests differences from the optically thin corona ohserved in states from BHBs, the
authors suggest that these sources exist in a previously unseen “ultraluminous™ state. It is,
however, also possible to Ot this turnover with a reflected disc model (Caballero-Garcia &
Fabian, 20100 within the XMM-Newrton band pass. Walton et al. (2010) point out that the
ohservational energy range needs 1o be extended above 10 ke before the different effects of

these two models may be scen in the spectra.

in galactic black hole binaries, the high aceretion rates presumably present alter the state of
the source and thus the shape of the energy spectra. Gladstone et al. (2006 sugzest that
they ohserve evolution in the cnergy spectra between different sources. Beginning at some-
thing similar to a typical soft state where a strong disc component seems o be present, the
sccondary component gradually appears and becomes clearer at higher energics, producing
something similar to the very high HIMS or anomalous solt state. Eventually the spectra is
best described by a conl disc-like component combined with the Comptonization component.

However, evidence of spectral evolution over iime from a single source is needed 1o Fully es-
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tablish any form of evolutionary sequence. Without the Form of monitoring atforded to BHBs

by their high Auxes, a good undemstanding of ULX evolution is diffoult.

Some cnergy spectral changes have been observed over individual observations, Feng &
Foaarct (2008 observe a low encrgy component in NGC 3204 X-1 which appears to drive
the flux changes whilst the high cnergy component remains approximately constant, a similar
affect was observed in NGO 5408 X-1 (Strohmayer & Mushotzky, 2009). Evidence for alter-
ations in the energy spectra of Ho X X-1, 1C 342 X-1 and X-2 and Ho II X-1 have also been
ohserved (sce Soria, 2010; Bellont, 2010, for a review of observations of these sources). Con-
sistent monitoring 15 now possible using Swiff which has revealed strong long term variability
in Ho I X-1, Ho IX X-1, NGC 5408 X-1 and NGO 4395 X-2 (Kaarct & Feng, 200%; Grisc
ct al, 2010). Large Aux changes have been revealed in these monitoring programmes display-
ing strong long term variability, although the changes in emission are not linked to alteration
of components in the energy spectra and the spectral shapes remain remarkably consistent. Ho
[T X-1 was ohserved with Swiff 3 vears before the monitoring campaizn began and spectral
dilferences were observed between these observations and the later ones (Grisé et al., 20100,
[n short, there is not yet a consistent picture of spectral evolution for ULX=, but monitoring
with both Swiffand future missions will hopefully reveal clear evidence of speciral changes

and the imescales over which they occur,

1.4.3 Timing characteristics

The other avenue to explore when comparing BHBE= and ULXx is through theirshort term van-
ahility, this is discusscd in detail in Chapter 3 but I provide a bricl review of the main results
up to this point here. Relationships between power spectral components and accretion rate
or black hole mass are well known, McHardy ot al. (2006) showed that the break frequencics

for the high frequency break in AGN and BHB= display a correlation dependent on the mass
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of the black hole and its aceretion rate Ty, o0 My P 57 when BHEs arc in the sofl stake
iassuming the power spectra are modelled vsing a broken power law). Kérding et al. (2007)
have altered and extended the analysis from McHardy et al. (2006) to BHBs in the hard state
using the Lorentzian fitting method, forming a relationship between acerction, BH mass and
the Lorentrian relating to the high frequency break. As ULXs are distant and therefore faint
there is only a limited Frequency range in which variahility is observed before it is hidden in
the Poisson noise, decomposition into Lorentzians in a similar manner to the analyses per-
formed on BHE observations is not possible, for this reason the broad band noise is typically
fitted using a power law or hroken power law model. From these relations breaks in the power
spectra of intermediate mass black holes are expected in the 0001 - 0.1 Haz frequency range at
which XMM-Newron is most sensitive (sce c.g. Strohmayer et al., 2007). A break in the PSDs
of ULXs NGO 5408 X-1 and ME2 X-1, from a fat power law 1o - 1 dependence, similar to the
loow Frequency break seen in the hard state of BHB=, has been identificd below QPOs by Soria

ctal. (2004) and Dewangan et al. (2006bk); Muocciarelli et al. (2006) respectivel y.

QPOs have been detected in four UL, ME2 X-1 (X4 1 44600, NGO 5408 X-1, ME2 X42.3+59
and NGC 6946 X-1 indicating that the systems may have similar vanability propertics 1o
BHBEs (Strohmayer & Mushotzky, 2003; Dewangan et al., 2006c; Strohmayer et al., 2007;
Strohmayer & Mushoteky, 2009; Feng et al., 2010; Rao et al, 2010a). The QFPOs in both ME2
X-1 and NGC 5408 X-1 have been observed with XMM-Newion  on more than one occasion,
in the case of NGO 5408 X-1 the observations were taken two years apart and the QPO had
shifted from 20 mHz down by 10 mHz, it appears o also have a harmonic componcent. In
ME2 X-1 the observations were separated by three years and the QPO shifted From 54 mHe
o 114 mblz Dewangan et al. (2006¢). Waork by Mucciarelli et al. (2007) suggest that the QPO
i= variable over the course ol an obscrvation shifting down by ~ 25 mHz and RXTE  obser-
vations indicate that it varies between 50-166 mHz. The QPOs ino ME2 X42 34539 and NGO
946 K- 1 are detected at 3-4 mHz and 8.5 mHz respectively. The QPO in MEB2 K42 3+5% also

appears 1o be lumincsity dependent — it is only visible when the source is above 104 erg 571
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iFeng et al., 200100 In NGC 5408 X-1 a break is detected below the QPO with some signif-
icance, Strohmayer & Mushotely (2009) sugaest this provides evidence that the BH is of an
intermediate mass between 2000 - 5000 M. However Middleton et al. (20100 argue that the
QPO is mis-identificd and in fact is representative of the ultra low frequency QP Os observed
in the galactic BHBE GRS 1915+105. From this they suggest that the mass is likely 1o be <
100 M. The variability in these sources is observed to be encrgy dependent, it appears 1o
be consistently higher in the 2-10 keV hard band than the 0.3-2 ke solt, similar behaviour
o that observed in BHB= in the HIMS (Strohmayer et al., 2007; Strohmayer & Mushotzky.

200%9; Feng et al., 2010; Kao et al., 2010h).

[n contrast to the strong timing signaturcs observed in these ULXs, studics of other sources
have shown that some do not display any evidence of strong short term vanahility, this lack
of variahility is not observed from BHBs (Feng & Kaaret, 2005; Goad et al., 2006; Roberts,

2007,
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Instrumentation and Data Analysis

2.1 Instruments

2.1.1 Rossi X-ray timing explorer (RXTE)

The Bossi X-ray timing explorer (RXTE) was launched at the end of 1995 into a low carth orbit.
One of its primary goals was 1o take observations ol objects with high temporal resolution.
[t i= equipped with three main instruments: the All Sky Monitor (ASM), High Encroyv X-
ray Timing Experiment (HEXTE) and the Proportional Counter Array (PCA). A diagram of
RXTE is shown in figure 2.1, Although it is not an imaging mission like Chandra and
KMM-Newton, the combination of high daily sky coverage, relatively wide spectral range
and flexible scheduling allows For good monitoring and long observations of bright transient

sources.  Although this work has mainly made use of the PCA, the other instruments are

described in hricl, before a more thorough introduction to the PCA s given.

The ASM consists of 3 Scanning Shadow Cameras (855Cs) with a spatial resolution of 37 %

|57, The detectors are position sensitive Xenon proportional counters which, together with the

Kls
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Figure 2.1: Diagram of RXTE indicating the ficlds of view for the three instruments, taken
from Rothschild et al. (1949E)

coded mask, allow for source placement within the 6% % 90° held of view. The cameras arc
rotated, meaning ~80% of the sky can be monitored over the course of one orbit (90 mins) in
the 1.5-12 keW band. It is this monitoring capability which makes RXTE particularly vsclul
for the study of transient sources, they can be identificd as they go into outhurst and this has

allowed For the full analysis sources at a range of different Aux levels,

HEXTE has two clusters of scintillation detectors (A and B) covering the energy range 15-25(0)
ke which are co-alligned with the PCA. It has a 17 FWHM ficld of view and a maximum
time resolution of 7.6 s, On-off source rocking allowed the background 1o be continuously
measurcd during the course of an ohservation, this rocking ability has now been lost in the two

detectors and cluster A is now fixed in the op-source position whilst B s off-source.

The PCA 15 an army of 5 Xenon filled proportional counter units (PCUs), cach with five

collimator modules giving a ficld of view of 1° FWHM. A sketch of a PCU is given in hgure
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Figure 2.2: Diagram of the structure of a PCL from the PCA on RXTE taken from Bradt <t al.

i 1990

2.2 They cach have an effective arca of ~ 1400 cm”, and the total collecting arca is ~6300)
cm”. The detectors are sensitive in the 2-60 keV energy range, and the maximum possible
tme resolution 1s 1 gs. As neither HEXTE or the PCA have position sensitve detectors the
background rates are guite high (typically ~ 7 ct PO g0 the 2-20 keV range). The PCUs
arc cither numbered from 1-5 or from 0-4, for consistency in this work they will be referred o

by the latter identificrs.

The PCA does not take a measurement of the background so models are used to estimate it (sce
Tahoda et al, 2006). Since launch the detectors have been affected by various issucs limiting
the amount of on-time they are now uscd for. PCUs 3 and 4 are regularly "rested’ as occasional
break-downs have been noted, probably caused by the discharge of sparks within the Xenon
chamber. On the 12th May 2000 PCL O lost its propane layer (see Figure 2.2) doe 1o a micro-
meteorite hit, this same problem then also hit PCU 1 on the 23th December 2006, For this
reason few obscrvabions make use of all five PCUs, they often have various combinations of
detectors on instead and PCLT 2 45 now the only one to be used constantly. This means that

count rates are typically normalised to one PO 1o allow For consistency between individual
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ohservalions.

Data taken by the PCA can be compressed into varous different modes dependent on the
requirements of the obscrver. Observations can be taken in seven data modes running in par-
allel, these include two standard data modes (Standard 1 and Standard 2) which observations
arc always taken in. The different modes then available to be chosen by the observer allow for
focus on particular propertics. “Science array data’ is collected into histograms over specilic
time intervals, this includes “Binned” modes where the counis in one time bin are mcasured
with a wide range of possible configurations for both Gme and encrgy binning and *Single Bit’
modes where cach clock tick and event in only one (tvpically wide) cnergy band is recorded
by RXTE and then converted into a histogram so it looks similar to *Binned” modes. In con-
trast ‘Event” mode data records the arrival time of cach *good” X-ray cvent individually, again
with various time resolutions and energy ranges. These data modes, high time resolution and
high throughput make RXTE ideal for observing bright X-ray transient systems within our

own Cialaxy.

2.1.2 XMM-Newion

KMM-Newton was launched in December 1999 into a highly clliptical orbit (with a 2 day

period ), the largest scientific satellite to be launched by the European Space Agency (ESA]
up to that point (Jansen et al, 2001). It has two main X-ray instruments, the EPIC cameras
consisting of an EPIC-pn (European Photon Imaging ) camera and bwo EPIC-MOS imaging
detectors, and also two Reflection Grating Spectrometers (RGS). The three X-ray telescopes
cach have large arca mirror modules, consisting of 58 nested grazing incidence mirrors with
a focal length of 7.5 m. The mirrors cach have a paraboloid-hyperboloid surface with graring
angles ranging from 177 to 427 Shallow incidence angles allow For high encrgy photons 1o

be reflected towards a focal point. XMM-Newion also has an optical/TV monitor elescope
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Figure 2.3: Dhagram ol XMM-Newion |, the mirror modules are to the left and the instrument
platform to the right. Taken from Jansen et al. (20001)

( XMM-OM) providing simultancous observations of X-ray targets in the waveband A = 170
- 630 nm (Mason et al., 20013 The RGS gratings on board XMM-Newton  are positioned
behind two of the mirror modules (see Fig, 2.3, they intercept around half of the light from
the telescope. Each array operates in the 0033-2.5 keV band and with a resolving power of
~130-K00 (den Herder et al., 2001, This work has mainly made use of the EPIC-pn and data
from the EPIC-MIOS is discussed, therefore a more detalled descrnipbiion of these detectors is

now 2iven.

The EPIC cameras allow for high quality imaging across a ~307 ficld of view in the 0.2-15
keV encrgy band. There are two scts of MOS CCDs hehind two of the mirror modules and

one pn camera behind the other They have reasonable spatial resolution of ~67 at FWHM.

The MOS8 cameras comprise of seven CCDs with G00=600 pixcls, cach 40 microns square.
[n this way cach pixel covers 1.1x1.1 arcsccs on the sky, These cameras share their mirror
module with the RGOS and as such 44% of the light from the mirmors reach the CCDs. The
central CCD 15 positioned at the focal point for the telescope and the surrounding ones arc

then stepped in order o correct for off-axis effects. The two MOS cameras are arranged in
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Figune 2.4: The operational portions of the CCDs in cach mode for the EPIC-MOS cameras
ifef1) and EP1IC-pn (right). Clockwise the modes are full-frame., large window, small window

and timing on cach sct of Four. Images from “The XMM-Newton Users Handbook™ available at
http: S/ xmm.esa.int/external /xmm_user_ support/documentation/uhb

such a way that the gaps bebween chips in the outer CCDs on one camera are covered by the
sccond camera, the central CCDs then match up exactly but the pn camera is armnged to cover
the gaps around this chip allowing For the whaole ficld of view 1o be covered. The basic read-
ot time for the MOS camera is 2.6= although different modes allow for higher time resolution

(Twrner et al., 20017,

The pn camera has 12 individual CCDs on a single wafer, cach of which can be individually
operated. The pixels are cach 150 microns square corresponding to 417, cach chip containing
200 » 64 pimecls. As at the centre of the pn camera there is a gap between the chips, the
camera is positioncd so that the focal point is off-center. Chip gaps cannot be corrected for
when using data from the pn and this fact must be recogniscd during data processing, however
approximately 97% of the held of view from the telescope is covered by the camera. The basic
time resolution of the pn camera is 73.4 ms, but again this can be mised through the use of

different modes (Strider et al., 20017,
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The modes allowing for higher time resolution differ slightly depending on the camera, but
in general include large and small window modes and timing modes. In window modes only
a small arca of the COCD is sclected and read accurately so less time is needed to correctly
measure the charge on the COCD. Reducing this processing time allows events to be read
quicker and therefore gives less ime For the CCD to *pile-up’ or saturate when observing
bright sources at high count rates.  For the MOS cameras this only applics to the central
CCD and the outer chips continue functioning normally. Large window mode uses the central
300300 pixels and gives a 0.9 resolution, in small window mode this is reduced further to
100 100 and 0.3s respectively (Turner et al., 2001}, For the pn large window mode uses the
inner hall of cach CCID, the image is transterred to the outer half for rapid read-out, giving a
time resolution of 47.7 ms. In small window mode only a 63x64 pixel region is wsed around
the focal point and the time resolution is reduced again to 5.7 ms (Strider et al., 2001). Timing
mode is slightly different but works even more rapidly, for the MOS cameras 100 rows of 100
pixels are compressed into one, so the Aux is measured atl resolutions of 1.75 ms per row. In
the pn the 101 rows for cach time slice are shifted up the chip and only read out after 9 trans-
fers, this gives atime resolution of 30 g=. The use of timing mode requires a loss of positional
information in one direction of the chip, this is less imporant for the MOS camera where the
rotation of one camera against the other allows for the loss of position in one camera o he
regained in the other. The arcas vsed in the cameras for these different modes are shown in

Figure 2.4.

There are three main causes for the observed background in XMM-Newton  obscrvations.
Soft protons, possibly from some form of interaction in the Earth’s magnetcsphere, ane scat-
tered through the mirror modules creating strong fares which may dominate an ohservation,
these periods of Haring need to be removed during processing. There is also higher energy
background from cosmic rays - the charged particle hackground of space. These high on-
crgy events produce particular signature encrgy distributions and patterns on the chip, which

are then rejected as had events. Galactic diffuse emission and the cosmic X-rav background
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alsay contribute to the total measured level. The CCDs on XMM-Newton are also sensitive
oy photons in other energy bands (IR, visible and UV In arder to reduce detections at these
cnergics the cameras come equipped with thin, medium and thick Glters which can be used as

neceessary depending on the science required from an observation.

2.2 Power Spectra

The power spectral density (P51 s a tool widely vsed in a variety of different ficlds. Plotting
it provides a visuval representation of the statistical propertics of a time series 1.c. the power
density (amplitude squared) as a function of the Fourier Frequency (1 /¢imebin). Strictly peri-
odic signals (such as sinusoids) appear in the power spectrum as discrete lines, all power is
concentrated at one particular frequency. In contrast "nodse” (or stochastic) processcs show
continuous spectra with power over a broad range of frequencies. Flicker or red noise are
common in nature and show power spectra of the form 7 (where o = 0) over a broad range
of frequencics (see Press, 1978). As such the power spectrum contains information about the

characterisic frequencies (Dmescales) of a process.

The P51} is usnally estimated From the periodogram, debined as the moduolus squared ampli-
tudes of the Fourier transformed time series, and can be normalised in a number of different
ways — van der Klis (198%a) summariscs the use of PSDs in time serics analysis with a Focus
on X-ray timing. Where continuous data is not available (a rare occurence For modern as-
tronomy ) the power spectm is best estimated from data binned in equidistant time steps. The

chscrete fournier translform 15 therefore debmed as

-1
X = Zn cxp TN = (N2 LN = (2.1)

o

-
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[n this case x; 15 the count rate io bin & of the time series where M is the total number of
bins. The highest resulting Frequency is referred to as the Nyquist frequency and is debined as

Vo = 1281 i ét 16 the time hin size. From this the periodogram is debfined as

P,=AX [ (2.2)

A is the normalisation constant applicd, this can be chosen according to the task reqguined.
Three in particular are commonly uscd, the Leahy, fmactional or absolute normalisations.
Leahy normalisation, originally suggested in Leahy ot al. (1983), is advantageous For sounces
with sharp signals but little broad-band noise in the power spectra. The power is normalised

a:.;_

261 5

= |X;1° (2.3)
S mix)

where | X is the fourier amplitude, » is the number of points in the segment, < x > is the mican
count rate and 4t is the time resolution of the original time series. This has a Poisson noise
level of &, = 2 distributed as y* with 2 dof. So signals are casier o detect above the noise

level as its propertics are well understood (see ez, van der Klis, 198%9a).

4
[

The second normalisation method is probably the most commonly seen in recent workes, Nor-
malising to the fractional rms is particularly usctul when comparing power spectra from dif-
[erent sources or epochs as the dependence on count rate i1s removed. In the notation used here

it would be described by —

2
. = !
TR Kl

(2.4
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The noise level is then &V, = % (see Miyamoto & Kitamoto, 1989 Mivamoto et al., 1991).
The integrated arca under the power spectra is then the fractional rms within the frequency

limits, this value is often presented as a percentage.

A power spectrum measured in absolute normalisation differs in that the lux dependence 1=

retained. The power can be described by -

.

F;,= _le:lllil] (2.5
[n this normalisation the total variance is given by the arca underneath the power spectra — the
integration of the function over positive frequencics. The equivalent Poisson noise level in this
case 1s then N, = 2 < x =. Allowing the true varance to be measured means that alterations in
the amount of variation with source count mate are clearly visible. This normalisation is used
extensively within this thesis (see c.g. Uttley & McHardy, 2001 Vaughan et al., 2003a; Uttley

ct al.. 20005, and references thercin).

The perindogram of a random (stochastic) process 15 inherently noisy (and is known as an
‘inconsistent” estimator of the true power spectrum), in fact the measured values of the power
are distributed around the “true” value according o a y* distribution with 2 degrees of freedam.
[n order 1o estimate the real value of the power, binning gives a "consistent” power spectrum
cstimator. This can be performed in two separate ways. In the first before the Founer transform
time scrics are split into a number of scgments, and a periodogram computed for cach, these
can then be avernged together to find the mean power spectra over the whole obscrvation, or
gathered into different groups according 1o variables such as the mean Aux in the orginal time
scrics scgment — this grouping is uscd throughout this work, Onee an average power spectrum

1= measured it can also been binned in frequency, further reducing the errors on cach point.

Both forms of hinning reduce cither the frequency bandpass or esolution of the data: in the
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former casc the lowest frequency becomes limited by the segment size, in the latter frequency
resolution is lost. IF the power spectra is Aat then the emors on cach power spectral point are
given by &) = (P VMW where M is the number of time series segments uscd, Wois the
number of points in cach frequency bin and {7} is the binned power value. From this you can

sce that the greater the number of points in a bin, the smaller the variance on the estimator.
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Systematic Study of Variability in a Sample

of ULXs

3.1 Introduction

This Chapter describes a power spectrum analysis of the time serics obtained from 19 XM -
Newton obscrvations of ULXs, Several of these observations have been analysed and dis-
cussed separately elsewhere (sce section 2), but this paper presents the first uniform analysis
and presentation of the power spectra from a reasonable-sized sample of good guality ULX
ohservations (1.c. obscrvations with good exposure time of sources with high X-ray fluxes).
As noted above, some ULX observations show no evidence for rapid X-ray variability, but
in almost all published studies (c.g. Feng & Kaaret, 2005} it is not clear whether the lack
of detected variations is due to insufhcient data or an intrinsically low varability amplitude
i by comparison with well studied BHB=s and AGN, and also the varnable ULXs)  Indeed,
the carcful analysis of Ho [I X-1 by Goad et al. (2006) showed the ULX to be intrinsically

under-variable, This mises some interesting questions, but it is not clear whether the lack of

47
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strong variability is common in ULXs: in all other previous studies where no variability was
detected, there was no attempt to constrain the amplitude of intrinsic variation allowed. In the
present study we analysed the power spectra of all 19 observations, and where no variability
was detected, we followed the approach used by Goad et al. (2006) to constrain the power
spectrum. This allowed us to compare the variability propertics of all the ULXs, whether vari-
ahility could be detected or not, in a way not possible using the results of previously published

studics,

The rest of this Chapter is organised as follows. Section 2 describes our sample sclection cni-
teria and scarch process. In Section 3 we discuss the basic data reduction technigques used and
methods of temporal analysis. Section 4 explains our results in some detail including investi-
gations into the upper limits of variation hidden within the power spectra. Finally Section 5

gives a brel discussion and conclusion.

3.2 Sample Selection

We have performed a scarch for bright ULXs with a fux previously obscrved to be greater
than (0.5 = 1071 crg s ' A sample was formed throwgh use of sources previously identificd in
Stobbart et al. (2006}, scarching the ROSAT catalogues of Liv & Bregman (2005b) and Liv &
Mirabel (2005} and by carrying out an archival study of papers studying ULXs using the ADS
database ( AIDS'). A scarch was then made For long observations (> 25 k=) of regions including
these sources available by Fehruary 2008 in the XMM — Newion public data archive (X5 AT
. The hnal sample consists of 19 observations from 16 sources with the potential to provide

usclhul iming data (see Tahle 3.1).

As mentioned above, several of these ohservations have been discussed el=ewhere in the 1i1-

Ihttp:/fads.harvard. edu/
http://xmm.ezac.eza.int/x=a
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crature, and here we bricfly summarise these reports. The observations of NGC 1313 X-]
and X-2, NGC 5204 X-1, NGC 4945 X2, NGC 4861 ULX and NGC 253 PSX-2 have no

published discussion of their short-term variability.

The observations of NGO 535 ULX were known to display interesting variability (Stobbart
ct al., 2004}, but this has not previously been analysed in detail. Mo variability was detected
by Feng & Kaarct (2005) in the observations of NGC 4395 X-1, NGC 3628 X-1, M&3 ULX
and NGC 2403 X-1. Barnard et al. (2007 detected no varnability in NGC 4559 X-1 (revising
the previous report by Cropper et al., 2004). Only the remaining five observations have de-
tailed power spectral analyses published to date. The PSDs from the two observations of M2
X-1 have been published in Strohmayer & Mushoteky (2003) and Dewangan et al. (2006h)
respectivel o these show a strong QPO and a break in the PSDL A similar QPO and spectral
break has also been detected in the observation of NGO 5408 X-1 (Strohmayer et al., 2007).
Diewangan et al. (2006a) claimed a modestly significant QPO in the power spectrum of the
obscrvation Ho IX X-1. Finally, as mentioned above, Goad et al. (2006} presented a detailed

analysis of the lack of vanability present in the long observation of Ho [T X-1.
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3.3  Analysis

Lightcurves and energy spectra were extracted from the EPIC pn camera on XMM-Newton. In
all ohservations the camera was operating in full-feld mode excepting that of Ho IX X-1 (obs
[ 200980101 which was taken in large window mode. The MOS cameras were not utilised
due to their lower time resolution, making it harder to constrain the Poisson noise level dunng
power spectral analysis. When the data were included they were found to add little to cither
the results or analysis. The data from cach observabion was extracted and processed using the
KXMM-Newton SAS version 7.1.0. Data was fltered leaving only cvents with PATTERN <
4 and FLAZ==0. Events were extracted cither within the optimised radius of the source, as
cvaluated by the SAS, or a radius of our own definition if other factors (such as the source
sitting close to a chip edge or near another X-ray point source) made this unsuitable, A back-
ground light curve was taken from a rectangular region on the same chip and as close to the

source 45 possible.

Lightcurves for the 0.3-10 keV band were extracted with a time resolution of 73.4 ms for all
sources excepl for Ho EX X-1, the lightcurve of which had a time resolution of 96 ms account-
ing for the different camera operational mode. Most of the ULLXs are near the aimpoint of the
image and are clearly detected as separate point sources, with a few exceptions. Most sources
were therefore extracted from a region centred on the co-ordinates given in Table 3.1, NGC
4395 X-1 is closc to the edge of the chip; ME2 X-1 and NGC 3628 X-1 arc close to the centre
of their host galaxies and other bright X-ray sources, causing difbicultics in exactly identifying
the source whilst excluding all others given the resolution of XMM-Newison, For ME2 X-]
w followed Strohmayer & Mushoteky (2003) and extracted an 187 region centred on the co-
ordinates for the point source identificd clearly in Clandra observations. Analysis of power
spectra taken from regions surrounding the bright ULX in the XMM-Newron obscrvations by
Feng & Kaarct (2007) has suggested that this is where the QPO oniginates. NGC 3628 X-]

was cxtracted in a 237 region centred on the co-ordinates given in Table 3.1, The sccond ob-
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servation of NGC 55 TILX (obe. [d. O028740101) is off-axis, cansing a lower average count
rate than obscrved in the first observation (obs, Td, O02E7402017 and =0 the two observations

wire treated separately.

[n order to remove background flarcs a light curve was extracted from the entire chip in the
100 = 15 keW band and then criteria applicd to exclude regions where the count rate stayed
continuously over three times the mean. Only Rares longer than 305 were considered. Any
telemetry cffects where the count rate dropped to #ero for a period longer than 15 5 were
replaced with the mean count rate in the source file (this had only a small effect on the overall
light curve and subscquent temporal analysis). The sccond half of the light curve from Ho
[X X-1 (obs Id. 0200980101 was particularly affected by this. The continuous regions not

affected by Haring were defined as good time intervals.

Luminositics werne measured through fitting cach ol the energy spectra with a multicoloured

disc + power law model and are included in Table 3.1,

3.3.1 Timing Analysis

[n order to estimate the PSIY from an observation the available good time was split into at
least Gve scgments of cqual length. The FETs from each segment were averaged and the
result re-hinned in frequency giving a Factor 1.1 increase in frequency per bin (i.c binning
over f; — 1.1, but ensuring there were at least 20 points in cach. This averaging process
permits minimum-x~ fitting to be used as a maximum likelihood method (van der Klis, 198%a;
Papadakis & Lawrence, 1993), The PSIY was normalised to the fractional rms squared (van
der Klis, 1997). Visval examination revealed no QPOs in addition to those already reported
in ME2 X-1 (Strohmayer & Mushoteky, 2003) and NGC 5408 X-1 (Strohmayer et al., 2007).
Figure 3.-1 shows a sclection of cight of the sample of PSDs, these are all plotted with the

same scgment size for case of comparison, it must be noted that some of the PSDs used for
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the analysis were produced with larger segments and this allows a few more points of data to

be visible at low frequencics.

At high frequencics the PRI is expected 1o be dominated by Poisson noise, random fluctoa-
tions in the photon counts even in the absence of intrinsic variahility in the source flux. This
produces a constant (e, fat) additional component 1o the PSIY (van der Klis, 198940 with an
expected noise level (in the absence of detector non-linearitics) of approximately 2(5 + B)/5*
wherne 8 is the source count rate and B is the background count rate, calculated from the counts
in the good time intervals (Utley ot al., 2002; Vaughan et al., 2003a). In order to determine
the Poisson noise level in cach observation the high frequency negion of the PSID (= 0.5 He)
was [itted with a constant and the normalisation compared 1o the expected Poisson noise level.
Cienerally these correspond within the ~ 2% errors on the PSIY estimate. However for the two
brightest sources, Ho II X-1 and ME2 X-1, the measured values were ~ 3% below the predic-
tion levels. In a sample of this size an observabion 1s expected to deviate from the expecied
value, but as these are the two brightest sources these differences may be due 1o instrumental

cllects such as event pile-up or dead time (see also Goad et al., 2006,

3.4 Results

The following subsections describe the results of fitting various simple models to the power

spectral data.

3.4.1 Variable Sources

[n the absence of any intrinsic varability from the source the power spectrum is expected

o be constant with frequency resulting from Poisson noise in the photon counting detector.
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Figure 3.-1: Power spectma of 16 observations from the sample, representative of the range
of variahility and power scen. All light curves are split into at least 5 cqual segments in
time and then re-binned in frequency to give increments of 1,15, The Poisson noise level For
cach obscrvation is also shown (dotted line). The top six figures show comparisons between
sources which display power law type variability and sources which display no strong short
term variability, just Poisson noise. The figure of the sccond observation of M&2 X-1 (obs.
[T, 02060801 ) shows variability but not of a power law type, it is visible as excess power in
the P51 above the line indicating the Poisson noise level. The QPO in MB2 X-1 at 0012 He s
clearly visible, as is the steep, strong red-noise feature at low frequencies in the PSD from the
first observation of NGO 535 ULX (obs, 1D, 00287402017



Chapter 3. Systematic Study of Variahility in a Sample of ULXs 37

T — SR — SR — Ce e, & e B
LR i
- i
,E_-:l.:u-:-l | T 1
4 I
£ l e £ |
E ] i j
£ 4 |
[ kB
2 agnm ® mEan;
H H i
H H
£ £
LT ) I HE—— X R | N LI ) [0 ) — P S N ¥ o Ji ..M. N F] | -
B Eal o ojea 1 o aae 1830
Freqemey [Ha) Fropa ey [Hel
LI T SR S ———ry LR —
? =
1 H
E aaisa o B |
H I K
=
B E
H H
£ !
= wanm i.“l':l:
£ }
[Lb e R Ll Lol UL M| Il il BRI | FRNEIE EEAL .|
LR BRE LRl ] (K Lelel | WAl L 3 1
Frageeuy [Ba) Frmpmmiy (Haf

Figure 3.0: Figure showing the most varable sources with v »  on the y axis, this allows for
greater comparison between ULXs and black hole binarics. Top Lefi Holmberg X X-1 Top
Right ME2 X-1 (2) Rotiom Left NGC 1313 X1 Bottom Right NGC 5408 X-1

A reasonahle test For the presence of intrinsic variability is therefore a ¢? goodness-of-fit
lest comparing the data to a constant. The resulis are given in Tahle 3.2, Sources with a
p—value = 0.05 were considered to show significant intrinsic variability (with this threshold
one might expect ~ 1 false detection in a sample of 1% observations). In fact six sources
icight observations) showed significant varability: Ho IX X-1, NGO 5408 X-1, NGC 1313
XN-1, NGO 1313 X-2, NGO 55 ULX and MEZ X- 1. Investigation of the PSID from NGC 4559
X-1 revealed it to be flat with no indication of the varahility features analysed in Cropper
et al. (2004, this is believed o be due to artificial variability cansed by the analysis method

as discussed in Barnard et al. (20077,
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Source
Mame yidof Py War
(13 (2] (3 4
NGO 55 ULX 128963 1.35=10°7 P
155 4/63 <=0 P
NG 253 PSX2 T4 863 0255 N
MNOC 1313 X-1 110063 3.07=<107" p*
NGO 1313 X-2 12841 1.13x<107* P
NG 2403 X-1 58963 0,193 N
Holmberg 11 X-1 B3.3/63 0554 N
ME2 X-1 108.3/63 37«10 Py
160.3/63 < =070 Pg*
Holmberg IX X-1 2616063 <=0 P
NGO 3628 X-1 B4 7004 0,134 N
NOC 4395 X-1 TR.1TT 0413 N
NGO 4559 X-1 TE.AMG3 0408 N
NOC 4861 ULX B 563 0375 N
NGO 4945 XMM1 61.1/63 0746 N
NGC 5204 X-1 47.2/63 0875 N
Gl EG3 027 N
MEZ ULX 158 3063 00A8 N
MO 5408 X-1 437.9063 < =107 Py

Table 3.2: Results on htting a constant to determine variability. (1) Source Mame; (2) ¥~ and
dof values for PSIY after Giting with a constant model; (3) Null Hypothesis Probability for
PSI» fit with a constant (4) Asscssment of Variability: N denotes no observed varahility, #
power law type vanability, # indicates the varability is of a white noise form, g PSD contains
a QPO

With the exception of the scoond observation of BME2 X-1 and the observation of NGO 1313 X-
|, which display variability in the power spectrum close to the Poisson noise level (Dewangan
et al., 2006b; Mucciarelli et al., 20063, the variable objects all show a clear rise wowards low
frequencics compared 1o the observations with flat PSDs (c.g. Ho I X-1, NGC 5204 X-10.
The continuing risc scen in RXTE observations of M&2 X-1 with a power law of -1 (Kaarct
ct al, 2006; Kaarct & Feng, 2007) suppored by evidence of breaks seen in NGC 5408 X-1
suggests that the PSDs are best Gt with a broken power law model over a broad Lorentzian.
For this reason power law models were fitted to the variable sources, although the limited

number of points at low frequencies made it difficult bo constrain the model parameters. The
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Figure 3.1: Standardised residuals For Power law (fop) and Broken Poswer law (Borton) fits o
the PSIY of NGO 1313 X-1. 47 values For the fits are also included.

results are given in Table 3.3

Ho IX X-1, NGC 1313 X-2, NGC 55 ULX and ME2 X-1 (obs. Id. 0112290201) were fitted
best with a power law (plus a constant for the Polsson noise). MOC 5408 X-1, ME2 X-1 (obs Id
0206080101 and NGC 1313 X-1 were hited betier with a broken power law (plus a constant)
as used in Strohmayer et al. (2007) o model the PSD from NOGC 5408 X-1. This is the first
report of a broken power low FSD in NGC 1313 X-1 and in order 1o test the plavsibility
of the detection we have atlempied to fit the PSD with a power law {(+ constant) model, and
compared the ¥~ value from this fit to that of a broken-power law (+ constant) model which has
twor further free parameters. Analysing the difference between the two ¢” values hoth through
direct comparison and the F-rest suggest that the spectral break at 008 He is significant and
necessary o the Gt with py = 107 Fig. 3.1 shows the standardised residuals alter tting

these two models.
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[n the cases of ME2 X-1 and NGO 5408 X-1 the obvious QPOs were modelled with narrow
Lorentzians (scc below). The power law-like regions can all be fitted with slopes between
=2 and —0.5. For those sources with previous analyses of their variahility (ME2 X-1, NGC
5408 X-1 and Ho IX X-1) the power law slopes, break frequencies and Lorenteian parameters
found agree with the previous results, with the exception of the QPO identified in Holmberg
[X X-1 by Dewangan et al. (2006a) which was not reproduced with high significance although

a continuum PS5 is visible,
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3.4.2 Establishing limits on the variability

The other 11 observations show no strong evidence for intrinsic variability, despite a range of
ohsecrvation lengths and source fluxes, and therelore sensitivity to variability. In these cascs
the wariability amplitude was constrained. following the procedure of Goad et al. (2006), by
assuming the intrinsic power spectrum has one of two generic forms common to the PSDs of

BHEs and ACGM.

The Grst model 15 a broken power law model. It is well established that BHBs and AGN show
P5Dk that are vsually dominated by a broad-band noise component with a form that resembles
to first-order a broken power law. Most sources show a Frequency range in which the spectral
index (PRI slope) is approximately — 1. noise with this PSID are known as "Hicker noise”™
(Press et al., 1992). The integral of a /' spectrum diverges (if rather slowly) to low and high
frequencics, and so must break to Hatter and steeper slopes respectively, Therelore, we may

use a broken power law as an approcimate model of the generic broad-hand noise PRS0

[n many AGN and soft state BHEs the low frequency break (1o an index fatber than —1) 15 not
ohserved and must occur at very low frequencics (Reig et al., 2003; Markowitz ct al., 2003;
Llitley et al., 2002 Keig et al., 2002; Churazov et al., 2001). This means a good approximation
to the observed PSDs can be made by considering a singly broken power law (BPL) with

indicies of —1 and =2 below and above some break Frequency, respectivel y.

_L I -.I ‘here . -
. “[ﬂ_qﬂf where [ < fi, an
a[ﬂ T+ Cr where £ 2= i,

where A is anormalisation, f, is the Chigh frequency) break frequency, and Cp is 4 constant to

account for the Poisson noise. This model is shown in Figure 3.3

If we represent this spectrum in %P /) form the 7! part of the intrinsic (i.c. afller subtracting
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Figure 3.2: Contour plots for our three wvarability models from NGO 53204 (obs 1d.
04056902010, limits shown correspond to Ay” = 1.0, 2.71 and 6,63, Top: High/solt model,
broken power law -15-2, Centre: Band-limited noise, Lorentzian (Q=0.5). Botom: Narrow

Lorentzian (=501
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Figure 3.3: Models used to test the variability levels in the power spectra, all either break
or have a central frequency of 0,005 He. line Broken power law (soft state): dasfh Broad
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the contribution due o Polsson noisc) spectrum (O < L) becomes Hat, with a constant level
Cryp = S = Ajs. It has been suggested that the value of € is fairly constant across
BHBs and AGN, with values in the range 0,001 — 0.03 (Goad et al., 2006; Papadalkis, 2004,
Of course the break frequencies fi vary widely from source o source — from 1077 He For AGN
with BH masses ~ 10° Mg, to ~ 10 Hz in stellar mass BHBs — and on long timescales the
break frequency may vary by as much as a decade in frequency For a single source (Belloni
& Hasinger, 1990; Uttley ot al., 2002: Belloni et al., 2002). For the non-varving ULX obser-
vations there was generally no observational constraint on fi and so C) ¢ was estimated (or
constrained) as a function of break frequency over the range 1077=1 He. Figure 3.2 (top pancl)
shows a contour plot of the upper limit on Cy ¢ as a function of f For NGC 5204 X-1 (obs.
[d. (405690201). The contours show the value of ©);; at which the ¥° ft statistic increased
by 1.0, 271, and 6.63 over the minimum. These correspond to the 683, 90 and 99 per cent

quantiles of the ¥* distribution with v = | degrees of freedom, and are conventionally used 1o
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delimit confidence regions on one parameter. Here they are used to define approximate limits
on the magnitude of ©); as a function of fi. Table 3.4 gives 90% limits on the valoe of ©)
for cach of the sources in the sample calculated assuming two different values of . namely

107" Hz and 1 He.

For the vanable sources for which an unbroken power law was a good fit we estimate the value
of Oy by fitting a BPL model. Where the observed power law index was = =2 (1e, in NGO
S5ULX and NGC 1313 X-2) it was assumed that the high frequency break., fy, must lic below
the obscrved frequency range (2 few x 1077 He), and so we assumed f, = 107 He. If, on
the other hand, the observed power law index was close to =1 (Le. Holmberg IX X-1, and the
first observation of ME2 X-1), it was assumed that the fn must lie close to, or higher than, the
highest frequency at which ULX vanahbility can be detected above the Poisson noise. In these

cases we assumed Jfi = 1 He

[nthe cases of NGC 1313 X-1, NGC 5408 X-1 and the second observation of M82 X-1, where
a break in the power law 15 detected., the observed indices at low frequencics are rather Tow
icloser to 0 than — 1) indicating that the obscrved PSD covers the low-intermediate part of the
model. Here it is flat, breaking from an index of 0 to —1 the low frequency Nattening discussed
carlicr. In these cases the intermediate-high part of the PSIY was again assumed to break from
an index of =1 to =2 at fi, = 1 He, while the low frequency index of 0 was fixed, the location

of the lower frequency break was left as a free parameter.

The second model represents the band-limited noise (BLN) commonly observed in BHE hard
states (Mowalk, 2000; Belloni et al., 20023, In this model the variability is mostly limited 1o
~ 1 =2 decades of temporal frequency (van der Klis, 20063 A simple model for this type of
noise 15 4 broad (incoherent) Lorentzian:

RO fufm

Pl =— - — + (3.2
IR Sl
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where B? is a normalisation term (approximately integrated power, Nowal, 20000, f; is the
resomant frequency, and {0 is the quality factor. Again, Cp is a constant o account for the
Poisson noise. The Q-factor defines the frequency width of the Lorentzian, @ = f,/HWHM
where f is the central Lorentzian frequency and HWHM it= half width at half maximum.
Typically a feature with £ = 2 is classified as a QPO and @ < 2 as hand-limited noise (van
der Klis, 1989, 20063, In order to model band-limited noise a value of O = 0.5 was assumed.
The same model form but with @ = 5.0 was used to model QPO features. OF course, given the
guality of the data the resonant frequency f; of the BLN could not be constrained. and so the
strength of any BLN was estimated (or constrained) as a function of f; spanning 107*=1 Hz, in
the same manner as with the BPL model. In those observabions that showed no obvious QPO
the same procedure was used to put limits on the strength of any QPOs as a function of QPO
frequency. The middle and bottom pancls of Fig. 3.2 show the upper limits on amplitudes of
the BLLN and QPO models for NG 3204 X-1 (obs [d. 040569201 These were found through
minimising the fit to the models over 1000 different values of cither the central Lorentzian

frequency or the break frequency over the XMM-Newidon  frequency range.

Table 3.4 gives the approximate limits on the amplitudes of the two models (BLLN and BPL)
assuming two representative values of the characteristic frequency in cach case (1 mHez and
| Hz). The limits were calculated using a Ay® = 2.71 criterion (which corresponds to the 20
per cent limit of a ¢° distribution with v = 1), The [ainter sources (such as NGO 4945 X-2,
NG 4395 X-1, NGO 4861 ULX, NGC 3628 X-1 and M&3 ULX ) have upper limits such that
variability from these sources would have 1o be particularly strong to have been detectable.
For example, in NGO 4395 X-1 a BLN spectrum could have B = 20% fractional rms and
this would harely reach the 90% confidence limit even assuming a characterstc frequency
hest-suited to detection (fy, ~ 1077 Hz). For those sources in which variability was detected
the measured values of the amplitude are given for cach model. The observation of NGC 5408
X-1 gives the amplitude of a BLN spectrum (assuming f5 = 107" Hz) as B = 18% whereas

the upper limit on the amplitude of the same model in the case of NGO 3204 X-1 (obs 1d.
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0405690201 ) gives B < 7% even though the two observations show comparable Poisson noise

leviels.

3.4.3 Limits on QPOs

The data were examined for possible QPOs by re-binning the FFT data in both Frequency and
time using various different bin widths, As discussed above a narrow (2 = 5) Lorentzian was
uscd to model a QPO. For cach observation the change in +~ was calculated as a function of
the twa free parameters £ and . An improvement of Ay® = 11.3 was considered indicative
of a QPO. This process clearly recovered the known QPOs in NGO 3408 X-1 and ME2 X-
| but did not find any further candidates. The known QPOs show typically R ~ 10% and
Mo~ 2=5x 107" He. By comparison the limits on the QPO strength derived from observations
of several other bright ULXs, such as NGO 5204 X-1 and Ho [T X-1, show that such QPO
would have been detected if they were present (see Fig. 3.2 The QPO claimed in Ho IX
X-1 by Dewangan et al. (2006a) was not reproduced with high significance. In these sources
QPO= similar to those in NGO 3408 X-1 and ME2 X-1 sources would have to be fairly muted

il present.

3.5 Discussion

The main resulis of the temporal analysis of 19 observations of 16 sources may be summarised

as follows:

= Six sources (cight observations) showed significant intrinsic Qux variability in the 1071
1 Hzrange (NG 5408 X-1, NGC 1313 X-1, NGC 1313 X-2, NGC 535 ULX, MEZ X-]
and Ho IX X-1).



Chapter 3. Systematic Study of Variahility in a Sample of ULXs ik

Source Broken Power Law (BPLY Band limited noise {BLIN]

Name Cyp (1079 Cpyp (1070 RTOI07% R (107%) RZ (1077
10 *Hz | Hz 107 Hz 1Hz

(1 (2 (3 4 (5 ()
MG S5 TLX - 177446 - - 3.240.5
- 463142 - - g.2+2
MG 253 PSX2 < 654 = |85 < .64 < 352 -
MOGC 1313 -1 - 136446 - - .o
MWGC 313 X-2 - 26x14 - - [].ﬁﬁlgﬁ'
MO 2403 X-1 < 2.9 < 2.3 = (1,282 < 155 -
Holmberg 1T X-1 < 288 =< 3.7 = 00610 < 223 -
ME2 X-1 - T4+5.0 - - 4242
- 221460 - - 25405
Holmberg IX X-1 - G.0£1.7 - - [(LEE£0.2
MO 3628 X-1 < |70 = 43 < 4.49 < 23] -
MO 4395 K- < 260 = 64,7 < 558 < 928 -
MO 4559 -1 < T.11 < R4 < .72 < 434 -
MG 4861 ULX < 401 = ) < 0.8 < 26 -
MG 4945 X MM I < &0 < 518 < 537 < 293 -
MO 5204 X-1 < 21 = 5.0 = (1,494 < 105 -
< 343 =54 <0539 < |33 -
ME3 UK < 29 < < T.56 < 423 -
MG 5408 X-1 - lid=11 - - 2.99£0.5

Table 3.4: Upper limits on the fitted model amplitudes using two different power spectral
mexdels. The estimate of O From the BPL model at [, = 107 Hz for Ho 1T X-1 differs
from the value found in Goad et al. (2006) differs due to the use of different binning for
the hitting process. Columns: (1) Source Name:; (2) C); from the broken power law model
with [ = 107" Hz: (3) For non-varying sources: Cy¢ from the broken power model with
the [, = 1Hz; Tor varying sources: O, from It to model according to shape of PSD: See
text; (4) Upper limit on fractional rms within a Lorentzian of coherence Q=05 fit at 1077 Hae;
(5 Upper limit on fractional rms within a Lorentzian of coherence Q=05 Ot at 1 He;, (63 Fit
normalisation values to Band limited noise when present. All limits correspond 1o Ay? = 2.71
iwhich is approximately 90% confidence).
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s [ these six, two show strong QPO features (NGO 5408 X-1 and MB2 X-1, as previously
identificd) and all show a continuum spectrum consistent with a power law or broken

power law model.

s [ the remaining 10 sources, the intrinsic variability amplitudes were constrained by

comparing the data to simple PSIY models based on BHEB obscrvations.

# The limits obtained For several of the observations (e.g. NGO 4559 X-1, NGO 5204
M-1, Ho 1T X-1) are such that the strength of the intrinsic variability, in the frequency
range observed, must be substantially lower than the observed power scen in the variable

EOUTCCE.

3.5.1 Break Frequencies and BH mass

[t is in principle possible to draw inferences about the nature of the putative accreting black
hole in the ULXs if analogics can be formed between their observed propertics and those of
BHBEs and AGN. Perhaps the simplest and best studied relation linking BHB= and AGN is the
correlation between the PRSI break frequencics and BH mass (c.g. Markowite ot al. (2003);
Done & Gierlinska (2005); McHardy et al. (2006)), a correlation which may well include

L.

The 3 PSDs of NGC 5408 X-1, M&82 X-1 (obs. 112 02060801017 and NGC 1313 X-1 show
a break from an index of ~ —1 above the break to ~ 0 below, which resembles the low
frequency break” observed in hard BHB observations (Belloni & Hasinger, 1990 Nowalk,
2000; McClintock & Remillard, 2006k). Sora et al. (2004 have used the break frequency
in NOC 5408 X-1 to derive an expected BH mass of ~ 100 M. For ME2Z X-1 Dewangan
ct al. (2006k) measured the PSID break frequency in relation to the QPO frequency and drew
a comparison with BHB Features in order to estimate the BH mass at 25 — 520 M. Casclla

ct al. (2008) applicd the relationship in Kérding et al. (2007), which extends the analysis
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from McHardy et al. (2006) into systems in a low/hard state, to estimate a BH mass between
15 — 1305 M, for NGC 5408 X-1 and 95 — 1260 M, for M&2 X-1. However Middleton
et al. (20107 argue that this comparison is inconsistant, they suggest that the expected break
frequency should be lower than that ohserved in this ohservation of NGC 5408 X-1. Instead
this QPO may be similar to the ultra-low frequency QPOs cccasionally observed from GRS

[915+105.

By contrast the break in NGC 1313 X-1 at 0,09 He is comparable to those observed in BHEs,
for example the observed break of Cyg X-1 in the low/hard state is 008 He, Cyz X-1 s
thought to have a BH mass of ~ [0M,.,. However the observed luminosity of Cyg X-1 in this
state is only ~ 4 % 1077 ergfs (Nowak et al., 1999) a factor of 100 lower. Either NGC 1313
X-1 hosts a commensurately larger BH mass than Cyg X-1, or it does not but is acereting at a
much higher relative rate (L = 1), or at least appears to be due to anisotropic emission (or
some combination of these) In cither case the Aat PSIY belose 0.09 He 1= difficult to account
for. The fat slope is most commonly observed in hard state BHB=, but this state is thought
o occur when L/ 2 0.05 (McClintock & Remillard, 2006bh). Assuming NGC 1313 X-]
o be in such a state would therefore require My = 600M., yet the frequency of the break
matches well the expectation for a My, ~ 10M, black hole. This suppaorts the suggestion that

LMLXs may represent a different, "ultraluminous” state { Roberts, 2007).

NGO 1313 X-2, NGC 55 ULX and Ho IX X-1 show excess power rising to low frequencics
below ~ 53 107" He. As can be scen in Figure 3.-1, the PSD from the first observation
of NGC 535 ULX (obs. 1D, 0028740201 shows a steep red noise region at low frequencies,
alsa visible in the PSIY from the sccond observation (obs, 1150 0028740101, When the two
ohservations are fitted with a power law + constant model, spectral indices of 1.7520.2 and
.96+0.4 arc found respectively, with no sign of a low frequency break. This would suggest.
assuming the system is in the soft state, that the high frequency break would have to be below

107 He, indicative of a BH with a mass in excess of 10 Ma (Roberts, 2007) more typical
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of AGN. However it must be pointed out that dips in the light-curve have been identibied
(Stobbart et al., 2004) and that these features affect the PSD on imescales commensurate with
the strong variability power scen in its PSD. The power laws seen in the PSDs from Ho IX
X-1 and NGC 1313 X-2 have spectral indices of ~0.5 and ~1.91 respectively. The few rising
points visible in the PSD of NGC 1313 X-2 do not allow for accorate fitting and so little can
be derived from this value. For Ho IX X-1 however, the slope 15 much clearer and we have
carricd out a basic analysis. We have been able 1o constrain the likelihood of a brake toa slope
of -2 to be above (0.1 He, This would indicaic a BH with a mass below 10080 M, (Roberts,

2007,

The possibility of estimating the masses of ULXs by comparing characteristic (c.g. break
or QPO frequencies with those observed in BHBs and AGN, is dependent on there being
a suitahly strong analogy mapping PSDY characteristics between the source, together with a
simple mass-frequency scaling relation (McHardy et al., 2006). The recent discovery of an
apparent high frequency QPO within a AGN (Chicrlinski et al., 2008) indicates that these fea-
tures an: common across the mnge of observed sources.  [F however ULXs do not display
variability in forms typical to cither BHBs or AGN and instead exist in a new *Ultraluminous
state” ( Stobbart et al., 2006 Robers, 2007; Gladstone et al., 2006 with distinet and dilferent
characteristics to those states observed in AGN and BHBs, then these mass estimates will no

longer be reliable.

3.5.2 Variability vs Flux and Luminosity

The two main propertics of an obscrvation that determine the sensitivity to intrinsic spectral
power at a given frequency are the length of the observation T (the number of ‘oycles”™ of
that frequency that were observed) and the count rate of the source (which determines the

Poisson noise in the observation). Denoting the mean count rate as f we may approximate
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Figure 3.4: Upper limits to highfsoft model against Flux (left) and lominosity (right) For £, =
| milz. Points defined as varying are represented by Glled circles, whilst non-varying sources
are unfilled. Also shown are the measured values of U, for BHBEs Cygnus X-1 (Uttley,
2007y and GRO J1655-40 from an anomalous solt state, also the AGN Mrk 335 (Arcvalo
et al., 2008), For reference the luminositics of these sources are ~3:3 1077 erafs, ~T=1077 crafs
and ~3x 10" crgfs respectively.

the signilicance (in unils of o) of an cxcess in power over the Poisson noisce level by n, () =
:.',”’;, (VT AJON) (see van der Kis, 198900 where Ps(f) is the power density due to the
intrinsic variations in the source fux, and Af( ) gives the frequency binning. Thus, with
similar observation lengths T and frequency re-hinning A fi ) the sensitivity should scale as
iy, o P00 and so if a detection 15 made when », exceeds some number the limit on the

power that can be detected scales as Po( ) oo 170

Fig. 3.4 (left pancl) shows the estimated vanability amplitudes (detections and upper limits)
against source fux. Alsoon these plots are typical values for € observed in the BHBs Cyg
X-1, GRO T1655-40) in an anomalous soft state and the AGN Mrk 335, illustrating the con-
sistency in Uy between BHBs and AGN. The upper limits clearly improve e, give tighter
limits) at higher fuxes, as cxpected. In particular, they indicate it is in gencral not possible

Lem ™.

to detect even strong variability (€, = 0.05) in sources fainter than ~ 107" erg s~
Fig. 3.4 iright pancl) shows the same varability amplitudes against observed X-ray lominos-

ity, with no strong trend apparent. Above 1077 erg 57! (e, definite ULX luminosities) there is
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a range ol ~ 30 in the variability amplitude, confounding any efforts to identify source states
on the basis of luminosity-variability correlations. Considering only those source For which
variability was detected (filled circles) there appears to be a correlation suggesting a decrease
in variahility with increasing lumincsity. However there are two reasons why this could be
misleading. The first is that the two highest estimated values of Oy are the observations of
NGO 55 TTLX. This source shows dipping episodes in its variability {Stobbart et al.. 2004,
not seen in other ULXs, and this anomalous behaviour enhances the variability amplitude.
Removing these points substantially decreases the apparent significance of any luminosity-
amplitude anti-correlation. Sccondly, including the limits from observations that did not have
variability detections shows that some lower luminosity sources (~ 107 erg s7') must have
very low amplitude variability, opposite to the prediction of a general luminosity-amplitude
anti-correlation. When these points are considered there appears to be oo obvious correlations

within the plot

3.5.3 Aresome ULXs significantly less variable?

The upper limit contours from four bright sources (Flo 1 23-1, NGO 2403 X-1, NGC 5204 X-1
and NGC 4559 X- 1) show that these sources are significantly less variable than others (such as
NGC 55 ULX, NGO 5408 X-1. etc.). Fig. 3.6 compares the data from NGC 5204 X- 1 with the
model obtained by Oiting the data from NGO 5408 X-1 (these two have similar lominositics
and count rates, and hence Poisson noise levels in their PSDs). The ligure clearly shows the

variahility scen in NGC 3408 X-1 1o be absent or greatly suppressed in NOC 5204 X-1.

The ditference between the strength of variability observed in many ULXs and that expected
by analogy with BHBs was confirmed using simulated data. Two PSDs of Cyvg X-1 — one

showing BLN thard state) and one showing BPL (saft 51:111:]'1. an ohservation of GRO T1655-

For Cwgnus X-1 the observations were taken from the BXTE archive: the BLN dais came from proposal
PLOZ236 made on 1996 December 16-18 and the BPL data came from P10512 made on taken 1996 June 18, The
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40 in an anomalous soft state and one of XTE T1550-564 in a typical soft state — were used
as examples of BHB variahility. Random time serics were generated from these PSDs (using
the method of Timmer & Konig, 1995) and given the same mean count rate and exposure
time as the XMM-Newton observation of Holmberg 1T X-1. Poisson noise was included at the
appropriate level, and the simulated data were analysed in the same manner as the real ULX
data. Variahility was clearly detected (e, a constant was rejected by a x~ goodness-of-fit
test) in the simulated data for the st three PSD shapes. The same was true when the PSD
frequencies were reduced (by factors of up to 10F) prior to generating the time series - e
simulating the cffects of larger hlack hole masses by scaling the variability timescales. The
simulations with the same shape as the soft state PSD from XTE 115500564 had no detectable
variahility, although if the source is in a similar state to this the energy spectra is expected 1o
be dominated by a disc-like component which is not observed here — this is discussed further

helomw.

The results confirm that iF Holmberg 1T X-1 was variable with a P51 shape and amplitude sim-
ilar to that scen in Cyvg X-1 its vanability should have been detected (at high significance) in
the XMM-Newiton observations. This is true whether the PSID shape 15 BPL or BLM, and haolds
when the chamctenstic variability frequencies are reduced as might be expected for IMBHS.
The results of the simulations confirm the the PSID fitting results (discussed above), namely
that the apparent lack of variahility in the observabions of sources such as Holmberg 1T X-1

and MOC 5204 X-1 must be intrinsic to the sources, not a result of insulfcient obscrvabions.

3.54 Interpreting the lack of variability

There are two fundamentally different ways to account For the lack of varahility in the TTLX

ohservations: as an obscrvational effect caused by the limited encrgy or frequency bandpass of

observation of GRO TLE55-40 was from PPLTOZ @ken on 2005 May 24 and XTE 11550564 from PACY0OT on
199 Jan 6.



Chapter 3. Systematic Study of Variahility in a Sample of ULXs T3

g K- (hed mamj E: Crpai-1 poh amsj
o L AL | | &
£ gl 41T T YT [k
M L. THITRY o] 1o SR NN
1 ¥ p A
[ ] I
d | (.
: -\.u-_: :l__l-_-"I-|_-_|'-l'1?"' 'Hv——r-r-'\—;-'\-
s | - e
Frepmecy HES Framarey (He)
GO Jisas-+40 (o sl nmm| | | ATE Hazx—met (sdhirems) |
i P L |
- ! T b, . !
I E —_— b: i -I__ LN T g T WA
1 171 . WL T |
0 i
[ S T 1 | € at
I ']_rJ- Y |
P bl e e e e e
a
o ; = TR

T e
Frepmecy [ K| Frapay (Ho

Figure 3.5: Simulated power spectra from Holmberg 11 using models from black hole X-my
binaries scaled down to frequencics expected for IMBHs. top lefi Cygnus X-1 hard state; fop
right Cyenus X-1 soft state; bettam leff GRO T1655-40 Anomalous soft state; boftom righi
XTE T1550-564 soft state.

the obscrvations, or as a result of the sources being intrinsically under-vanable, We consider

some speciic possibilitics helow,

The energy spectra of BHBs in their higher accretion rate states are often dominated by a
i quasi- Jthermal component associated with the aceretion disc. By comparison with the non-
thermal (power law-like) hard X-ray continuum, this spectral component shows little short
term variability (Churazoy et al, 2001). LMC X-3 is an example of a BHE that often shows
very low amplitude short term variability in the soft state (dominated by thermal disc emis-
sion; Mowak et al., 200173, Sce also a discussion of this point in the context of BHB-AGN

comparsons in Done & Cierlinski (20055, It could be that a similar component dominaies the
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Figure 3.6: Average power spectra of NOGC 5204 (obs [d. 0405690501 with the best hiting
model for NG 5408 X-1, demonstrating clear absence of variability in the former source
cven though the observed luminositics from the two observations are very similar.

spectra of the under-variable ULXs within the XMM-Newionbandpass. IF this was the case we
would expect the thermal emission to peak around ~ 1-2 keV, higher than expected for IMBH
models, which predict a much cooler lemperature ~ 0.2 ke (Miller et al ., 2003, 2004 Stob-
hart et al., 20067, 1.c. this solubion requires BH masses similar to Galacie BHBs, One problem
with this hypothesis is that the energy spectma of ULXs often appear more complex than the
thermal-dominated spectra of soft BHBEs when viewed in the highest quality XMM-Newton
ohsecrvations (Stobbart et al. (20067, Gladstone et al. (20097), they can only be fit with a model
consisting of two components rather than a single thermal one. There are some ULXs that do
appear o have modificd disc-like spectra, although they still do not appear to be in a true ther-
mally dominant state (e.g. Vierdayanti et al. (20067 Hui & Krolik (2008); Feng ctal. (20100).
A prediction of this hypothesis is that the sub-variable ULXs should show stronger variability

at higher energics, where the spectrum is dominated by variable non-thermal emission.

Gioad et al. (2006) suggested that the lack of variability scen in Holmberg [T X-1 may he
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related to states observed in GRS 1915+105, where the variability power is concentrated in
a BLN spectrum at high frequencies (> 0.1 He) and there is often littde variability on longer
timescales, such as the *y" state or that ohserved with ultra-low frequency QPOs (Belloni
et al, 2000; Middleton et al., 20000, The integrated power over the 107 — 0.1 He rmange is
typically only ~ 1077 (fractional variance: sec c.g. Adeiarski et al., 2003) which is closce to
the detection limits of the ULX obscrvations. Again, this explanation requires BH masscs
comparable to that of GRS 1915+105 (~ 14 M: Greiner et al., 20017 as a significantly larger
BH mass would shift the BLLN variability into the frequency bandpass of the ULX obscrvations
(107 = 0.1 He) where it would be detectable, A prediction of this hypothesis is that ULXs
should show significant variahility power at higher Frequencies (e.g. 0.2 = 20 He), in the form

of a BLN component and possibly strong QFPOs, as does GRS 1915+ 103,

The abowve explanations hypothesise that the variability in ULXs is similar to that of BHBs (and
AGN) but is often not observed due to the limited energy andf/or frequency bandpass of the
available data. Another possibility is that the X-ray emission from ULXs is intrinsically less

variable (on frequencies = 107" He) than expecied by analogy with other acereting systems.

The timescales involved are sufficiently large to suggest difficultics with at least one model
for the suppression of variahility within the ULX system: scattering in an extended region.
Recent studics of the X-ray spectra of TTLXs (c.g. Done & Kuobota, 2006; Stobbart et al., 2006;
Croad et al., 2006) have put forward the idea of an optically thick corona of hot clectrons that
modifics the emerging encrgy spectrum. The timescale for the diffusion of photons through an
clectron scattering medium is of order Ar ~ B, /e, where B is the size of the scattering region
and 7, (= 1) is the optical depth to clectron scattering (sce c.g. Nowak et al., 1999 Miyvamoto
ct al., 1988, and references thercin). On timescales shorter than Ar the variability will be
strongly attenuated. The ULX observations show weak or absent variability on timescales at
lcast as large as ~ 107 s, which would require Rr,, ~ 1001t-s. This is exceedingly larze; even

with Mgy ~ 100 Mg an optical depth of 7., ~ 10— 200{sce Gladstone et al., 2009 would need
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a scaltering region as large as B ~ 2% 107 m (~ 7 % 107 gravitational radii), comparable to the
binary scparation of Cyg X-1. This analysis suggests clectron scattering requires a very large
covering outflow before it can be a viable mechanism for suppressing variability in ULX=
on such long timescales, although the effect on the energy spectra require a much smaller

cmission region than necded here.

Of course, it remains plavsible that ULXs are examples of an acerction state that is simply not
found (or very rarc) among the commonly observed BHEB= and AGN, and which displays very
stable X-may cmission. Nevertheless, any mechanism for explaining the lack of varability in
some LLXs faces a challenge: the X-ray spectra of the variable (e.g. NGO 5408 X-1) and
non-variable (NGO 5204 X- 10 ULXs are quite similar (Soria et al., 2004 Roberts ¢t al., 2006;
Stobbart et al., 2006) while their varability propertics appear very different (sec Fig. 3.60.
This apparent inconsistency requires further study to understand fully, multiple observations

of a few ULXs could allow for further clanbcation of this problem.

Longer observations with XMM-Newron would allow the frequency range to be extended o
lowwer Frequencies and could reveal in more detatl the PSDs of ULXs such as NGO 55 LXK
and NGC 1313 X-2, allowing better comparisons with BHBs and AGN. Obscrvations of ULXs
with more powerful X-ray missions (such as Astro-H and the proposcd fnfermeational X-ray
{2 bservatory) arc needed befone ULX variability can be studied at the higher frequencics and

in the higher energy bands needed to test the hypotheses discusscd above.



|
Chapter

Rms-flux relation in a selection of black hole

binaries

4.1 Introduction

One property which appears to be common o some accreting compact objects is a lincar
relationship between the rms variability of a source and the count rate. Initially discovercd
in ohservations of BHBs (Uttley & McHardy, 2001}, this rms-tflux relabion has now been
investigated in a few obscrvations of a number of BHBs, AGN and a neutron star X-ray binary
iUttley & McHardy, 2000; Uttley, 2004 Gaskell, 2004 Uttley ot al., 2005, sce ¢.g.) and
studied in detail for all RXTE obscrvations of Cyg X-1 up to carly 2003 (Gleissner et al.,
20043, It has also been observed in optical observations of three BHBs in the low-hard state
iCandhi, 200%). The range of compact objects from which this relationship has now been
ohserved is striking and lcads to the question of how ubiguitous it is. IF it is scen in a wide
range of objects in a vanety of different states, then is 1t in fact an essential product of the

accretion Aow?

79
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The rms-flux relation in Cygnus X-1 is visible over a wide range of imescales, from seconds
o wears (Gileissner et al., 2004). This time range and consistency is difficult to explain using
models employing additions of independent shots, a connection is required between variability
occuring over mescales of years and that happening in scconds. A propogating fluctuations
model, such as that suggested by Lyubarskii (1997): King et al. (2004, where long-term vari-
ations from the outer reaches of the dise propogate inwards coupling to short-term variations
at smaller anulli. This modulation implics that the Aux disinbution from the source should
be log-normal (Uttley et al., 2005}, it the varations containing an rms-flux relation are the
dominant emmision component. Log-normal fux distributions have been observed from vari-
ous BHBs and AGN (sec c.g. Uttley et al., 2005; Gaskell, 2004 Gichels & Degrange, 20049),
Other models sugaested for the rms-Hux relation in ULXs includes emission from a cluompy

wind (Middleton et al., 200107,

Although the relation has been studied in many observabtions of Cyg X-1 and a selected few
other BHRBs, it has not heen consistently observed in a transient source which shows the full
range of states. IF the rms-fux relation is visible in all states then this points to the ubiguity of
the relation, alternatively if the relation is not seen in a particular state it futher demonstmates
differences in the varability. In order to test the ubiquity of the rms-Aux relation in BHRs we

have utilised the full range of data from 9 BHBs inthe RXTE archive.

4.2 Data Analysis

4.2.1 Lightcurve extraction

We have utilised most of the publicly available data (excluding only Observations Identificrs

containing less than 5 ohservations) from the RXTE archive for the % BHE= in table 4.1 taken
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by the RXTE Proportional Counter Armay (PCA) since the mission began. All lighteurves have
been extracted and then binned to around 3 ms depending on the mode the data was initally
taken in and the initial ime resolution. The analysis was limited to those observations taken in
cither Binned, Single Bit or Event modes, observalions not taken in any of these modes have
been excluded from the data set. IF observations were made with some or all of these modes
in the energy range required, then hinned or event mode data was wsed preferentially due 1o
the restricted energy selection in single bt mode. We have also excluded observations without
a concurrent file in standard 2 mode, as this data was used for the background reduction (this
mainly applics 1o a few observations taken when there were problems with the hardware o
RXTE). In order to adjust for the differing combinations of detectors used in observations
taken with the PCA all results presented here are corrected to one PCUL In general these
ohjects have been observed when they go into outhurst as the count rates in quicscence are
very low (excepting For Cygnus X-1). Conscquently the obscrvations are not evenly sampled

in time but do represent a range of states for cach source.

The initial analysis was carried out in the closest range to 2-13 keV allowed by the energy bin-
ning For the observation. As standard 2 channel 0 is thought to introduce artificial variability
into the lightcurves (see e.g. Gleissner ot al., 2004) this channel was excluded. The energics
which can be extracted owver are dependent on the channel grouping vsed for the data mode,
conscguently the rmange is not the same for all ohservations, but the counts extracted werne from
the closest to the 2-13 keV range possible. The lightcurves are then background corrected,
using simulated hackground lighteurves produced by the ftool POCABACKEST. It is recom-
mended that observations with count rates < 40 c=POL use the models for faint sources. As
our ohservations span a wide mnge of count mates, we tested observations close o the faint
maodel limit with both hackground models. This showed little difference in our final results
whether the model was chosen based on count rate or the bright model was applicd to all data.
We chose the latter as this ensured consistency in data extraction. It also excluded the possi-

bility oof anomalons results for ohservations with count rates close to the recommended cut-off
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Table 4.1
Tarzcet Total obs. Obs. =3% o). Good obs.
(1 23 i3] (4
GX 3394 487 376 234
XTE J1118+480 3 30 26
(35 1354-64 5 7 7
417 1543-475 a7 25 12
XTE F1550-564 153 106 B0
XTE JT1650-5000 177 &Y 39
GRO T1655-40 462 [ 40 93
FI1743-322 Be7 297 129
XTE JTR594226 123 55 12
Total 2178 159 676

Table 4.2: Mote: The 1998 outhurst of X'TE T1550-564 15 excluded from this data set due o
the strong QPO

between the two models, where observations with very similar count rates could have different
background models applicd. Observations with a count rate < 10 ctfsFPCL are excluded from

the sample.

4.2.2 Calculation of the rms-Aux relation

The resultant background corrected lighteurves were then split into continuous scgments of
35 1n length and the mean Aux ((F)) was found for cach segment. Periodograms were then
measurcd for the segments in absolute normalisation (see Chapter 1), in this normalisation
the integrated arca underneath the power spectrum is equal to the variance. The stochastic
nature of the lightcurve results in scatter in the periodogram, as discussed in Chapler 1 the
measurcd power values are scattered around the true value according 1o a +° distribution with
two degrees of freedom (sce c.g. van der Klis, 198%a). [n order to reduce this cffect and
cstimate the real value of the power in cach frequency bin, the periodograms were averaged
into flux hins. The number of pericdograms per bin was dependent on the number of scgments

in the individual observations but this ranged between 25 - 100, ensuring cach observation
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Figure 4.1: Examples of good rms-Aux relations.  Ohverleaf: Top lefi a: XTE 11550-564
fobsad. BO135-01-04-00) Top right H: GX339-4 (obs. id. 95409-01-12-01), Bettom lefi o
XTE T1550:564 (obs. id. 30188-06-01-02) Batteam right d: GX 339-4 (ohsad, TO109-04-01-
01y Above: Left e: GRO T1655-40 (obs, 1d. 91702-01-63-007%, Right { GRO J1655-40 (obs. id.
91702-01-62-00)

contained a minimum of 10 points. The rms (or) in absolute units is found by taking the
sguare moot of the varance, given by summing the power over the required frequency range
vy — ¥ (in this case v, = | and v, = 10 He), and then multiplying by the frequency resolution

(A 1.

52 = Z{P;m (4.1)

4

Where the Qux binned power 15 summed over all Frequencies between vy and w2 As the power
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in cach Frequency bin contains a contribution from the Poisson (7, ) noisc this needs o be

estimated and removed so that the rms can be found

o= 48— P Wy (4.2

Where Iy is the power density for the Poisson noise component of the variance and is given
by Py = 2(x + 8], where x is the source count rate and 8 is the background. W is the number
of frequency bins between vy — v5. The flux binning allowed for an accurate calculation of
the crrors on the binned o values, these were found in a more general manner to that applicd
in Cileissner ot al. (2004). The standard error on the power for cach frequency bin within the

power spoctra is given by

P
aP = —= (4.3)

Vi
where M is the number of power spectra averaged in cach bin (see e.g. van der Klis, 198%9a).
As the varance is found by summing over cach Frequency bin, the error on the variance is
found by summing the errors on cach hin in guadratore and then corrected to ind the error on

the rms -

A 3 AP
r’i:r:i S AL L Er{ il

Zir N (4.4

The errors calculated in Gleissner et al. (20047 assumed that the power remains the same
in all frequency bins which produces smaller errors than expected iF the power is instead

concentrated into a few frequency bins.



Chapter 4. The rms-Aux relation in a selection of black hole binanes Bo

4.2.3 Fitting the linear relation

Followwing Uttley & Mcellardy (2001) we have assumed that the rms-flux relation is linear and
described by

ir=kiF—0C,) (4.5

Where the gradient of the relation is given by & and ) is the intercept on the x-axis. Non-
#ero intercepts have previously been widely observed.  Gleissner et al. (2004 Found hoth
positive and negative x-axis intercepts in the rms-flux observations from Cygnus X-1, possibly

indicating the presence of two components within the light-curve.

4.2.4 Testing for good results

[n order to evaluate the rms-flux relation for cach individual observation we employed a
method similar to that vsed in Gleissner ot al. (2004), vsing Kendall's rank correlation co-
cliicient, T (Press et al.. 1992), in addition to the 37 test to evaluate the fit. Kendall’s tau can
test For the trend which the bulk of points follow without being heavily affected by outlicrs, as
long as the number of points is sufbicient. Due to the lower levels of vanability and count rates
in data from the BHBs compared to observations of Cygnus X-1, less siringent limits were
uscd to define good data than those used in Gleissner et alo (2004). Whilst their minimum
threshold was set at v, = 0.9 we have vsed 7, = 0.5, Observations with this value of ¢
still display a positive lincar corcllation but greater scatter is allowed around the mean. The
assumption was made that if tan was significant at a level of 2er; the data were sufbiciently
strongly correlated. In addition to this we require the it to be accepted using e < 0,003 (ic.

not rejected at e =,

[n general the data were found to agree with the assumed linear model, with the majority

of discrepant observabions duc o data at low count rates and/or with low fractional ms. A
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Figure 4.2: Estimated Poisson noise level against background redoced count rate for the range
of count rates observed in the sample.

fractional rms of more than 3% was found o be necessary 1o measure an rms-Hux relationship
cven at high count mates (assuming a background rate of approximately 7 ct/sPCL) and a count
rate of 100 ct/s/PCL the fractional rms of the noise level is 2.14%. Although this level drops
rapidly with increasing count rate a significant amount of power above the noise is required
o satisfactorly measure the rms. An estimation of the Poisson noisc level in fractional rms
units v, an cstimated background reduced count rate is shown in Figure 4.2 This means that
some observations below ~ 500 ct/s/PULT {where the noise level drops to 0.4%) may still not
have enough power for the source variance to be measured accumtely in the frequency band,
il the fractional rms is ~ 3% Most observations with count rates lower than 100 ot/sPCL are
typically obscerved in a hard state where the fractional rms is generally higher than 10% (sce
c.g. McClintock & Remillard, 2006b) and so are less strongly atfected by this limit. However,

in a standard soft state the variahility often drops drop helow the required 3% fractional rms
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level, thereFore few ohsecrvations of sources in this state are included in the following analysis.

Many of the rejected obscrvations had low count rates which resulted in Aux binned PSDs with
low signal to noise and negative Poisson noise subtracted variances. Observations containing
negative variance bins were therefore excluded from the sample. Short observations also limit
the signal to noise for the Aux binned PSDs as the number of points per Aux bin are low. The
length of good time required for a detected rms-flux relation varied according to the count rate
and the level of intrisic vanahility within the observation, but more than 1 ks was gencrally

found o be required.

4.3 Results

4.3.1 Ubiquity of the rms-flux relation

2178 observations of the sources listed in table 4.1 have been tested for a simple linear rms-
fux relation. OF these observations 1159 displayed the 3% fractional rms required For the
rms-flux relation to be measured. A good rms-flux relation as defined by the criteria sct out in

section 4.2.4 was observed 1n 676 of these obscrvations.

Observations where a positive rms-lux correlation was oot observed were inspected indvid-
ually in order to screen oot any obvious reasons for the non-detection. I the power spectral
shape alters significantly over the course of an obscervation then the rms-flux relation will also
change, this can cavsc a “wavy” rather than strictly lincar function to be observed, such as
those shown in higure 8. of Gleissner et al. (2004). The tux-binned PSDs of long, bright
ohservations which deviated significantly from a positive lincar rms-flux correlation were in-
spected for any shape change over the course of the observation. [n some observations plotting

the individual Aux binned power spectra for cach point in the rms-Aux relation, revealed QPOs
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Figure 4.3: Results for all good rms-tlux relations. The colours correspond 1o the Fractional
rms of the point, with purple highest and dark green lowest.

shifting with flux in cither frequency or amplitude over the course of the obscrvation, similar
to those discussed in Chapier 6. In other cases it was apparent that the shape of the whaole
power spectra was evolving with Aux. No examples of non-lincar or negatively correlated
rms-flux relations were found within the sample which could not be explained by one af the
above reasons. Aside [rom these cases the rms-lux relation appears to be ubiguitous 1n the

hroad-band noise from BHBEs.

Figure 4.1 illustrates obscrvations of the rms-flux relation across a range of different states and
sources, [rom the low-hard to a soft-intermediate state. The range of gradients and x-intercepts

ohserved are representative of the range for these pammeters found throughout the sample.

Figure 4.3 shows the gradients against the intercepts for all sources within the sample. As the

x-intercept (C,) 15 dependent upon source count rate the values plotted are shown as a fracoon
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Figure 4.5: Hardness ratio, fractional rms, Gradient and Intercept vs. Count rate for all
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11550-564 E) H1743-322 1) XTE JI859+226 Gy XTE TTTTE+480 H) 407 1543-475 1) GS
1 354-64

ol the mean count rate over the observation (the fractional intercept — €y, ). this allows the
paramicters from all sources in all states to be compared directly. There initially appears to he
a few distinct paths within this plot, these can be casily explained if we re-write the gradient
as

fo )

=F-C, i4.6)
[n this casc the value of the gradient may be interpreted as the fractional rms of the ohservation
modulated by the intercept on the x-axis, if C, = 0 then & = g (where o 15 fractional
rms ). [t is therefore intercept which is perhaps the most usctul property. With a #ero intercept
the gradient is entirely governed by the fractional rms=. With the inclusion of an offsct on cither
axis the gradient is altercd. Observations with the same overall fractional rms but different
intercepts () will show rms-flux relations that pivot around a common point, meaning cither
steep or shallow gradients may arse from observations with the same mean rms and flux.
When & is plotted against O, /{F) then the changes in C, and {F) work to produce the observed
curves: & — oo as O {F) — Land & — O as O, {F} — —oo. The lower the curve on Figure
4.3 the lower the fractional rms of the observations. As fractional rms 15 well known o be

related to source state (see c.g. MoClintock & Remillard, 2006a) then the position of points on
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the & vs. O f{F) diagram prowvides a link to the energy spectral propertics of the observabion.

Whilst the paths on this plot are therelfore just contowrs of different fractional rms values,
the new information that it does display is the full mnge of intercepts and gradients obscrved
within the sample. Almost all possible parameter space allowed by the observed Fractional
rms values 15 covered at some point. It is also apparent that C, 1= less well constrained at
negative values than at positive ones, this is partly an artefact of the fitting, by nature negative
intercepts are further from the actual observed rms-lux values than positive ones and therclore
the point where the fitted line intercepts the x-axis is less certain. The range of intercepts and
gradients obscrved within the sample is stnking, particularly when compared to those observed
by (Gleissner et al., 20041 from Cygnus X-1. Whercas their figure 5 indicated only a few
ohservations with negative x-intercepts in the softer states and none in hard states, we observe
a full range of positive and negative C, values over a range of spectral colours. Explaining the
position of points with the same fractional rms value on the & — O 0F) plot could lead 1o a

decper understanding of the processes creating the vanability within the source.

4.3.2 Long term rms-flux relation

[n a similar manner to Gleissner et al. (2004 the long-term rms-flux relation is plotted for all
of the sources in the sample by taking the mean rms and Aux values for cach ohservation in
the 1-10 He band. Each of these points again represent a measurement of the fractional rms
of cach obscrvation, but it is interesting to observe how the rms and Aux develop over long
timescales and whether a lincar relationship 1s sull visible, The rms-iflux relation measured
here relies on the PSIY remaining the same shape in the 1- 10 He frequency band. Intermediate
states show rapid changes 1.c. QPOs or broad band noise components shifting in frequency,
=0 the long term relation in these states is not representative of those observed when the PSD

shape remains approximately stationary. In contrast evolution of the power spectra within the
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hard state cocurs mainly below the 1-10 He range and although the shape does not remain

completely stationary it is morne suitable For this comparison.

[n Cygnus X-1 lincar rms-tux relations were observed in the long-term rms-flux relationships
in both the hard and softer states. Figure 4.4 shows the mean rms and flux values For all good
rms-flux obscrvations within the sample. The lower edge of this plot is artilicially introduced
by the requirement that there be at least 3% fractional rms within the 1-10 He frequency band
in order to measure the rms-flux relation, so there 15 a wider range in the lower fractional
rms soft state observations than appears on this plot. However, the relabions for individual
outhursts appear to be remarkably lincar over a wide mnge of count rates, and there is distinct
similarity in thosc obscrved between different sources. The agreement in these paths over
repeated outbursis of GX 3394 has been remarked upon in Mufoe-Darnias et al. (20100 and we
return to this point in seciion 4.4.1. This plot also clearly shows the sharp drop in Fractional
rms over a few observations within the transition from the HIMS through the SIMS to soft
states, scen in the points which Lie in between the hard (upper) and soft {lower) state rms-flux
relations. Further differences between the rms-flux relations over the course of the outhursts

are discussed in the following section.

4.4 Discussion

The rms-Aux relation appears to be uhigquitous for broad-band noise in a large sample of ob-
servations from bright BHBs. This extends the study of the rms-tlux relation in hinaries to a

much wider range of states, luminositics cte.
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4.4.1 Evolution of rms-Alux relationship with BHB state

Cilcissner et al. (2004 noted a distinet difference between the behaviour of & and O, in differcnt
states of Cygnus X-1, in the softer states & was gencrally found to be lower and ©, had a much

wider range of values than those observed in the hard state.

Figune 4.5 shows the evolution of the hardness mtio, fractional rms, gradient (&) and intercept
(L) tor all sources. The x-intercept is again shown as a fraction of the mean count rate,

allowing For comparizson between different sources and different states of the same source.

As discussed in Chapter 1 the state of a source is usually identificd based on a combination of
its luminosity, timing propertics (the power spectrum) and energy spectrum. The most impor-
tant single diagram cumently in use for diagnosing and tracking the cvolution of states in the
hardness intensity diagram (HIIY). The outbursts of transient black hole systems tend to follow
a similar "g” shape path around this diagram (Homan et al., 2001; Belloni et al., 2005; Belloni,
2010b) beginning in a low/hard state, evolving through hard then soft intermediate states 1o
the soft (thermal dominated ) state, before changing back to the hard state via lower luminosity
intermediate states. The HID itsclf is a powertul tool based on only the source intensity (ina
particular X-ray band) and a very crude indicator of the energy spectmal shape, with no explicit
dependence of timing propertics. But as discussed in Chapter | the tming propertics of these
ohjccts evolve as cleary, if not more clearly than the energy spectral propertics do. For more

details see Bellom (20100 and references therein.

[t is alrcady well-known that the fractional rms (in the usval 2-20 ke X-ray band) is lower
in the soft than hard state. In Figure 4.5 (sccond pancls) we show a new diagram — the rms
intensity diagram (RIIY — the natural variability counterpart to the HID. which shows the in-
tensity against fractional rms amplitude in the 1-10 He band. There is a remarkahble similarity
between the HID and RIT). The RIDis of course very similar o the long-term rms-lux plot in

Figure 4.4, indeed it is simply a geometric transformation of that plot and contains the same
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information. Similar diagrams were shown for GX 339 — 4 by Mufoe-Darias ot al. (20107,
and clearly demonstrate that the position on the RID is related directly to the source state.
This demonstrates that variahbility is every bit as strong an indicator (or diagnostic) of cuthurst

cvolution and states as the energy spectrum, because the two are extremely well correlated.

That said. the RIDY and the HII do not have identical shapes (although the mapping between
the two is very closc). Some Features are not present in both plots — for example, the RIDs for
both GX 339-4 and XTE J15350-5364 show separate paths ino the RID which are not apparent in
the HID. In the case of GX 33%-4 the start of the outhurst and return to guicscence are along
scparate paths in the BRI This behaviour 1s observed over repeated outbursis but occurs at
very similar values of the hardness ratio and is thercfore hidden in the HITY. There is also a
third path, followed when the source Qux rses from quicscent levels but then returns without
going into a full outburst. Similady in XTE 1550564 the return to the hard state following
an outhurst where state changes have occumed, 15 along a differcnt route in the RIDY to that
observed For outhursts when the source remains in the hard state. In the three hard outhursts
the source rises and decays along very similar paths of fractional rms. Again these routes arc

much harder to discern on the HIT.

Conversely, there are features visible in the HIIDY which are not as clear in the RID. For in-
stance there are many good obscrvations of GRO T1655-300 taken when the source was in
an anomalous soft state; two scparate types of power spectra are visible whilst the source is
in this state (sce c.z. 4.1e and ). Those which display a typical soft state shape (i.c. 4.10)
have a softer energy spectrum than the observations which are more intermediate (e, 4. 1e),
however the fractional rms in the 1-10 Hz mnge is very similar for both and this difference
can only be observed in the HITY. The vse of both of these diagrams in conjunction allows for
a strong identification of source state without the need to study the cnergy or power spectm

incividually.
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For GX 339-4, XTE T1550-564 and XTE T1650-300 the classic ") shape of the hysteresis is
replicated by it over the course of the outburst (although H1743-322 also has a large number
of good ohservations, the analysis is more complicated as it shows both HIMS and saft state
ohservations ab a similar hardness ratio, the power spectra also suggests that there are few
observations in a true hard stake), the intercept appears close o zero in the hard state, but
becomes strongly positive as the source transitions into the HIMS before moving back again.
This behaviour is scen in at least 3 repeated outhursts of GX 339-4 which all follow remarkably
similar paths in both the hardness and rms - intensity diagrams. In contrast the high fux
ohservations of GRO T1655-40 show a wide mnge of intercepts including ones which are
strongly negative, however the power spectra indicate that the source i= in an anomalous soft
state (Belloni, 2010a), the difference between the intercepts observed in other sources at high
Muxes may therelore be state related. The observations of GRO J1655-40 in the hard state and
HIMS =till display similar strong positive intercepls observed in other sources. This can be
ohserved in the lower Aux (< 500 ct/=PCU) observations in Figure 4.5, The appearcnce of
intercepts close to zeroin the hard stale rising to strong positive values in the HIMS and then
displaying a wide range of values, including strong negatives, in the soft states is replicated

for other sources in the sample.

In order to test the behaviour of O according to different states and power spectral be-
haviours, ¢r ;. and the hardness ratio have been binned up according 1o O for cach obser-
vation to test for any significant deviations. The bins were chosen according to the distribution
of Oy within the sample and are therefore uneven, the distribution of fractional intercepts is
concentrated mainly between 411 and 0.5, In Figure 4.6 the upper plot shows these binned
mean values for all ohjects where all good observations are of the hard states within the sam-
ple. The bottom plot shows this for the two sources with observations additionally in an
anomalous soft-state and fewer in the HIMS. The sources with hard state spectra all show
similar behaviour, observations with intercepts close 1o zero end 1o be those with the hardest

cnergy spectra and the highest fractional rms. Those with strong positive fractional intercepts
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oels

are the softest and have the lowest fractional rms, supporting the interpretation that Oy, g
stromger and more positive as the source moves further into the HIMS. All sources with more
than two hins show a difference between the peak and the final point which is signibicant at
a Jer level. Althouwgh there are only two sources with ohservations in the soft states, their
behaviour appears to be different. There 1= a wider spread of hardness and fractional rms val-
ucs within cach point, in the case of HI743-322 obscrvations with strong positive intercepts
are ohserved with the highest fractional rms values, although these are stll lower than those

ohscrved for the sources with all observations in a hard state. We evaluate the elfect of the

shape of the power spectma on the rms-flux relation in Section 4.4.3 through simulations.

Figure 4.7 shows the mean rms-flux plots for the example outbursts using armows to denote
the gradient of individual rms-flux relations. The example outhursts both show this pivoting
clffect for observations of similar fractional rms. In the case of the 2001 outburst of XTE
T1650-40 this behaviour is observed as the source transibons from the hard state into the hard
intermediate stale, in constrast it 15 visible in the 2000 outburst of X'TE 11550-564 in the return

[rom the bard siate towards quicscence.

In Figure 4.5 similar state related behaviour is not as clearly visible for the gradient but may
stll be explained when it is considered in relation o the fractional rms and the intercept. As
the gradient is effectively a measure of the fractional rms, an rms-Aux relation intercepting
both axes at #ero has a gradient equal to the fractional rms within the relevant frequency band.
This is clearly demonstrated in the intensity plots for GX 339-4, as the count mate niscs in the
hard state the intercept remains close to zero but the fractional rms in the 1-10 He band decays.
Correspondingly the gradients of the rms-flux relations are observed to gradually fatten, from

E=0251t &k =0.15.

The rms-Hux relations over the course of an outburst may be strongly altered by sharp Features,

such as QPOs, moving in o or oul of the frequency band. I the feature is stationary over the
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course of the ohservation but mowves into the band between consecutive observations there will
be a clear increase in the rms within the frequency band. This can be seen in the observations
of X'TE F1550-564: there is a jump in hoth the fractional rms and the gradient as the count rate
increases in the hard state, this increase is linked to the strong QPO feature moving into the
[-10 Hz frequency range. I the feature is not stationary then it can cavse other effects, it the
feature is strong enough the relation may no longer appear 1o be linear, or it may artificially
latten or stecpen the gradient. The effect of a strong QPO on the gradient is discussed in
Chapler 6 for the 1998 cutburst of XTE J1550-364 (for this reason this outburst 15 excluded
from hgure 4.3), and the 1999 outhurst of XTE 18594226, These cffects must be considered
when analysing the rms-flux relation within an observation, they will be particularly visible in

the HIMS where any type C QPO Features are typically visible in the 1-10 Hz frequency band.

Figure 4.8 shows the gradient and intercept in direct comparison with the hardness ratio. The
different state-dependent behaviours are again clearly visible. Strong deviations from the ex-
pected gradient for these observations can be identibicd through comparison with the Fractional
rms in the [-10 Hz frequency band, the ratio of fractional rms to gradient gives an idea of the
size ol the intercept. Particularly well constrained negative intercepts are observed in GRO
11655-40, an example of which can be scen in Figure 4110 These observabions with strong,
well constrained, negative x-intercepls scem to be limited to a particular spectral colour with a
HE between ~ 0.07-00.15 and they all have similar power spectral shapes to those observed in
4.1c or 4.1 In simple terms the large negative intercepts observed represent times when the
flux change is larger than the change in the rms, creating very tat gradients. On the most ba-
sic level this could be explained by a minimum of two components within the lightcurve, hoth
varying, with either one or both obeying the rms-tlux relation. In this case the two components
combine to create a linear rms-fAux relation with a flatter gradient than would be predicted from
the combined Fractional rms. We discuss evidence of Frequency dependence for the rms-flux

relation in section 4.4.2 with particular reference 1o power spectra in these stabes.
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Figure 4.8: Hardness mtio ve. Intercept, Gradient and fractional rms of all sources with more
than ten good observations. Top feft; GRO T1655-40, Top right: GX 3394, Second row lefi:
XTE I1650-500, Second row right: XTE J1550:564, Third row left: H1T43-322, Third row
right: XTE 1 118+480, Bottom lefi: 410 15343-475, Bottom right: XTE 18594226
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Figure 4.8 also demonstrates that the hardness ratio alone docs not govern the behaviour of
the rms-fux relabion for example XTE J1350-364 shows quite different behaviour at the same
hardness ratio. This source has gone through bwvo outbursts which have shown distinet spectral
changes (in 1998 and 2000), only the cuthurst from 2000 is shown here due to the strong
clect of the QPO on the rms-Aux relation in 1998% and then a series of three outbursts whilst
remaining in the hard state. In these hard outbursts the hardness ratio and fractional rms
bath slightly increase at the highest Quxes (see Figure 4.5) but the intercept remains close 1o
#ero and the gradient thus corresponds o the fractional rms. The power spectm remains in
approximately the same shape over the entire course of these hard cuthursts, but the amplitude
riscs with the Alux and the behaviour of the rms-Aux relabion 15 repeated on both the rse
and the return to quicscence. In contrast the outburst in 20000 shows clear evolution in the
power spectra, as the source returns towards quicscence, with a similar hardness ratio o the
hard outhursts, the QPO gradually mowves 1o lower frequencies. The rms-Aux relation begins
with a steep gradient and strong positive x-axis intercepts (Cp,. > 0.4), which then move
back towards wero. This difference in power spectral shape between observabions of the same
source with similar count rates and hardness ratios, may help explain the changes in the rms-

Aux relation. This idea s explored later in section 443,

As the QPO is always within the 1-10 He band in the HIMS (iF it i= visible), and it is known to
sometimes show a non-zero rms-flux relabion (sec Chapler &), it may therefore be reasonable
o sugzest that some apparently state-dependent propertics, such as the high fux intercepts ob-
served in the HIMS, are the result of the QPO cither moving during the observation or simply
not obeying a positive lincar correlation. However analysis of the rms-tflux relation in the (13-
| He Frequency band which contains the QPO at different times reveals identical behaviour,
Although we cannot exclude the possibility that sub-harmonics or other components relating
to the QPO are not cavsing this behaviour in the lower frequency band, it is sugoestive that
this may be linked to the ux-dependent behaviour of the wider broad-band noise rather than

that of the (PO,
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4.4.2 Frequency dependence of the rms-flux relation

[n order to evaluate the frequency dependence over a wide frequency range power spectma
were measurcd for 100 s segments of lightcurve and grouped into four flux bins. The averaged
PSD= from the highest Qux hin were compared with that from the lowest. Figure 4.9 shows the
results for the six example observations from Figure 4.1, We evaluated the constancy of the
PSI shape by fitting the ratio of high and low fdux PSDs with a constant, and the 3~ stalistic
uscd to evaluate the quality of the fit. I this differed by more than 3er from the expected value

then the obscrvations were subject to further investigation.

The ratio was fit up to 20.0 He, abowve this point some observations are dominated by Poisson
noise (sce c.g Figure 4.90). Little evidence for frequency dependence was Found in most of
the ohservations: in total only 20 of the good observations were identifed as having obvious
frequency dependent differences between the PSDs from the upper and lower Alux quartiles.
[ifferent binning was tested inorder to eliminate possible spurious results cavsed by sharp fea-
tures (c.g. QPOs) appearing shifted in Frequency between the two power spectra. 15 of these
observations were all from the 2005 outhburst of GERO J1655-40 when it was in the anomalows
saft state. The power spectra all show strong low Frequency noise with a high frequency broad
band component. an example of which is shown in Figure 4.1e. The two Qux binned power
spectra indicate that the broad band component shows a greater change in rms with Aux than
the power law. The obscrvations with clear frequency dependence are not consccutive and the
appearcnce of the power spectrum changes between this and the typical soft state shape. The
power spectra in Figures 4. 1e and § were taken almost exactly a day apart and show distinctly
different behaviour, although the Fractional rms in the 1-10 He hand remains similar (3.7 %
wa. 3.5 %) Fitting the average power spectra For these two observations indicates that the
power law index measurcd below the bend which Gis the soft stale power specirum, also fits
the intermediate state spectrum below the peaked noise component, although it has a lower

normalisation in the anomalous state spectra.
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Figure 4.5 Examples of power spectra for the upper and lower flux guartiles. Obscrvations
uscd are the same as Figure 4.1 and are presented in the same order. These are normalised 1o
the rms normalisation uscd to calculate the rms-Aux relation, as defined in Chapter 2. For this
reason the flux dependence is still clearly visible in the power spectra.
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Similarly for the example in Figure 4.9 the upper and lower Aux binned power spectra have
been separately fitted using XSPEC to test if the change in power spectral shape can be mainly
caplained by the strength of the peaked noise components. The model used a bending power,
plus two Lorentzians o model the high frequency broad band component and a separate nar-
row Lorentzian to model the very low frequency component, which can be scen in the lowest
frequency bin of Figure 4,90 This model gave a Ot to both the high and low Qux power spec-
tra with good y* statistics (y~ = 35 and 47 respectively with 38 daf). The models used were
broadly similar for both of the spectra. The main alteration was in the first broad lorentzian at
high frequencies which was wider in the high (ux spectrum, (2 = 1.9 compared o 1.0 in the
loow lux spectrum) respectively. Other than this the only difference between the two models
was in the normalisation af the components. The change in the rms for the power law com-
ponent between the high and low Qux power spectra was 21% of the power in the high flux
spectrum, in contrast both the combined Lorentzians for the high frequency peaked compo-
nent and the Lorentzian For the lowest frequency component altered by 67%. A similar change
in the different components with flux was repeated for the other observations. This sugaests
the existence of two separate components combining to produce the obscrved light curve, and
might help explain the well constrained negative intercepts observed in the rms-ox relations

in some power spectra from this stake (sce Section 4.4 17,

The other 5 observations which did not meet the eriteria for inclusion (i.e. did not display a lin-
car rms-flux relation) were generally found to contain components shifting in frequency over
the course of the observation, sometimes outside the 1-10 He mange. These shifts, which have
in these cascs still produced strong, positively correlated, lincar rms-flux relations, demon-
strate the importance of carctul analvsis of the power spectra when mcasuring the rms-flux
relation. Small differences in the shape of the PSI), whilst not always drawing it away from
lincarity, may artificially alter the gradient and thus the intercept of the observed rms-Hux re-
lation and conclusions drawn from these observations will not be representative of the flux

correlated changes in the amplitude of the otherwise stationary variahility.
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Takle 4.3
(b=, Td. Measured values Simulated values
& {'_r,_,, k E'J.m
(13 (21 (3 (41 (51

BO135-01-04-00 025320003 0.066x0.008 0274 0.0037
QR40-01-12-00 019720003 -0.105+0.01 0235 0.011

IOTRE-06-01-02 0. 360.02 0452002 029 0.29
TOICA-04-01-01 0.21+0.01 028003 019 0.24
91702-01-63-00 004140001 0L13x0.03  0.035 0.005
S1702-01-62-00  0.0210.002 0702 0.037 0.004

The lack of clear frequency dependence in the rest of the sample is particularly interesting. The
well constrained non-zero intercepts observed suggest that there are two or more components
in the light curve (simulations in Uttley ot al., 2005, suggest that more that ~ 5 components
could draw the relation away from lincarity). The fact that very little frequency dependence is
ohserved in a sample of nearly 700 obscrvations suggests that these components should cither

have the same rms-Aux relation, or a very similar power spectral shape.

As the energy spectrum typically consists of two sepamte components which are known 1o
have different levels of vambility they could contribute to the rms-tlux relation in different
ways. In particular the thermal component which shows low levels of variability could canse
the constant positive x-axis offsct observed 10 some observations. The next section cxplores

possible couscs [or the non-zero intercepis observed within the rms-Aux relations.

4.4.3 Intercepts and gradients from simulations

Evaluating the expected rms-flux relation from power spectra with particular distributions
may be carried out throwgh simulations. Uttley et al. (20035) describe the method of simu-
lating lightcurves with a positive rms-flux relation. This cssentially involves simuolation of a
lightcurve following the method given in Timmer & Konig (1995) using a model power spec-

tral shape and then exponentiating it. The near-ubiquitous obscrvation of an rms-lux relation
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Figure 4.10: Fractional intercepts in the 1-10 He range for simuolated lightcurved with a power
spectral shape defined by a bending power law breaking at 3 He with an index above the break
of -2. The index below the break is altencd producing a fractional intercept which becomes
stromger and more positive as the power law index increases.

supports models sugaesting that the perturbations in the aceretion Aow multiply together over
different imescales to create the final ohserved source lighteurve, exponentiation recreates this
process: the exponential of a sum of sinusoids is cquivalent to the prodoct of many small sinu-
soidal varations. In order to test the expected intercepts from various power spectral shapes
the example power spectra from Figure 4.1 were fitted xspEC, 100 lighteurves were simulated
from the best fitting model and the rms-Aox relation meaured in the manner described pre-
viously, The expected intercepls for cach observation are shown in table 4.3, along with the
ohserved parameters. For observations in the HIMS strong fractional intercepis emerge from
the simulations. The obscrvations in the anomalous soft states both have strongly constrained

negative intercepts which are not replicated in the simulations.

A gently bending power law with a range of low frequency power law indices, breaking at 3 He
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o a index of -2, can be used as a very simplistic model to describe the evolution of the broad-
band noise within the power spectra over the course of an outhurst. 20 different bending power
laws with low frequency indices ranging from -1.5 to 3.0 were used to simulate lighteurves
and then exponentiated and the rms-flux measured. Typically a bending power law with a
low frequency power law of ~ -1 breaking to ~ -2 is representative of the power spectra in
the =oft state (e, 410 Low frequency power laws with positive or tat indices (o = 0 1o
WALLUE) breaking in the 1-10 Hz frequency range can be rough representations of broad-hand
power spectral shapes in the hard states (sce g, MeClintock & Remillard, 2006a). The high
frequency power law is oflen scen to remain constant (see c.g. Gierlinski et al., 2008) =o it
remains fxed throughout. All power spectra are modelled with a mean fractional rms of 30 %
in the 1-10 He frequency band. For cach model shape 100 simulations are produced and the
used.

mean values of O

Jrae

Figure 4.10 shows these mean values of ) against the low frequency power law index for
the model power spectral shape used. The resulls suggest that the expected value of O,
remains at #ero if the unded ying broad band noise is not peaked. As the low requency index
riscs above o =~ -[15 the rms-Hux relabions become steeper than expected and a strong pos-
itive x-intercept is visible. This rises quickly between @ = 0.5 — 2.0 towards £, ~ 085,
abowe this point (where the indices become steeper than those typically observed) the frac-
tional intercept slowly approaches (09, The smaller the variance at low frequencies, the higher
C frae becomes. [t is the power spectral *colour’ which is important, i.c. the lower the vanance
in the < .33 Hz band vs. the 1-10 Hz band, the higher the intercept. Obscrvations with the
strongest peaked broad-band noise in the power spectra are typically those from the HIMS, |
noted carlier that the rms-flux relations For these observations have strong positive x-intercepts
this result suggesis that these intercepts and gradients can be reprodoced in simulation and are
thercfore at least partly an effect of the multiplication of fluctuations From different timescales,
rather than the product of additional components in the light curve. In fact for one of oor ex-

ample observations the expected rms-Aux relation 15 reproduced within 1 o errors,
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What was not reproduced in simulations of single lighteurves, are the rms-lux relations for
those examples with negative intercepts, particularly that observed in Figure 4.1F The strength
of the positive intercept in the observations from 4. 1c is also not predicted by the simulations.
This sugaests that although some of the offsets observed may be explained as simply a feature
of the multiplicabive coupling of the propogating oscillations, there are still some additional
components within the lightcurve causing these observed intercepts. What it also emphasiscs
is that the expected values of the gradient and intercept are not & = e, and €, = 0, the power
spectra necd to be modelled and the rms-flux relation simulated before the estimated cxpecied

values are koown,

4.5 Summary

A large sample of observations from 9 transient black hole X-ray binarics have been tested for
a lincar rms-flux relation. In every observation with sufficient Aux and intrinsic variahility o
measure the rme, and the PAD remained stationary a positive linear correlation was observed.

Analysis of the sample revealed the following results:

# Long-term rms-flux relations for states with little alteration in power spectral shape
within the 1-100 He band are clearly visible. These are similar to those observed in
Cwyenus X-1 (Gleissner et al., 2004) and show remarkahble similarities both in repeating
outbursts of the same source, and in the behaviour of different sources (e, Munoe-

[Darias et al., 20100,

s A wide range is observed in the Aux intercept (O ) and there is a strong link between the
observed x-intercept and source state. Hard states have x-intercepts close to zero, strong
positive intercepls are observed in the HIMS. Strong negative intercept scem isolated o

the soft states and it is for obscrvations in these states that the greatest range in O is
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cibsmerved.

® There is little evidence for strong frequency dependence in the rms-fux relation apart
from in the anomalous soft states where there may be two scparate components in the

light-curve appearing as different components in the power spectr.

s Simulations of light-curves with proscnbed power spectral shapes can reproduce some
of the strong off-sets obscrved in the HIMS. The intercepts appear to be linked o the

lack of low frequency power observed in observations in this state.
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The rms-flux relation in a ULX

5.1 Introduction

X-ray timing studics of bright ULXs have shown some to display iming propertics commaon
to BHB= such as spectral breaks and quasi-periodic oscillations {QPOs) (sce Strohmayer &
Mushoteky, 2003; Strohmayer et al., 20007 Strobmayer & Mushoteky, 2006, and Chapter 3).
However, it has also been suggested that both encrgy spectral and tming behaviour within
LNLXs may differ from those scen from BHBs and AGN (Stobbart et al., 2006; Goad et al.,
2006 Gladstone et al., 2009, Chapter 3 of this Thesis). The low levels of vanahility scen
in current long observations of ULXs with high count mates taken with XMM-Newton  leaves
only one promising source with variahility which may be strong enough to detect an rms-flux
relation: NOC 5408 X-1. This source has already been shown 1o display the kinds of timing
features aften scen in BHBs and AGN including quasi-periodic oscillations and power spectral
breaks (Strohmayer et al., 20007; Strohmayer & Mushotzly, 20060, [t has been observed in two
separate long XMM-Newton (= 100 ks) observations and is relatively bright (~ 0.8 cr 571} In

this letter we analyse both observations for evidence of the rms-fux relation.
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Figure 5.1: Power spectra for the two long XMM-Newton obscrvations of NGC 5408 X-1, the

QPO feature is clearly visible in both.
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Figure 5.2: Ems-flux points for cach of the three encrgy bands used in the analysis with ler
crrors. Top. obs, id. 0302900101 ; Rottom obs. d. O500750101.
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5.2 Data Analysis

We have used the two longest observations of NGO 5408 X-1 in the XMM-Newion  archive
(Obs, Ids. 0302900101 and 05007501017 taken on the 13th Tanvary 2006 and 2008 respec-
tively. The data were extracted from the Furopean Photon Imaging Camera (EPLC) pn camer
only, as this provided the highest count mte tme serics. The pn was operated in full-frame
mode for both observations. The data were extracted and reduced following standard proce-
durcs using the SAS version 7. 1.0, In particular, source events were extracted from a 36 arcsec
region centred on the X-ray source and background cvents from a rectangular region on the
same chip as close to the source as allowable. The light curves were initially extracted in the
cnergy band 0.3-10.0 keV and with time resolution of 73.4 ms (the frame time of the camer

in this mode).

The carcful remowval of background flares is necessary for good timing analysis. Following
the method used in Chapter 32 82.2ks of good time were extracted from the 2006 observation.,
but only 34.5ks was extracted from the 2008 obscrvation which was particularly atfected by

background tlarcs.

Each observation was divided into continuouws segments of 150s duration, and for cach see-
ment the mean count rate ({F} in units of ¢t s7') and the periodogram was caleolated. The
periodogram was found vsing absolute normalisation such that the sum over frequencies mul-
tiplicd by the frequency resalution (Av), gives the variance, the square root of which is the rms
in absolute units (i.e. also ot 571 (Figure 5.1 shows the measured power spectra, but plotied in
fracticnal rms units For direct comparison ). The intrinsic mndomness of the variahility scatters
the periodogram points randomly about the underlying power spectrum. In order to suppress
these random Auctuations and get a reasonable estimate of the power spectrum as a funchion
of flux the periodograms were averaged in Aux hins. The 2006 and 2008 obscrvations were

binned such that cach Aux bin contained 60 and 30 scgments, respectively (there are fewer
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points per bin in the 2008 obscrvation due 1o the smaller amount of good time). The variance
over the & — 50 mlz mnge was estimated by summing over the appropriate frequency range
in cach af the Qux averaged periodograms. The Poisson noise level, which is approximately
2{F for cach periodogram, was subtracted. The square root of the result is an estimate of the
intrinsic rms of the source as a function of its flux, o, Errors on cach rms point were caleu-
lated v=ing a more general form of the prescription used by Gleissner et al. (2004, namely
propagating the variances of the individual periodogram points as they were averaged into flux
bins and summed over the 6 — 50 mHz frequency range (full details are given in Chapter 4).
This range includes the guasi- periodic cecillations (QQPOs) visible in both of these observa-
tions — excluding them would require segments of much longer timescales and hence limit the
number of measured rms-Nux points. The QPOs are scen at frequencies of 11,4, 198 and 27.7
mllz in the 2006 obscrvation (Strohmayer et al., 2007 and 10,02, 13.5 and 6.0 mHz in 2008
i Strohmayer & Mushotzky, 20090, The analysis was repeated for soft band (0.3 — 1 ke and

hard band (1 = 10 ke light curves. The resulting rms-flux data are shown in Figore 5.2,
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5.3 Testing for the rms-flux relation

Following Gleissner et al. (2004) we tested the correlation between rms and Aux wsing the
Kendall mnk correlation coctficient (7). The results are given in table 5.1 and suggest a cor-
relation is at least present in the 2006 data. Although not highly significant individually the
correlation scen in the first and longest observation indicates that an rms-flux correlation could
be present. The result for the second observation is less convincing. For comparison with the
previous analyses (c.g. Ultley & McHardy, 2001; Gleissner et al., 2004 ) we hitted the resulting
points in the full band with a lincar function of the form o = &((F) — C7) with & the gradient
and  the intercept on the flux axis. The 4~ values from the initial fit were acceptable, with g
values of 08T and 0.3 1 for the 2006 and 2008 bands respectively indicating a good agreement

with a lincar model.

Strohmayer & Mushotzky (2008) noted that below ~1 ke the QPO is no longer visible in
the 2008 observation and that the 2006 observation displays a clear difference in the shape of
the soft spectrum. For both the 2006 and 2008 obscrvations a lower level of variability was
detected in the soft energy band at 12% and 1% factional rms respectively, rising to 39% and
50% in the bard band. The strong energy dependence within the power spectrum appears to he
reflected in the rms-flux relations taken at different energics: we find no strong evidence of a
coherent rms-flux relation in the soft energy band, although a lincar relation with an intercept
at O = (L0 cannot be excluded due to the large uncertaintics (caused by the relatively low level

of variability).

The parameters of the rms-flux relation in the hard band are broadly consistent between the
2006 and 2008 observations and so we performed a simultanecus Ot to the two seis of rms-
Aux data to obtain tighter constants on the model parameters. The resulting v value was
7.36 with 12 degrees of freedom, indicating the strength of the similarity. Figure 5.3 shows

the confidence contours for the parameters For this simultancous Ot in cach of the two cnergy
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Figure 5.3: Contour plot of k against C for the hard band (1 — 10 keV, black) and soft band
(0.3 = 1 keV, green) rms-Hux relations. For each band the 2006 and 2008 obscrvations have

-

been simultancously fitted. Contours are shown at the Ay™ = 2.30,4.61 and 9.21 levels which
correspond to the 68, 90 and 99 per cent conhdence regions for the two parameters.

bands. The best fitting intercept parameter (i.e the flux ab which the rms drops o zem) is
indecd negative — the 99% conlidence interval for this one parameter ranges from -0.27 o
-0.002 ¢t 571 As the Figure shows, the parameters for the hard and solt band are significantly
different. It must be noted that because the gradient in the soft band is consistent with zero the

contours for the soft band extend towards extremely large negative intercepts.
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5.4 Coherence and time delays

We compared the varability in the two bands (0.3 — 1 keV, and 1 — 10 ke¥V) by computing
the coherence and time delay spectra from the cross-spectrum (see Yaughan & Nowalk, 1997;
Nowak ¢t al., 1999 Vaughan et al., 2003b). If the Fourier amplitudes of the transformed
lightcurves in the two separate cnergy bands are given by X, and X respectively then the cross
spectrum for frequency v, is O = HT._.X;_J.. The phase difference between the two lightcurves
is therefore delined as arg|C;] and From this the ime delay is simply arg[C; ]/ 27y - Using the
cross spectrum it is also possible to caleulate how coherent the emission from the two cnergy

bhands 1=, the coherence function 1= defined as

L lOF

= —_— i5.1)
{5 35 2%

il 8, and &5 are the signal from the source above the noise level (Vaughan & MNowalk, 1997,
Mowak et al., 1999). The coherence was therefore corrected for Poisson noise following the
prescription of Vaughan & Mowak (1997), and the time delay was computed in the standard
manner (g, Mowak et al., 1999 Vaoghan et al., 2003h). The cross-spectral estimates were
made using time serics binned to AT = 734 5 (e, 100 pn frame times), averaging over
scgments of length 3.7 ks (512 data points), and over logarithmic frequency bins. The results

are shown in Fig 5.4

The coherence is consistent with unity, meaning the variations in one band are well correlated
with vanations in the other band {once corrected for the contribution doue to Podsson nolse in
cach band). The delay spectrum is poorly constrained but consistent with a constant phase
delay (¢ ~ 0.3 rad), or a frequency dependent time delay (T ~ 0.05 '), where the hard band
variabions precede those in the soft band. A wero time (or phase) delay model is rejected (p <

0.002 in a chi-square goodness-of-Gt test). The shorter 2008 obscrvation was also analysed in
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a similar manner and is consistent with a phase delay of # ~ 0.2 rad (a zero phase delay model

= rejected with p = 0U043).

5.5 Discussion

We have shown that the lincar rms-llux relation, previously scen in Galactic X-ray hinarics
and Active Galaxies 15 also present in the ULX NGO 53408 X-1. This detection is important
as it extends the apparcnt ubiquity of the relation in accreting sources to ULXs, This can he
taken as Further proof that at least this ULX behaves in a manner similar to other accreting
black hole systems. The fact that the rms-tlox relation has been observed in the three main
types of luminous accreting black hole systems (Galactic Binarics, ULXs and Active Galaxies)
sugacsts that it is cither a hasic consequence of all luminous aceretion onto black holes, or that
it only occurs under certain restricted conditions but that these conditions are met for all three

types of systems,

The relation i= clearly present above 1 keV, but at solter energics the lower vanability ampli-
tude means a lincar relation can neither be conlirmed nor rejected. However, the coherence
of the two light curves indicates o common origin for the vanability in the bwvo bands, which
would suggest that the soft band light curve may contain a lincar rms-flux relation with a very

lovw gradient.

We may attempt to explain the observed rms-flux behaviour, in the most basic manner, in
terms of two components behaving in different ways. The first component (A) obeys a lincar
rms-flux relation with zero intercept and a gradient equal to its fractional rms. The sccond
component (B is variable but its amplitude is constant with Qux. This has the effect of adding
constant flux and rms, effectively shifting the origin of the observed relation. The Auxes of

components A and B are constmined to be non-negative and the average flux and rms of B can
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Figure 5.4: Results of cross-speciral analysis between 0.3 — 1 ke (soft bandjand 1 — 10 keV
i hard band]) light curves from the 2006 obscervation. The top pancls shows the noisc-corrected
coherence, which is high (~ 1) over the observable range. The lower bwo panels show different
representations of the hard-soft delays. The middle pancls shows the time delay o ) and the
lowwest panel shows the phase delay () (which are related by 7 ) = a1/ 2ef ) A negative
delay means the hard band leads the soft band. In this case the tme delay, or equivalently the
phase delay. is inconsistent with zero delay at all Frequencies (p o< 0.002).
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be no higher than the minimum observed tux and rms. The fractional rms of component B
can be described by the gradient of the line from the origin to this point. The lox intercept of
the lincar model (O can be understood in terms of the fractional rms of components A and B;
il the fractional rms of B is greater than that of A then the Aux intercept will be negative, as

chserved in the hard-hand.

The cross-spectral analysis is also indicative of a time lag which compares favourably to an
cxtrapolation of the lag observed from BHBs to lower frequencies (see cog. Mivamoto et al.,
988 Cui ot al., 1997, Nowak et al., 19949 Pottschmidt et al., 2000; Miyamoto t al., 1993).
Although saft lags have boen observed less frequently the majority of observations of BHBs
do not neach the low cnergy range analysed here. Mivamoto et al. (1993) have obscrved soft
lags in the very high state of GX 339-4 at low energies (1.2-2.3 keV), which appear similar
o those we observe. These results, on both the rms-fAux relation and time delays, could be
confirmed with long X-ray observations of other bright, variable ULXs. These further obser
vations should help to clarify the cxplanatory value of our proposcd vanability components
iA and RB), and how these and the hard-soft X-ray time lags relate to the different compo-
nents thought to explain the energy and power spectra of acercting black holes. The present
results indicate that such intensive studics of ULX varahility, although challenging in terms
of the observational demands, hold great promise for constraining the processes driving UTLXs=
behaviour, and the position of ULXs in the scheme of black hole acerction from BHEBE=s 1o

AGN.
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Chapter

Rms-flux behaviour of a QPO

6.1 Introduction

Although the rms-flux relation in broad-band noise from BHBs appears to uhiquitously follow
the rms-flux relation, the behaviour of QPOs appears to be more complicated. The analysis
carricd out in Chapter 4 identificd a noumber of observations of different sources with QPO
which do not appear to obey a positive lincar rms-flux relation. Secular (-~ 1 day) variations in
the QPO propertics (rms and frequency ) are known to be comelated with the (energy spectral)
cvolution of black hole transient outhursts (i.c. changes in the physical state of the system).
But this overall evolution of the outburst propertics tends to follow distinet patterns, such as the
hysteresis curve on the hardness-intensity diagram (HIDY; see c.g. Belloni et al., 2005; Belloni,
2010a). As previously discussed, the within-observation variations (timescales < 3ks studied
here ) are variations in an almest stabionary process (presumably random Auctuations within the
accretion dow), the average propertics of which evalve through outhurst (see Mufoez-Darias
et al, 2010, and Figure 6.1). It is these relatively small and Aux-correlated deviations from

stationarity, and how they relate to other source propertics, that are the subject of this Chapler.
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Stromg (PO features are required to accumtely measure their rms-flux relation above that of
the broad-band noise. This work focusses on the type "C7 QPOs observed at the beginning of
the the 1998 outburst of X'TE T1550-564. The long-term propertics of this source have been
studicd extensively by Cui et al. (1999), Wijnands et al. (1999, Homan et al. (2001, Remil-
lard et al. (2002), Sobczak et al. (2000k), Reilly et al. (2001), Chakrabarti et al. (2009, and
Rao et al. (2010a). Sobczak et al. (2000k) compared the changes in amplitude and frequency
for the QFPOs over the course of the cuthurst o the energy spectral components in both XTE
I11550-564 and the 1996-97 outburst of GRO 11655-40. They found that the QPO frequency
appears o be linked to both the disc ux and the strength of the power law. They also ob-
serve that for the outburst of XTE 115500564, the amplitude of the QPO is closcly linked 1o
the QPO frequency: it rises until around 3 He but appears to then fall off above this point.
Rao et al. (2010a) split cach observation into 128 segment= and demonstrated that over time
the frequency of the fundamental QPO component can be linked to the disc count mate sog-
gesting that there is some correlation between frequency, tox and QPO amplitude over short
timescales. FPurther examinabon the short term varabons in these parameters for the QPO is
presented here, concentrating on the rms-flux relation within cach observation and its relation

to the peak Frequency.

6.2 Observations

The Ohservations are taken by the PCA detector on RXTE  from the 1998 outhurst of XTE
11550-564 in programs P301ER and P30191, covering the first 46 days of the outhurst. The
data modes used all had & hit wide counters and are not likely to suffer the buffer over-
Now problems which can distort the rms-flux relation away from a linear relationship (scen
in Cileissner et al., 2004, Appendix A). During the first half of the outburst the source reached

a very bright intermediate state where the strong (Ytype C7) QPO shows high rms amplitudes,
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this means that they are ideal candidates totest the behaviour of the rms-flux relation for QPO

and hovw this relates 1o the continuwm.

Binned mode data has been usced for this analysis. There are a few varations of this data mode
uscd over the outburst, so the encrzy ranges for some of the obscrvations differ. The ranges
have been chosen so that they are as consistent across the sample as possible, although slight
variabions remain between observations. The cnergy range chosen was as close to 414 keV

as possible, and the difference between energy bands is no greater than 003 ke'V.

6.3 Data Analysis

[n order to measure the rms-flux relation cach continuous light curve is divided into non-
overlapping 3 s intervals. e to the lower Frequency limit imposed by this scgment size we
only use obscrvations from this sample where the pomary type O QPO is above | He. In
practice this includes most of the observations where the QPO is detected, only excluding six,
lcaving 48 obscrvations to be processed. From cach 3 s segment the power spectrum was
cstimated in absolute normalisation using standard techniques, and the background subtracted
mean count rabe of the interval, corrected to 1 PCU detector, was recorded. The power spectral
cstimates were then averaged in non-overlapping fAux bins, with at least 20 intervals contribut-
ing to cach hin, to provide well-determined power spectra as a function of flux. These power

spectra were then Otted in Xs5PEC 12 (Arnaud, 19967,

The models discussed in Rao et al. (2010a) have been applicd, where mulople Lorentzians
arc used to describe the fit (sce figure | of Rao et al., 20104, and Figure 1.10 of Chapter |
for representative Oited power spectral. In all observations the model used consisied of Four
Lorentzians: Two of these were Otted to the broad band noise, they are neferred 1o in Rao

ctal. (2010a) as Ly and L, (ff stands for flat topped noise at low frequencies < 1 He and g
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for peaked noise, generally seen at frequencies close to, or just above, the QPO harmonic).
These two Lorentrians had Q-Factors less than 2 () = v/Av where v is the centroid frequency
and Av the full width at halt maximum). Following Rao et al. (2010a) the primary QPO
componentis defined as the strongest feature in cach observation. Due tothe limited frequency
range (.33 - 100 He) within the Qux-binned power spectra it is rarely possible to resalve the
fundamental and both the harmonic and subharmonic simultancously. For this reason the two
further Lorentzians described the primary QPO component and either the harmonic or the sub-
harmonic, depending on which was most visible, These Lorentzians are referred to as Ly and
cither L, or L. As in Rao et al. (2010a) the Poisson noise component was not removed from
the power spectra, but i1s ncluded as an additional constant in the model. This model provided
an adequate fit to all observations within the sample. the reduced ¥ varied from 0.75 1o 1.41.
with the worst Ot having ¢ = 234.1 with 179 degrees of freedom. Rao et al. (2010a) indicated
the need for a further high frequency broad-band component in some observations within their
sample. All of these observations are ones where the QPO s below 1 He, therefore this was not
necessary for the fitting of any observations wsed here. For cach fit the Lorentzian propertics
were recorded, namely the total rms (in absalute units, e ctfs/PCLT), the peak frequency (v )
and the width. Sce Potischmidt et al. (2003 section 3 for appropriaie formulac. The rms
value is corrected to represent the power in the QPO over only positive frequencies. This
normalisation is thus the integrated power in the QPO tHi] and the measured rms within the

component 15 therefore o = “'Hi.-

6.4 Results

Fig. 6.1 shows the dependence of the QPO amplitude (rms) and frequency on flux (count rate)
both within and between obscrvations (typically cne day apart). Clearly the QPO frequency

i5 varying on short timescales and is well correlated with the Aux as mentioned previously
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Figure 6.1: a. Ems-flux relations for the fundamental QPOs in cach observation within the
sample. Points within observations are joined by dotted lines. Some observations with rms
values close o 3530 ct=TPCT and mean count rates between 2000-2500 ct's have been removed
forclarity. b Measured fundamental QPO frequency for each of the Alux bins used for the QPO

rms-flux relations. The stecper change in frequency with flux at high frequencics is clearly
visible. For hoth @ and b the colour bar describes the average frequency of the fundamental

PO component.
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Figure 6.2: Gradient (&) of the rms-flux relation against frequency of the fundamental QPO
measured in both the fundamental (dicmeands - Black) and the harmonic (crosses - red). Both
clearly follow a very similar pattern.

by Rao et al. (2010a), Sobceak et al. (2000b) and Remillard ot al. (2002), the gradient of this
relation appears to increase with average frequency. The rms shows a more complex relation
with the Qux: when the QPO is below 4 He it Follows the positive lincar rms-flux relation
ohserved in the broad-band noise, between 4.0-5.5 He the rms becomes constant with flux,
above 5.5 He the rms-fux relation is negative. This is the first time a short-term negative
rms-flux relation has been observed. The average QPO frequency For an observation is not
monotonically related to either the mean rms or flux over long tmescales, even though clear
relationships between these variables are found within cach observation (sec Figure 6.1). This
illustrates the different cffects of the long term evolution of the system vs. short term random

varabons 1n the accrebon Dow.
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Fitting the rms-tflux relations for cach ohservation with a linear function gives a reasonable
measure of the gradient (&) which is clearly anti-correlated with the average QPO frequency
vy as scen in Figure 6.2, The point where the gradient reverses from positive 1o negative
occurs around 5.5 He. The gradient of the rms-flox relation for the harmonic, k. changes
simultancously with that of the fundamental, k7. Figure 2 shows &, becomes negative when

kp does, ie. around ve = 55 He (where v, = 11 He) (Figure 6.2, red points). The lux

uncertaintics in subtracting the power of the QPO and harmonics.

The broad-band noise at low frequencics is assumed to be driving the lux vanations, thus the
rms-Mux relation for the QPO will indicate how it is coupled bo the noise component. However
the strength of the QPO may mean that some power s aliased to lower frequencies, as the
lowest Frequency observation of the QPO used is close to the Nyquist Frequency vy = 66/2)
for the 3s averaged Hux hins. This may mean that the alterations in the Aux are partially the
result of the QPO rather than purely the broad-band noise. In order to test this alfect the
power spectra of the lightcurve binned up 1o 35 (covering low frequencics) is compared to that
averaged from 3s scgments using the standard time binning (covering the high frequencics
— this is the average of all power spectm used to calculate the rms-fux relation) and one
covering the whole range of frequencies (from a lightcurve with standard time binning and
large segment sizes). Figure 6.3 shows this comparison, it can quite clearly be scen that there
1= noextra power at any point between the three power spectra (the gap is caused by frequency
binning vscd to reduce errors). This suggesis that the flux changes are caused by the broad-

band noise ab low frequencies, rather than the QPO
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Figure 6.3: Testing for the affects of aliased power from the QPO on the low frequency power
spectra. Black Power spectra from lightcurve with the standard time binning composcd from
long segments; Blwe PSD from lightcurve binned up to 35; Red PSD averaged from 35 seg-
ments of lighteurve.

6.5 Discussion

6.5.1 Summary

These results show that the rms amplitude (o) and peak frequency (v ) of the “type C7 QPO
of the microquasar XTE T15350-5364 (ohserved during the 1998 autburst) both vary strongly on
shaort imescales (3 — 3000 =) and are correlated with the source flux. The rms-tlux relation for
the QPO depends on the peak frequency of the QPO: when v ~ 1 — 5 Hiz there is a positive,
lincar correlation between the QPO rms and flux, at around v ~ 5 He the rms-flux relation

becomes tat (rms independent of Aux), and at higher frequencies the rms and Aux becomes
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negatively correlated. For all values of vy examined (~ 1.5 — 10 Hz) the rms-flux relation is
approximately lincar, and the gradient itself appears to be monotonically related to the QPO
peak Frequency. Above ~ 3 He v also increases with Aux in an approximately linear manner,
below this point it remains constant. The correlations between the flux and the QPO rms and
peak Frequency on these short timescales are distinet from the long term evolution of the QPO

during the outhurst that i= apparent between observations separated typically by ~ 1 day.

Within the framework of the “propagating Auctuation™ model discusscd in the Introduction, it
1= reasonahle to imagine the QPOs as an enhancement in the variability amplitude at certain
frequencics (radit) but still coupled to the broad-band spectrum of variations. This would
naturally lead to a lincar, positive correlation between long term Hux (driven by variations at
[requencics lower than the QPO and QPO rms amplitude. [t is less obviows what causes the
frequency-dependent changes in the rms-flux behaviour of the QPO. Some possibilitics and

implications are explored below,

6.5.2 The effect of a Frequency Dependent Filter

[lsing these observations Sobceak ot al. (2000h) showed that on long timescales the fractional
rms of the QPO rises with frequency until around 3 He, above this it Falls off steeply (sce
their figure 6). Pottschmidt et al. (2003) and Axclsson et al. (2005) showed that the broad
Lorentzian components of the power spectrum of Cygnus X-1 also show a sharp drop in am-
plitude above 3-5 He (sce hgure & of Pottschmidt et al., 20003). Similar correlations between
QPO amplitude and frequency have been obscerved in the BHBs H1743-322, GRO T1650-
500, XTE 1165540 and GRS 19154105 (McClintock et al., 2008:; Kalemet et al., 2006, 2003;

[Debnath et al, 2009 Muono et al ., 19997,

One explanation for the attenuation of these components as they move to higher Frequencics is

in terms of a low pass flter acting to suppress variahbility above ~ few He (Done et al., 2007;
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Figure 6.4: @) Rms-tlux relations for the QPO following the removal of a filter reducing the
amplitude of the QPO with increasing frequency. B Gradients found from Oiting the above
rms-flux relation with a lincar function. Prequency dependence of the rms-tlux relation is still
wisible, but the gradients no longer become negative.
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Figure 6.5: The estimated shape of the frequency dependent Glter from fitting the mean frac-
tional rms and frequency of cach QPO

Cricrlinski et al_, 2008). Proposcd physical mechanisms For the suppression of fast variations
include the damping of accretion mte perturbations Faster than the viscous timescale in the
inner disc (Psaltis & Norman, 2000: Done et al., 2007) and scattering of emitted X-rays by an
optically thick outflow created at high luminosity Titarchuk et al. (2007). Such a Alter would
affect the observed rms-flux behaviour for QPOs that move in frequency above ~ 3 — 5 He.
[= the change in &y simply the result of a QPO frequency that increases with fux on short
timescales, combined with the rms being more strongly suppressed (by the action of the Alter)
at higher frequencies and thus Auxes? In order to investigate this possibility we modelled the
decay of the QPO (fractional) rms with frequency in terms of a doubly broken power law, and

use this to “recover” the unfiltered QPO rms.

A doubly broken power law over 1.5-10 He, with indices of a = -001, -00.5 and -1.7 and break-
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ing at 3.4 He and 5.1 He respectively 6.5, can be used to describe the trend in the long term
rms-frequency behaviour of the QPCOL Mote that this is likely an over-cstimate of the effect of
a filter, since it predicts filtering of the power spectrum by a power law with with index —3.4
abowe 5 He: the observed power spectrum is usually Aatter. Assuming this function describes
the filter it is possible to “correct”™ cach data point in Figure 6.1 for the rms-redocing effect of

the frequency-dependent filter.

The rms-flux relations using the “hilter-corrected™ amplitudes are shown in Figure 6.4, There
are two significant differences between this and the raw data shown in Figure 6.1a: at higher
frequencics the rms-Hux gradient tends to zero above ~ 5 He, rather than becoming negative,
and the short timescale rms-fux data (within cach observation) now follow a similar curve
to the longer timescale (between observation) changes in rms and Aux. Signihcantly for the
present discussion, the rms-tlux relabion still shows a monotonic dependence of gradient on
the QPO frequency. A Hattening to wero gradient might indicate a ceiling on the QPO strength
{in absolute units) which effectively prevents the rms increasing past ~ 600 ¢t 5™ when vy = §

H.

6.5.3 Physical implications of QPO behaviour

Although a complete physical picture for the origin of QPOs is still lacking (sec c.g. van der
Ecli=, 2006), recently proposed ideas include Lense-Thirring precession of an extended, hot
Row (sce c.z. Ingram et al_, 2009} and a magnetohydrodynamic dynamo cvele (07 Neill et al.,
2010). Howewver, it is not clear what, if any, predictions such models make for the rms-flux
relation of the QPO One would hope that as these and similar models are developed and
cxplored they will yicld specific predictions about the coupling of QPO amplitude and the

lower frequency noise variations that can then be compared against the observed behaviour.

This work has shown that there is a clear change in the Aux-dependence of the QPO that is
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itsclt linked to the QPO frequency, and that peak frequencics of v = 5 — 6 He appear to stand
out as marking where the rms-tlux gradient becomes #ero. (This scems quite robust 1o the
possible effects of a frequency-dependent Glter.) This frequency range is already noteworthy
as the location of the type B QPO in this outburst and others. Given this coincidence it seems
reasonable to speculate that 5-6 He may represent a relatively stable characteristic frequency
of the system (in contrast to the variable peak frequency of type C QPOs). Replication of these
results for other sources and outhursts is necessary to establish whether a fixed chamcteristic

requency can be identificd in this way.

The 1999 cutburst of XTE T18594226 shows similar behaviour o that of XTE 11550-564
remaining in a hard intermediate state at the peak of the outburst for an extended period. The
rms-flux relation of the QPO has been measured for 12 of these obscrvations. Although the
PO is not as strong as those observed from XTE 11550-564 and thus the behaviour cannot be
as well constrained Figure 6.6 suggcests that there is still a significant alteration in the gradient
of the rms-Hux relation for these type "C7 QPO=. At low Frequencies (3 He) the gradient is
constrained to positive values whereas above ~ 5 Ha the gradient is cither very low or negative.
Therefore it is possible that the frequency dependent behaviour of the rms-fux relation in this
QPO is very similar to that observed in XTE JT1550-564, and that a change from positive to Rat
rms-flux behaviour may even occur at a similar point. There is very little observed frequency
shift with flux in these observations so it was not necessary to attermpt removal of a frequency-

dependent flter

The fact that the 5-6 He range appears to also be significant for the (PO behaviour in XTE
TIRE94+226 as well as XTE 115350-5364 fuels speculation that this relates to a stable timescale
for the variabilty at which the behaviour alters. It the QPO does relate to the outer radius of a
hot, optically thin inner flow, as suggested by models of the type C QPO (sce c.g. Ingram et al.,
20047, then this changing radivs may reach a point beyond which the amplitude of the QPO

can no longer grow. This may occur if imescale of the oscillations forming the QPO are close
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Figure 6.6: The gradient of the rms-flux relation for type C QPOs from the 1999 outhurst of
XTE 1B39+226 plotted according to its peak frequency. Similar behaviour to that observed
from XTE I1550-564 may be present.

to the viscous bmescale within the disc. Explomtions into the correlation of (ux-dependent
alterations in the energy spectra over short imescales with those of the QPO could reveal

what region of the disc contributes to the changes observed.
This suggests that similar behaviour may be observable in other sources, although stronger

QPO features and higher count rates are needed before this can be confirmed.

6.5.4 Correlations with the energy spectra

[t is well known that the propertics of the type © QPO=s in BHE outbursts (notably ve) arc

strongly correlated with the various energy spectral parameters over long timescales, ie. be-
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Figure 6.7: Comparison of the QPO parameters (frequency and rms-flux gradient) with the
cnergy spectral parameters from Sobezake ef al. (2000a), similar results are seen using the
paramcters from Dunn et al. (20107 using different energy spectral models. Upper right corner
shows Kendall's correlation coclfiicient for cach parameter.

tween observations (see c.g. Sobezak et al., 2000b: Kemillard et al., 2002; Rao et al.. 2010a, for
discussion of the 1998 cutburst of XTE T1550-5364). Using the spectral parameters obtained
by both Sobceak et al. (2000a) and Dunn et al. (2010) we Gnd strong correlations between the
cnergy spectrum (e.g. power law index, disc flux, etc.) and the gradient &y of the rms-ox re-
laticn for the QPO as would be expected given that all these variables are strongly correlated

with v Figure 6.7 shows these comparisons for the fits made by Sobczak et al. (2000a).

Dunn et al, (20107 noted that this outburst of XTE T1550564 15 unusual in that it reaches a
particularly high intermediate state, at the peak of the outburst they find that the luminosity

1= close to Ly It is duning these high Qux observations, where the QPO reaches its highest
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frequency, that the loss in positive correlation between rms and flux is most clearly scen.
Further investigations into the effect of high luminositics, and their associated states, on the
short-timescale behaviour of low frequency QPOs in other outhursts and sources would he

necessary to fully understand any link.
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Chapter

Conclusions and Future Work

7.1 Summary

Studics of X-ray variability from accreting black holes probe the conditions close to the event
horizon. In this region the behaviour of the matter is expected to be the same For objects on
all mass scales, similar observational signals should therefore be found in the emission from
all sources. In this thesis [ present work which tests for the existence of these similarities ina
class of poorly understood ohjects, and attempts to establish the ubiguity of ancther possible

signal of accretion.

Chapter 3 presented a systematic survey of the short term vanability propertics in 19 obscrva-
tions of 16 ULXs taken with XMM-Newion using their power spectra. Significant short term
varability was detected in B observations (6 sources), the remaining observations displayed
power spectra which were consistent with the Poisson noise level. For these observations up-
per limits were found on the amount of short term vanability which could be masked by the
noise level, These upper limits were compared o the levels of varahility scen from BHEs in

various non-thermally dominated states. Four observations out of the 11 non-detections, have

141
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upper limits on levels of varability below those observed in BHBE. Simulations of lighteurves
with power spectral shapes modelled on those observed from galactic BHB= in variouns states
confirmed that similar levels of variability should still be visible even at these low count rates.
This indicates that short-term variability is suppressed at the Gme of observation in these
sources. Suggested cavsces for this suppression include large scale optically thick cutflows de-
stroying correlated variability from the source, or variability concentrated over much shorter

timescales than those studicd here, stmilar to the y states of GRS 1915+105.

[n Chapter 4 archival observations For 9 BHB s taken with RXTE were tested Tor a positive rms-
flux relation. This revealed that it appears to be ubiguitous in the broad-band noisc for all long,
bright ohscrvations with sufficient variahility to measure the rms. [ show comparisons between
both the hardness and fractional rms-intensity diagrams which identify the source states of
various obscrvations. The RID reveals ditferent behaviour to that of the HID, particolarly
when the source riscs or returns to the hard state, conversely there 15 also behaviour visible in
the HIDY which cannot be scen in the RID. These plots may be used in conjunction to cvaluate
the state of an observation without individually checking both the power spectra or the cnergy
spectra. Comparing the propertics of the rms-flux relations (gradient and intercept from the
fits to a lincar function) to these plots reveals the intercepts to be siate dependent, becoming
strongly positive as the source moves into the hard intermediate state. This strong offset on
the tlux axis can be reproduced by simulating lighteurves with PSD shapes modelled on those
found in real observations, suggesting that the x-intercepts are not always due to additional
components in the lightcurve but may be a result of the multiplicative effect on the variations

over different bmescales.

In Chapters 5 and 6 the presence of a positive, lincar rms-Aux comelabion was found in the
light curve from a ULX (NGC 5408 X-1) and in some observations of the type C QPO from
the 1998 outburst of XTE 11550564, In the former case this suggests both that the accretion

processes producing the variability inthis ULX are similar to those in other acereting compact
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objects. In the latber case this work revealed that the rms-Aux relation 1= dependent on the
frequency of the QPO becoming constant or even negabive once the QPO moves above ~ 5
He. This could indicate an upper limit on the levels of flux or variability allowed by the source.

A possible lag (soft lagging hard emission) is also identificd from the UL

7.2 Future work

A whole range of new questions are raised from this work — Docs the amount of variability
scen from ULXs change over time? How ubiquitows is the rms-fux relation for other compact
ohjccts e Neutron stars? Why do QPOs appear to behave differently to the surrounding

broad-band noise and how may this behaviour be interpreted ?

Further long observations of bright ULXs are neccssary to build up a full picture of their
behaviour. Monitoring is currently being carricd out by Swifi which has suggested that the
cnergy spectra remains surprisingly stationary over long periods of tme (~ 1 yr) and whilst
there are large changes in the fux (Grisc et al, 2010). Equally the two observations of NGC
5408 X-1 taken two years apart show a shift in the frequency of the QPO but little alteration
in the state of the power spectra, behaviour not typically observed in BHEs which display
rapid changes in both the energy and timing domains over the course of an outburst. Testing
further observations of ather ULXs for the rms-Aux relation could reveal further similanties or
differences between these sources, BHBs and AGN. ME2 X-1 has been quite frequently mon-
itored by 8XTE over a period of 6 years Strohmayer & Mushotekey (2003) have observed the
(PO in the power spectra within some of these observations. Rms-hardness diagrams plotted
using this data sct may reveal behaviour similar to that observed in outbursts of LMXBs, or

alternatively suggest a different evolutionary path for this object.

One dircet extension to the work described Chapter 4 would involve fitting the individual
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power spectra. Mot only would this allow for simulations of the rms-Aux relation to be per-
formed for all ohservations, predicting the expected intercepts for cach, but it the upper and
lower quartiles of the flux binned power spectra were also fitted exactly how bxed in shape
the PSIY remains with increasing Aux could be tested. Further extensions include testing the
cnergy dependence of the relation, although this is most likely to be related to the amount of
fracticnal rms in the power spectra in different encrgy bands (see results in Gleissner et al.,

2004 Gierlinski & Fdeiarski, 20035,

Although the rms-flux relation has been observed in a neutron star it has only been identibied
in very fow cascs both of the same source (5AX T1808.4-3658 — Uttley & McHardy, 2001;
Llitley, 2004). X-ray varability in necutron stars is known to be similar to that of BHBs s
we may expect the positive rms-flux correlation to be cqually ubiguitously observed. These
ohjccts evolve much faster than LMXEB= so identifying sections of lightcurve with a fixed
power spectral shape is more complex. Extending our knowledge of the rms-flux relation o a
wide range of stales in NS would further establish it as an essential property of the variability
in accreting compact objects. Similarly attempis could be made to observe this relation in
a cataclysmic variable, another acercting compact object which should also show a positive

lincar correlation if the relabion 15 ubiquitous.

Further studics of (QPOs are also necessary to explain their divergence from a positive cor-
relation, further observations of behaviour in other BHBs would be usclhul, but is dependent
on consistent obscrvations taken when an object is in the HIMS. Alternatively, obscrvations
of GRS 1915+105, a BHB which displays highly complex atypical patterns of short term
variability could be used to explore QPO behaviours. Finally if the rms-flux relation is as
consistently observed in NS as it is in BHBs, the rms-flux relation of low or high frequency
OPOs in these objects could also be explored. Further exploration inbo how these Features
couple to the underlyving broad-band noise vsing higher order Fourier constructs such as the

bicoherence could also reveal much useful information. This quantity tests how strongly the
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phases are coupled For different Fourier Frequencies, simulations sugaest that it can reveal
complex behaviour when sharp features are present and that this Function could display differ
ent patterns depending on the formation mechanism of the QPO (Maccarone & Schnittman,

2005).

This thesis provides a spapshot into the amount of information which can be gleaned from
studying the propertics of short term vanahility in accreting compact objects. In the futore
new instruments and missions in a wide mnge of wavelengths, from the optical to the X-ray,
will allow for wider monitoring and understanding of these objects, There is also still a wealth
of data in the archives of current X-ray telescopes, nearly 15 years of data in the case of RXTE,
and new analysis techniques are still waiting to be applicd to it. We are still only beginning to
understand the full implications of what short term variability can teach us about these exotic

objects.
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