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XMM-Newton observations of ultraluminous X-ray sources and their host 
galaxies

Ann-Marie Stobbart

ABSTRACT

X-ray observations of nearby galaxies have shown them to be extended and complex sources of X-ray 
emission. The excellent sensitivity of the current generation of missions is now permitting detailed 
studies of their discrete X-ray source populations as well as diffuse thermal emission from hot inter
stellar gases. This thesis presents X-ray observations from the XMM-Newton Space Observatory of a 
variety of nearby galaxies, and some of the most luminous X-ray sources they host.

The work begins with an investigation into the properties of a luminous extra-nuclear X-ray source in 
the Magellanic-type galaxy NGC 55. The observed X-ray luminosity of this source (>  1039 erg s-1 ) 
places it in the ultraluminous X-ray source (ULX) regime, a class of sources that may host a new, 
‘intermediate-mass’ class of black-holes, though this interpretation is currently being hotly debated. 
This particular source exhibits complex and rapid variability including a gradual increase in flux and 
pronounced dips in its X-ray light curve. In addition, the spectral analysis revealed an unusual X-ray 
spectral shape with curvature at high energies (>  2 keV).

Detailed studies of the X-ray properties of NGC 55 as well as the nearby spiral galaxy NGC 4945 are 
then presented. The X-ray emission from NGC 55 is dominated by its discrete X-ray source population 
which, on the basis of an X-ray colour classification scheme, largely consists of accreting X-ray bina
ries. The galaxy also displays evidence of soft diffuse X-ray emission in and around its disc. NGC 4945 
is a much more energetic galaxy, hosting a heavily obscured active nucleus as well as a nuclear star- 
burst. The galaxy has a more luminous discrete X-ray source population than NGC 55 and shows 
clear evidence for diffuse X-ray emission along its disc as well as a possible outflow perpendicular 
to the galactic plane. The observed luminosities of these galaxies are consistent with the luminosities 
predicted on the basis of their star-formation rates.

Finally, a detailed analysis of the deepest XMM-Newton observations of a sample of ULXs is then 
presented with the aim of addressing their true underlying nature. Interestingly, this work provides 
new evidence that the high energy spectral curvature seen first in the NGC 55 ULX may be prevalent 
throughout this class. Such curvature may be evidence for a cool optically thick Comptonising corona 
in these systems which is unlike most Galactic binaries, and poses new challenges to the intermediate- 
mass black-hole interpretation for these systems.
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Chapter

Introduction

1.1 A brief history of X-ray astronomy

The study of the highest energy processes in the Universe, i.e., those that produce/involve X-ray and 

7-ray radiation, is a relatively new science. This is because the Earth’s atmosphere is opaque to high 

energy radiation, requiring X-ray observatories to be placed high above the Earth’s surface. Initial 

attempts at X-ray astronomy involved launching radiation detectors onboard sounding rockets and high 

altitude balloons, which could take them above most of the atmosphere. In 1949, one such rocket 

experiment discovered that our Sun is a source of X-rays. However, the main disadvantage of rocket 

flights is that they can only spend a few minutes above the atmosphere before falling back to Earth. 

The balloon flights were able to carry instruments up to ~40-50 km above sea level (i.e., above most of 

the atmosphere) and were able to operate for longer than the initial rocket experiments. However, even 

at these altitudes, much of the X-ray spectrum is absorbed and only energetic X-rays ( > 3 5  keV) can 

be detected. Although the Sun had been discovered to emit X-rays, detectable emission from anything 

else was not expected (it was thought that even the next nearest stars would be too far away and thus 

too faint). However, a rocket flight experiment launched in 1962 by a group at American Science and 

Engineering successfully detected the first cosmic source of X-ray emission (which became known as 

Sco X-l;  the first source in the constellation of Scorpius). This came as something of a surprise as 

the group had officially developed the X-ray detectors to search for X-ray emission from the surface 

of the Moon (Giacconi et al., 1962). The mission was also the first to detect the X-ray background -  a
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Chapter 1. Introduction 1.1. A brief history of X-ray astronomy

diffuse background of X-ray emission emanating across the whole sky. These new discoveries lead to 

an explosion of study in X-ray astronomy and to date there have been 32 dedicated scientific missions 

launched into orbit, 7 of which are still active, with several more planned for the future. Such X-ray 

telescopes have revolutionised our current understanding of the high energy Universe.

The first in a long line of dedicated X-ray astronomy satellites was the NASA sponsored UHURU 

mission (also known as the Small Astronomical Satellite 1: SAS-1), which was launched on 12th De

cember 1970. UHURU extended the time of observation from minutes to years and provided the first 

comprehensive all sky survey (Giacconi et al., 1971). The UHURU Catalog contains 339 objects, con

sisting primarily of binary stellar systems, supernova remnants (SNRs), Seyfert galaxies and clusters 

of galaxies.

This satellite was followed by a succession of other X-ray observatories in the 1970s, which include 

Ariel 5, SAS-3, OSO-8, and HEAO-1. These missions discovered X-ray bursts, numerous pulsars, 

and obtained the first detailed X-ray spectra. Particularly important missions were the NASA series 

of very large scientific payloads called High Energy Astrophysical Observatories (HEAO) beginning 

in 1977 with HEAO-1. This was the first major observatory to be flown and yielded a catalog of 

842 point sources (Wood et al., 1984), allowed the first comprehensive measurement of the diffuse X- 

ray background spectrum and performed time variability studies on millisecond time scales. NASA’s 

follow-up mission HEAO-2 (also known as the Einstein Observatory; Giacconi et al. 1979) launched in 

1978, proved to be the most revolutionary of the HEAO programme. Einstein carried the largest X-ray 

telescope ever built and was the first fully imaging X-ray telescope placed in orbit. It used a grazing 

incidence telescope over the 0.2-4 keV energy range, which provided a huge increase in sensitivity with 

Einstein observing sources 104 times fainter than UHURU. Einstein also provided improved positional 

accuracy (from < l ' t o  ~  few") and resolved numerous X-ray sources in M31 and the Magellanic 

Clouds (van Speybroeck et al. 1979 and Long et al. 1981 respectively). It was also the first observatory 

with the capability to resolve extended objects such as X-ray emitting gas in galaxies and clusters of 

galaxies.

During the 1980s the European, Russian, and Japanese space agencies continued to launch successful 

X-ray astronomy missions including the European X-ray Observatory Satellite {EXOSAT), Granat (the 

Kvant module of the Mir space station), Tenma and Ginga. These missions were more modest in scale 

than the previous HEAO program and were directed towards in-depth studies of known phenomena.

2



Chapter 1. Introduction 1.1. A brief history of X-ray astronomy

Further great advances were made in the 1990s with the launch of satellites that provided an unprece

dented view of the X-ray Universe. June 1990 saw the launch of ROSAT, a cooperative program be

tween Germany, the United States and the United Kingdom (for more details see § 2.2). ROSAT carried 

two imaging telescopes operating in the soft X-ray (0.1-2.4 keV) and extreme ultraviolet (EUV: 0.06- 

0.2 keV) ranges, and discovered 125,000 X-ray and 479 EUV sources. In addition, the ROSAT All Sky 

Survey (RASS) mapped ~  98% of the sky in the \  keV, |  keV and 1.5 keV bands (e.g., see Snowden 

et al. 1995), revealing considerable structure that had not been previously observed (Fig. 1.1). Also, 

deep ROSAT surveys resolved 70-80% of the 0.5-2 keV X-ray background into discrete point sources 

(Hasingeret al., 1998).

ASCA, a joint Japanese-American project, was launched in 1993 and was the first satellite to use CCD 

detectors for X-ray astronomy, with moderate imaging optics up to 10 keV. The mission was primar

ily designed to study the detailed spectra of X-ray sources, e.g., SNRs, active galactic nuclei (AGN) 

and galaxy clusters. A key result from the ASCA mission was that it provided the first evidence of 

gravitational redshift due to the strong gravitational field around a black-hole (Tanaka et al., 1995).

Another important satellite of this decade was the Rossi X-ray Timing Explorer (RXTE) which was 

launched in December 1995. RXTE does not have focusing X-ray mirrors but was instead designed 

to study time variability in the emission from X-ray sources (e.g., white-dwarf stars, X-ray binaries 

[XRBs], neutron stars, pulsars, and black-holes) over a wide range of X-ray energies (2-250 keV) and 

timescales (milliseconds-years). While RXTE was originally designed for a required lifetime of 2 yrs 

with a goal of 5 yrs, it has now been operational for more than 10 yrs and is still performing well. 

During this time RXTE has identified many X-ray transients and played a vital role in the discovery and 

study of accretion-driven millisecond X-ray pulsars (e.g., Wijnands & van der Klis 1998) and kilohertz 

quasi-periodic oscillations (kHz QPOs; e.g., Strohmayer et al. 1996; van der Klis et al. 1996).

BeppoSax was launched soon afterwards in April 1996 and was a major program of the Italian Space 

Agency (ASI) with participation from the Netherlands Agency for Aerospace Programs (NIVR). It 

was the first X-ray mission with a scientific payload covering more than three decades of energy (0.1- 

300 keV) with a relatively large effective area, medium energy resolution and imaging capabilities in 

the range of 0.1-10 keV. BeppoSax operated for 6 years and proved to be especially useful in the field 

of gamma-ray burst (GRB) research1. In particular, this mission determined GRB positions with an un- 

'GRBs are brief, intense flashes of 7-rays, going off at a rate of about one per day all over the sky.

3
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Figure 1.1: ROSAT All Sky Survey (RASS) maps in three energy bands: \  keV, |  keV and 1.5 keV. The 

colour scale shows the intensity measured in units of xlO-6 counts s-1 arcmin-2 . Images available 

from http://imagine.gsfc.nasa.gov/docs/features/news/02dec96.html.

4
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Chapter 1. Introduction 1.2. X-ray physical processes

precedented precision, which enabled the first ever detection of a GRB X-ray afterglow (GRB 970228; 

Costa et al. 1997). In addition, van Paradijs et al. (1997) reported the detection of the first GRB op

tical afterglow for this source, which appeared to be associated with a faint galaxy. This suggested a 

cosmological origin for GRBs, consistent with previous observations (with the BATSE instrument on

board the Compton Gamma-Ray Observatory) which showed an isotropic distribution of these events. 

However, by the time of its discovery the afterglow had become too faint to detect its spectrum and 

definitively prove this. The first confirmation of their extragalactic nature actually came with the dis

covery of another BeppoSax GRB-GRB 970508, which was identified with a dwarf galaxy at z~  0.835 

(Metzger et al. 1997a,b).

X-ray astronomy has made even further progress in recent years due to the larger effective areas and im

proved spatial and spectral resolutions offered by Chandra and XMM-Newton, both launched in 1999. 

Chandra’s superb imaging resolution (<1") is complemented by the large collecting area of XMM- 

Newton and together these observatories have revolutionised the field; e.g., they have collectively pro

vided the first high-resolution X-ray spectra of a wealth of astrophysical sources, significantly advanced 

the studies of discrete X-ray populations within galaxies, permitted detailed studies of the structure of 

SNRs and expanded galaxy and cluster samples to higher redshifts. Some of these examples are dis

cussed later in more detail. Fig. 1.2 shows some examples of the variety of astrophysical sources looked 

at by these observatories.

1.2 X-ray physical processes

There are several mechanisms that can occur in astrophysical objects which lead to the production of 

X-rays. Each physical process produces a characteristic spectral shape which can be examined to gain 

an insight into the nature of the X-ray source. A brief description of the X-ray production mechanisms 

mentioned in this thesis are described below.

5
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Figure 1.2: Top panel from left to right: Chandra images of Jupiter, the Crab Nebula

and the SNR Cassiopeia A (credit: NASA/CXC/SWRI/G.R.Gladstone et al., NASA/CXC/SAO, 

NASA/CXC/PSU/S.Park et al. and NASA/CXC/GSFC/U.Hwang et al. respectively). Bottom panel 

from left to right: An XMM-Newton image of LMC 30 Dor, a Chandra image of the Antennae 

galaxies and a Chandra image of the galaxy cluster Abell 2125 (credit: the University of Leicester, 

NASA/CXC/SAO/G. Fabbiano et al. and NASA/CXC/UMass/Q.D.Wang et al. respectively). Images 

available from http://chandra.harvard.edu/photo/ and http://astro.sci.muni.cz/pub/xmm2000.

1.2.1 Fundamental Processes 

Blackbody radiation

A blackbody is an object that absorbs all radiation incident upon it and re-emits this radiation at all 

wavelengths. All dense objects with a temperature above 0°K will produce thermal blackbody emis

sion. This is represented by a continuous spectrum with the peak wavelength directly related to the 

source temperature in accordance with Wien’s Law: \ max T  = 0.29 cm K (see Fig 1.3). In astronomy, 

the most precisely measured blackbody spectrum was determined for the cosmic microwave back

ground, as measured by NASA’s COsmic Background Explorer (COBE). In addition, a number of 

astrophysical objects have demonstrated blackbody emission in the X-ray regime. For example, the

6
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Chapter L Introduction 1.2. X-ray physical processes

surface of a neutron star emits blackbody radiation at X-ray wavelengths if sufficiently hot enough 

106 K). In this thesis, blackbody radiation is described using the bbody model in the X-ray spec

tral fitting package x s p e c .

800

£ 600
T=5000K

400

r=4000K200

0
0 500 1000 1500 2000

A(nm)

Figure 1.3: Graphical representation of the blackbody spectrum as a function of wavelength, taken 

from http://en.wikipedia.Org/wiki/Image:Bbs.jpg,

Bremsstrahlung

‘Bremsstrahlung’ is a German word meaning ‘braking radiation’ and is used to describe the radia

tion which is emitted when charged particles are decelerated or ‘braked’. Usually this occurs when a 

fast-moving electron is deflected by the electric field surrounding a positively charged atomic nucleus, 

causing it to lose energy (see Fig. 1.4). This process is also known as free-free emission as the electrons 

are not bound to an atom before or after the event that causes the emission. The most common occur

rence is the emission from a hot gas produced by the rapid and continuous motions of the particles in 

the plasma. This so-called ‘thermal bremsstrahlung’ produces a continuous characteristic spectrum. In 

addition, lines can appear super-imposed on this spectrum, corresponding to the ejection of electrons 

from atoms due to collisions with other atoms or interactions with incident photons. As such, high 

resolution X-ray spectroscopy can provide information on the abundance of elements present in the

http://en.wikipedia.Org/wiki/Image:Bbs.jpg


Chapter 1. Introduction 1.2. X-ray physical processes

emitting source based on characteristic spectral features.

Throughout this thesis, emission from a hot plasma is modelled by either the b r e m s s  (Kellogg et al., 

1975) or the m e k a l  (Mewe et al., 1995) component in XSPEC. The b r e m s s  model represents a 

continuum resulting from free-free emission, while the m e k a l  model includes line emissions from 

several elements and a continuum emission consisting of free-free emission, free-bound emission and 

two-photon emission (Kaastra & Mewe, 1993).

X-rayelectron

proton

Figure 1.4: Graphical representation of the bremsstrahlung emission process, taken from

http://chandra.harvard.edu/xray_astro/xrays.html.

Comptonisation

Compton scattering occurs when a photon collides with a free electron and transfers some of its energy. 

The scattered photon has a lower frequency than that of the incoming photon, while the electron has an 

increased kinetic energy. However, in Astronomy, the reverse process i.e., inverse Comptonisation, in 

which low energy photons gain energy from collisions with energetic electrons is often more important 

(see Fig. 1.5). For example, the very high state seen in XRBs (see § 1.3.4) is thought to be due to 

the scattering of photons from the underlying accretion disc in a non-thermal corona (Gierliriski et al. 

1999; Zdziarski et al. 2001). The X-ray spectrum has a strong non-thermal component (observed to 

extend up to ~1 MeV) which is well described by an unbroken power-law model.

8
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low -energy
V p h o to n

Figure 1.5: Graphical representation of inverse Compton scattering, taken from

http://chandra.harvard.edu/xray_astro/xrays2.html.

Discrete line emission

Some sources show discrete emission lines in their X-ray spectra, which are produced when electrons 

make downward transitions from higher to lower energy states. Such transitions can occur when the 

electrons in an element are excited to higher energy levels (e.g., via collisions or interactions with in

cident photons), and then relax to lower energy levels, emitting photons in the process (see Fig. 1.6). 

Alternatively, if an electron is ejected from the atom then an electron in a higher energy state drops 

down to replace it, which also results in the emission of a photon. The emitted photons are charac

teristic of the energy difference between the energy states and appear as discrete spectral lines at the 

appropriate energies. While each energy state is separated by a discrete amount of energy, the atoms 

for each element have their own unique sets of energy states. Therefore a hot gas may yield a spectrum 

composed of many emission lines depending on the various elements within it. As such, analysis of 

the discrete line emission can provide information on the temperature and abundance of the emitting 

material.

Although in theory, specific atomic transitions correspond to the emission of photons with a specific 

frequency, spectral lines are observed to extend over a range of frequencies. There are three main 

processes responsible for this broadening of spectral lines and each mechanism produces its own dis

tinctive line shape (line profile). Natural broadening is a consequence of the Heisenberg uncertainty 

principle which relates the lifetime of an excited state with the precision of the energy, i.e., A E A t  >  Ti. 

Doppler broadening occurs due to the random motion and different thermal velocities of the atoms in 

the gas. Pressure (and collisional) broadening occurs when the orbitals of an atom are perturbed either 

due to a close encounter involving the electric field of an ion or due to collisions with nearby atoms. In

9
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Figure 1.6: Graphical representation of discrete line emission, taken from

http://www.astro.wisc.edu/ bank/index.html.

addition, the centre of the line may be shifted from its nominal central wavelength. This frequency shift 

in astronomical objects arises from the relative motion of the object to the observer {i.e., the Doppler 

Effect).

Emission lines are observed from a wide range of astronomical sources. For example, bright normal 

galaxies exhibit emission lines due to the prevalence of hot interstellar plasma (see the ‘Bremsstrahlung’ 

section above). Many soft X-ray emission lines have also been detected in the X-ray spectra of some 

AGNs. One particularly interesting result from AGN X-ray spectral studies is the detection of a broad 

neutral Fe-Ka line at 6.4 keV {e.g., Pounds et al. 1989). It is thought that this emission is due to a flu

orescence line from the K-shell of iron, generated through the irradiation of the cold (weakly ionised) 

disc by a source of hard X-rays {e.g., an optically thin Comptonising corona). The observed broadness 

of the line implies relativistic velocities which in turn suggests that the line emission originates from the 

inner accretion disc close to the central black-hole. Thus, the study of Fe-Ka profiles in AGN provides 

the means to probe the immediate environment of a black-hole and represents one of the few cases 

where general relativistic effects can be directly measurable. Broadened Fe-Ka lines have also been 

detected in Galactic black-hole binaries (BHBs) and are again thought to arise in the inner accretion 

disc. A wealth of lines have been observed in the X-ray spectra from SNRs, arising from elements such 

as Fe, O, Mg, S, Si, Na, Ca, Ni, Ne and Ar. SNR spectra may also show an Fe-K line at 6.7 keV which 

originates from highly ionised iron i.e., from hot plasma emission.

10
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Photoelectric absorption

Photoelectric absorption is a common phenomenon is astrophysical sources and particularly dominates 

for low energy incident X-rays. In this process an X-ray photon (with energy Eph = hu, where h is 

Planck’s constant and v is the frequency of the photon) is completely absorbed in the collision with an 

atom of some absorbing material, resulting in the ejection of an electron (with binding energy E^ < hu) 

from the atom (e.g., see Fig. 1.7). Therefore, while some of the energy is used to overcome the binding 

energy of the atom, the remaining energy serves to impart a velocity to the recoiling electron. Photons 

which have energies less than the electron binding energy may be absorbed or scattered but will not 

photoionise the atom. The overall process is characterised by the photoelectric cross-section of the 

atoms in the absorbing material which is also dependent on the energy of the incident photon. Usually 

the absorbing material is dominated by hydrogen because this is the most abundant element. To ionise 

hydrogen, photons need an energy greater than 13.6 eV, therefore in this case the energy of the emitted 

photoelectron is given by: \m v 2 = hv — 13.6 eV.

Figure 1.7: Graphical representation of the photoelectric absorption process, taken from

http://chandra.harvard.edu/xray_astro/absorption.html.

Photoelectric absorption can give rise to absorption edges in the X-ray spectrum, corresponding to 

energy changes within the electron orbitals of the absorbing material i.e., transitions of electrons to 

higher states. These edges are element specific and shift to higher energies when the atomic number 

increases.

In this thesis, the absorption component of the X-ray data is modelled with either the Wisconsin ab

sorption model (wabs) of Morrison & McCammon (1983) or with the Tuebingen-Boulder interstellar 

medium (ISM) absorption model ( tb a b s )  with abundances and absorption cross-sections tabulated by 

Wilms et al. (2000). The tb a b s  model is intended as a replacement for the wabs component and uses

X-■ ray photon
electron

oxygen atom
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revised abundances and updated cross-sections for X-ray absorption by the ISM.

Synchrotron

Synchrotron radiation is a non-thermal component produced by relativistic electrons spiralling along 

magnetic field lines (see Fig. 1.8). Depending on the electron’s energy and the strength of the magnetic 

field, the maximum intensity will occur as radio waves, visible light, or X-rays. The radiation is 

concentrated in the direction of the electron’s motion and is strongly plane polarised. Assuming the 

electron energy spectrum obeys a power-law then the resulting synchrotron spectrum is also represented 

by a power-law.

electron

— — ►

magnetic field H

4

Figure 1.8: Graphical representation of the synchrotron emission process, taken from

http://chandra.harvard.edu/xray_astro/xrays3.html.

1.2.2 Power source

X-ray observations probe extreme environments such as those found near black-holes. While the above 

section describes processes that give rise to X-ray emission, this section describes a key power source 

that creates an environment in which such processes can occur.

Accretion

Accretion is an important astrophysical process which can result in the growth of a massive object by 

gravitationally attracting more matter, typically through an accretion disc. Accretion discs are thought 

to be involved in diverse phenomena ranging from the formation of stars and planets to the powering
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of quasars. Accretion discs themselves are formed when a large gravitational source attracts nearby 

material towards it. Instead of accreting directly (due to its high angular momentum) the material 

orbits the central object and eventually forms a disc. The best studied discs reside in interacting binary 

systems. For simplicity, Shakura & Sunyaev (1973) pictured the disc as a thin, flat gaseous object with 

a negligible gravitational field compared to that of the central object. Therefore, matter in the accretion 

disc moves in a series of Keplerian orbits, such that the velocity at a radius r is given by:

VKep ~   ̂ r J (1-1)

where G is the gravitational constant and M  is the mass of the central compact object. Viscosity 

causes the orbiting gases to spiral in towards the compact object. As it does so, angular momentum is 

transferred outward through the accretion disc. Also, as the gas falls inwards it is heated to increasingly 

higher temperatures as the lost orbital energy is converted into thermal energy. Therefore the energy 

released through accretion is due to the loss of potential energy, i.e.,

G M m
Eacc — (1-2)

which gives an accretion luminosity of

dEacc G M M
L a cc= — ^  = ---------  (1.3)at r

where m  is the mass of the material being accreted, M  is the mass of the compact object, M  is the 

mass accretion rate and r  is the radius of the compact object.

While this process is highly efficient, there is a limit to the luminosity that can be liberated by accretion, 

known as the Eddington limit. This occurs when the outward radiation pressure is equal to the inward 

gravitational force, preventing further mass infall. Assuming that the infalling matter is fully ionized 

and that the radiation pressure is due to Thomson scattering of the radiation by electrons in the plasma, 

then the limit is given by:

13
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vrLacc _  G M m H 
47t r 2c r 2 (1.4)

47t  GMrrinC
ergs 1 (1.5)

where run = rnp +  m e «  m p and gt is the Thomson scattering cross section. Thus, the Eddington 

limit is the maximum luminosity which a spherically symmetric source of mass M  can emit in a steady 

state. While neutron stars and white dwarfs have a solid surface onto which matter can be accreted, the 

size of a black-hole is represented by its event horizon, which occurs at the Schwarzchild radius, defined

For accretion discs around black-holes, the material spirals inward gradually through a sequence of 

nearly circular orbits until it reaches the innermost stable circular orbit (ISCO). Once inside the ISCO, 

gas can fall into the black-hole without any further loss of angular momentum. The ISCO is located 

well outside the event horizon (at ~  3 R s)  for a nonrotating black-hole and approaches the horizon (at 

~  \  R s)  for a rapidly spinning black-hole, provided that the gas is orbiting in the same sense as the 

black-hole’s rotation.

Throughout this thesis, accretion discs are assumed to be optically thick and geometrically thin, and 

are modelled as multiple blackbody components with a continuous spectrum corresponding to the local 

disc temperature at each radial distance. One such model has been formulated by Mitsuda et al. (1984) 

and Makishima et al. (1986) and is known as the multi-colour disc blackbody (MCD) model which is 

represented by the d i s k b b  model in x s p e c . Another model used to described the blackbody spectrum 

of an accretion disc is the d i s k p n  model in XSPEC. This is an extension of the d i s k b b  model and 

assumes that the inner edge of the accretion disc extends down to the ISCO, i.e., R in = 6

as well as including corrections for the temperature distribution near the black-hole (Gierliriski et al., 

1999).

1.3 X-rays from galaxies

as R s  — 2 ( ). No information (i.e., as matter, radiation) can propagate outward from this radius.

This thesis is based on X-ray observations of nearby galaxies and as such it is pertinent to give a review 

of the X-ray emission from such systems. Before the launch of the Einstein observatory, only four



Chapter 1. Introduction 1.3. X-rays from galaxies

normal galaxies i.e., those without an active nucleus (see next section) had been detected in X-rays: the 

Milky Way, M31 and the Magellanic Clouds (e.g., see Helfand 1984). Einstein was the first X-ray ob

servatory sensitive enough to detect a large number of normal galaxies and provide further information 

about their X-ray properties. The significant advancement in this area is reflected by the 493 galaxies 

observed with the IPC and HRI imaging instruments, catalogued by Fabbiano et al. (1992). These 

observations showed that galaxies of all morphological types are extended sources of X-ray emission 

with observed X-ray luminosities in the range of 1038 — 1042 erg s-1 (Fabbiano, 1989). However, a 

more detailed analysis of the X-ray morphology and spectral characteristics were limited to the very 

closest systems (i.e., M31, M33 and the Magellanic Clouds) at this time. Such observations revealed 

that a large fraction of the X-ray emission from Local Group galaxies is due to bright sources, such as 

accreting binaries and SNRs (e.g., Helfand 1984 and references therein). In addition, Einstein revealed 

the presence of diffuse X-ray emission in some galaxies (e.g., M33; Trinchieri et al. 1988).

The X-ray spectra of more distant galaxies were also consistent with the hard spectra expected for 

XRBs (Fabbiano & Trinchieri, 1987). However, only a few very bright discrete sources could be de

tected in such galaxies (e.g., Fabbiano & Trinchieri 1987). In the case of bright spiral galaxies, most 

of these sources reside in the spiral arms and are very luminous. In fact, a number of spiral galaxies 

were shown to possess sources which exceeded the Eddington limit for accretion onto a 1 M0 object 

(> 1.3 x 1038 e rg s-1 ), and some achieved luminosities in excess of 1039 e rg s-1 . Several ideas 

have been proposed to explain the highest luminosities seen in these so-called ultraluminous X-ray 

sources (ULXs), as discussed below in § 1.3.5. However, while the Einstein results suggest that the 

X-ray emission from spiral galaxies is dominated by evolved sources, a hot ISM component was dis

covered to dominate the emission from elliptical and SO galaxies (Forman et al. 1979, Fabbiano 1989). 

Einstein also detected hot outflows from nearby starburst galaxies i.e., galaxies with an enhanced star 

formation rate (Watson et al. 1984, Fabbiano 1988b).

The softer energy band of ROSAT meant that it was more suited to searches for hot ISM components. 

Indeed, the first evidence for such a component in spiral galaxies was provided by a ROSAT observa

tion of NGC 891 (Bregman & Pildis, 1994). ROSAT’s much improved spatial and spectral resolution 

coupled with its lower internal background meant that it provided a substantial improvement in this 

field compared to previous X-ray imaging instruments. In particular, the hot ISM was detected in 

many nearby spiral galaxies including the edge-on spiral galaxy NGC 4631 which showed extended 

emission more than 8 kpc above the galactic plane (Wang et al., 1995). Numerous individual galaxy
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studies have been performed with ROSAT which have been complimented by studies of nearby spiral 

galaxy samples that were analysed uniformly. For example, Read et al. (1997) presented an analysis 

of ROSAT PSPC observations of 17 nearby spiral galaxies, covering a range of activity and inclination. 

These results showed that nearby non-active spiral galaxies have 0.1-2.0 keV luminosities in the range 

1038 — 1041 erg s-1 , consistent with the Einstein results (Fabbiano et al., 1992). Almost all of the 

systems in this survey showed evidence for significant amounts (< 109 M0 ) of low metallicity diffuse 

hot gas (1 — 8 x 106 K). This hot gas component has been shown to dominate the soft X-ray emission 

of high-activity systems, whereas the low-activity systems appear to be dominated by discrete sources 

(XRBs, SNRs etc. ) which span a wide range of X-ray luminosities (few x 1035 -  few x 104° erg s-1 ). 

Therefore one of the key ROSAT results is that spiral galaxies have complex X-ray emission, with 

various contributions coming from accreting sources, SNRs and hot phases of the ISM.

The launch of the Chandra and XMM-Newton observatories with their significantly improved resolution 

and sensitivity, has advanced current understanding in most aspects of the high energy Universe. For 

example, the X-ray data of ULXs pre-Chandra were spatially limited to the extent that they could not 

always be distinguished from moderately compact complexes of X-ray-emitting sources. Chandra has 

made significant advances in this field due to its order-of-magnitude improvement in spatial resolution, 

which for example, permitted the first identification of an optical counterpart to such a source (Roberts 

et al., 2001). Prior to the launch of XMM-Newton, the spectra of these sources had been successfully de

scribed with single component models. However, XMM-Newton observations provided unprecedented 

spectral quality and were the first to statistically require two component modelling (e.g., Miller et al. 

2003; Miller, Fabian & Miller 2004b) providing further clues to their true physical nature.

Further results to emerge from Chandra and XMM-Newton observations of nearby galaxies are provided 

by the high spectral resolution of their dispersive spectrometers. In the case of XMM-Newton , the high 

resolving power of the Reflection Grating Spectrometer (RGS) is coupled to a very large collecting 

area, which makes this an ideal instrument for detailed spectroscopic investigations. For example, 

XMM-Newton RGS spectra of the starburst galaxies M82 and NGC 253 yielded detailed information 

on their emission line ratios, which permitted the determination of elemental abundances and physical 

states of the emitting regions and surrounding environments (Read & Stevens 2002, Pietsch et al. 2001 

respectively).

Also, while the X-ray populations of Local Group galaxies have been classified in detail by earlier X-
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ray missions (e.g., Einstein, ROSAT, ASCA), these observatories were unable to resolve X-ray sources 

in more distant galaxies. However, Chandra’s superb spatial resolution has enabled many sources 

in more distant galaxies to be resolved. Furthermore, X-ray colour analyses on these sources have 

revealed significant differences between bulge and disc systems. These differences have been used as 

a basis to classify sources into various types e.g., XRBs, SNRs and supersoft sources (Prestwich et al.,

2003). Chandra’s sub-arcsecond spatial resolution has also provided direct evidence of the existence 

of populations of low-mass X-ray binaries (LMXBs) in all E and SO galaxies (e.g., Sarazin et al. 2001; 

Angelini et al. 2001; Kim & Fabbiano 2003). Interestingly, these observations have shown that a 

significant fraction (up to ~  70%) of LMXBs in elliptical galaxies are located within globular clusters 

(e.g., Sarazin et al. 2001; Angelini et al. 2001), suggesting that globular clusters are the dominant sites 

of LMXB formation in galaxies with old stellar populations.

Source population studies with Chandra and XMM-Newton has also made significant contributions to 

the X-ray luminosity functions (XLFs) of galaxies2. The first Chandra studies of XLFs suggest trends 

related to the morphological type of the parent galaxy and/or the age of the prevalent stellar population. 

For example, XLFs of early-type galaxies appear to have a break at the Eddington luminosity of neutron 

star XRBs (e.g., Blanton et al. 2001; Sarazin et al. 2001; Irwin et al. 2002), although some argue that 

this may be due to incompleteness (e.g., Kim & Fabbiano 2003). The XLFs of star forming galaxies 

tend to follow a single power-law with the slope related to the star formation rate (e.g., Zezas et al. 

2001; Bauer et al. 2001; Kilgard et al. 2002).

These observatories have also revolutionised studies of the X-ray background and the sources that 

comprise it. In particular, most (i.e., > 60% — 80%) of the 2-8 keV background has now been 

resolved into point sources (e.g., Brandt et al. 2000, Mushotzky et al. 2000, Hasinger et al. 2001, 

Giacconi et al. 2001). Also, high-quality Chandra positions also allow these sources to be matched 

unambiguously to (often faint) multiwavelength counterparts, the vast majority of which are AGN. 

Also at faint soft band fluxes (< 3 x 10“ 16 erg cm-2 s-1 ) these observations showed the emergence 

of a population of apparently normal galaxies (including moderately star-forming galaxies and elliptical 

galaxies), which contribute as much as 5%-10% of the X-ray background flux in the 0.5-2 keV band. 

As well as improving our understanding of the X-ray emission from nearby galaxies (< 20 Mpc), these 

missions have enabled the study of the X-ray properties of normal galaxies at cosmological distances 

(e.g., Homschemeier et al. 2001, Brandt et al. 2001).

2XLFs of galaxy source populations are a measure of the number of sources at a given luminosity.
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Such observations have detected galaxies with 0.1 < z < 1.0 in appreciable numbers at fluxes below 

1 x 10“ 15 erg cm-2 s-1 (0.5-2 keV).

The following sections describe the main components of the X-ray emission from galaxies in more 

detail.

1.3.1 Active Galactic Nuclei

While it is thought that most galaxies contain central massive black holes (e.g., Bertola et al. 2003), only 

those which are adequately fuelled are classed as active. The nuclear regions of such galaxies have been 

observed to greatly outshine the rest of the galaxy, leading to the name Active Galactic Nuclei (AGN). 

Such objects are the most consistently luminous sources in the Universe with bolometric luminosities 

up to 1048 erg s-1 . It is now widely believed that AGN are powered by the accretion of matter onto 

a supermassive black-hole (SMBH) of ~  106 — 109 M0 (Lynden-Bell, 1969). This radiation can be 

emitted across most of the electromagnetic spectrum, as infrared, radio waves, UV, X-ray and 7 -rays. 

However, the observed characteristics vary greatly between individual examples, leading to many sub

classes of AGN; Seyferts, quasars (or QSOs: quasi-stellar objects), blazars, LINERs (Low-Ionization 

Nuclear Emission Region Galaxies) and radio-galaxies to name but a handful. Seyfert galaxies were 

the first recognised AGN and tend to be spiral galaxies. They were originally classified by Carl Seyfert 

(Seyfert, 1943) but were later subdivided into two main types, Type 1 or 2, depending on whether 

their spectra show narrow and broad emission lines, or only narrow lines respectively. The narrow 

lines are thought to originate in regions further from the AGN than for the broad lines, with the broad 

component obscured by dust and/or viewing angle for Seyfert 2’s. However, in some Type 2 Seyfert 

galaxies, the broad component can be observed in polarised light. In this case it is thought that light 

from the broad-line region is scattered by a hot, gaseous halo surrounding the nucleus, allowing it 

to be viewed indirectly. The first example of this was found for the Seyfert 2 galaxy NGC 1068 

(Antonucci & Miller, 1985) and gave rise to the so-called ‘unification model’ (e.g., Antonucci 1993). 

The current paradigm of this model is that the ultimate energy source in all AGN is similar, and that 

the observed characteristics are secondary effects of their environment and our viewing angle e.g., with 

dust obscuration and relativistic beaming causing the observational differences. A sketch of this AGN 

unification model is shown in Fig. 1.9. It is thought that Seyfert nuclei of both types reside in ~  10% 

of all galaxies (Ho et al., 1997b), whereas the more common (but least luminous of the classifications)
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LINERs occur in up to 30% of all galaxies. The majority of galaxies are in fact quiescent, including 

our own Milky Way.

Radio Quiot

Figure 1.9: A schematic diagram showing the basic assumptions of the unified theory of AGN. Taken 

from http://www.asdc.asi.it/bepposax/calendar/, adapted from Urry & Padovani (1995).
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1.3.2 Diffuse X-ray emission

Einstein and ROSAT observations showed that spiral galaxies emit soft X-rays (0.1-2.4 keV) with lu

minosities of 1038 — 1040 erg s-1 (e.g., Fabbiano et al. 1992, Read et al. 1997). However, before the 

advent of Chandra and XMM-Newton, studies of the morphology of this diffuse emission was only 

possible for a few cases (e.g., M101, Snowden & Pietsch 1995; M51 Ehle et al. 1995; NGC 891, 

Bregman & Houck 1997) due to lack of spatial resolution. The improved spatial resolution of Chan

dra and XMM-Newton has enabled separation between diffuse hot gas and point sources as well as 

a more precise morphological study of the diffuse emission. Normal spiral galaxies typically exhibit 

only low levels of diffuse emission (typically well described by two soft low-metallicity thermal plas

mas, e.g., Kuntz et al. 2003; Carpano et al. 2005) and there is very little mass, energy or metal losses 

via hot diffuse gas. While some normal galaxies only appear to show true diffuse gas in their centres 

(e.g., M31, Shirey et al. 2001), much more diffuse emission is seen in the more active normal galaxies 

(e.g., M101 and M83 which show strong diffuse emission associated with star-forming regions in their 

spiral arms; see Fig. 1.10).

(b) (c)
* .

* •  *

* * i k /

Figure 1.10: Chandra images of the diffuse emission in face-on spiral galaxies, taken from

http://chandra.harvard.edu/photo/2004/ml01/more.html (Credit: NASA/CXC/SAO/R.DiStefano 

et al.). Color Code: Red: 0.3-1.0 keV, Green: 1.0-2.0 keV, Blue: 2.0-8.0 keV. The galaxies are 

(a) M101, (b) M83, (c) M51.

Chandra and XMM-Newton imaging have shown that the diffuse emission can have a variety of mor

phologies, particularly in starburst galaxies. These galaxies typically display greater levels of diffuse 

emission and hotter gas components than normal galaxies. Also, the gas appears in the form of out
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flows i.e., from superwinds (e.g., Heckman et al. 1990), as well as coronae and halos. It is thought 

that the X-ray emitting gas is associated with supemovae and winds from young massive stars. In 

particular, superwinds occur after there has been a strong star-formation episode, where the collective 

power of a large number of supemovae drives the high-pressure, high-temperature gas out of the disc 

of the host galaxy at high speeds (from a few xlO2 to 103 km s-1 ; Heckman 2001). During the pro

cess, cool dense gas from the disc and halo regions are accelerated and shocked, giving rise to soft 

X-ray and optical H a emission. Extra-planar gas has been detected in many starburst galaxies (Strick

land et al. 2004a, Strickland et al. 2004b) as shown in Fig. 1.11. As superwinds can transport large 

amounts of material, including the newly synthesized heavy elements created by the supemovae, into 

the intergalactic medium (IGM), it is thought that they play a key role in the metallicity evolution of 

galaxies (e.g., Edmunds 1990). X-ray observations of superwinds are particularly important as they 

can provide information about their energetics and composition, and hence the transport of energy and 

metal-enriched gas into the IGM.

1.3.3 Supernova remnants

As the name suggests, a SNR contains the remnants of a star which has undergone a supernova ex

plosion. Such an explosion causes the outer layers of the star to be ejected into the ISM at faster than 

the speed of sound. This results in a shock wave which moves outwards from the central object. The 

expanding material plows outwards into the ISM and sweeps up any surrounding dust and gas. There 

are three main morphological types of SNR: shell-like which have a shell-like structure, centre-filled 

(also known as Crab-like remnants) which contain a pulsar (i.e., a rotating neutron star) at its centre 

and composite remnants which can appear as shell-like or Crab-like depending on the energy band 

they are observed in. SNRs are generally powerful radio and X-ray sources, and may also be visible at 

optical wavelengths in e.g., Ha. Thermal X-ray emission is produced as the ambient material is com

pressed and heated as a result of the expanding shock wave and/or if the core of the star forms a neutron 

star. Shell-like remnants also show non-thermal radio synchrotron emission as a result of relativistic 

electrons produced within the shock gyrating around magnetic field lines. Filled remnants also exhibit 

non-thermal synchrotron emission (from radio through to 7 -rays) via relativistic electrons produced by 

the central pulsar.
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H
9 k

Figure 1.11: False colour images (20 kpc x 20 kpc) from a Chandra survey of the diffuse emission 

in the halos of edge-on starforming disc galaxies, taken from (Strickland et al., 2004b). Red: optical 

Ha emission, Green: optical R-band emission (starlight), Blue: Diffuse soft (0.3-2 keV) X-ray emis

sion. The galaxies are (a) M82, (b) NGC 1482, (c) NGC 253, (d) NGC 3628, (e) NGC 3079, (f) NGC 

4945, (g) NGC 4631, (h) NGC 6503, (i) NGC 891.
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1.3.4 X-ray binaries

XRBs are mentioned extensively in this work, therefore the next few sections give an introduction to 

these systems and describe their key characteristics. XRBs were the first X-ray sources to be discovered 

outside the Solar System (e.g., Sco X-l, Giacconi et al. 1962; Cyg X-l, Bowyer et al. 1965) and 

constitute the brightest class of discrete X-ray sources in the sky. Their discovery posed two main 

problems i.e., firstly explaining the production of the X-ray emission and then explaining the high X- 

ray luminosities. It was soon realised that both of these could be explained by the accretion of mass 

under the influence of gravity onto a compact object in these systems. In fact, an XRB contains either a 

neutron star or a black-hole accreting from a companion star (see Fig 1.12) and in many cases they have 

been shown to represent the dominant component of the X-ray emission from normal and star-forming 

galaxies.

Figure 1.12: Artists impression of an X-ray binary system, showing material being pulled away from 

the companion star onto the accretion disc of its partner. Image courtsey of Chris Moran, using the 

Celestia software (http://www.shatters.net/celestia).

Mass exchange in an XRB system occurs in two main ways i.e., via Roche Lobe overflow or stellar 

wind accretion, depending on the nature of the companion star and the orbital separation. Roche Lobe 

overflow occurs if the companion star increases in size or the binary separation shrinks, such that the 

outer layers of the companion star crosses into a region of space dominated by the gravitational pull of
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Table 1.1: Properties of the two main classes of strong Galactic X-ray sources

HMXB LMXB

X-ray spectra: kT>15 keV, hard kT<10keV, soft

Type of time variability: Regular X-ray pulsations Only a very few pulsars

No X-ray bursts Often X-ray bursts

Accretion process: Wind Roche-lobe overflow

Timescale of accretion: 105 yr 107-  109 yr

Accreting compact star: high B -field NS (or BH) low jB-field NS (or BH)

Spatial distribution: Galactic plane Galactic centre and

spread around the plane

Stellar population: Young, age < 107 yr Old, age > 109 yr

Companion stars: Luminous, Lopt/L x  > 1 Faint, Lopt/L x  < 0 .1

early type 0(B)-stars blue optical counterparts

> 10Mo (Pop. I) < 1 M q (Pop. I and II)

N o t e s : Table from Tauris & van den Heuvel (2006).

the compact object. Alternatively, the companion star may gradually eject much of its mass in the form 

of a stellar wind, some of which is then gravitationally captured by the compact object. More than 90% 

of strong Galactic XRBs appear to fall into two distinct groups depending on the mass of the companion 

star: high-mass X-ray binaries (HMXBs) which have a high-mass companion star to the neutron star 

or black-hole and low-mass X-ray binaries (LMXBs) which have a low-mass companion star (Tauris & 

van den Heuvel, 2006). The large difference in the companion masses between HMXBs and LMXBs 

leads to a number of additional differences between these two classes of systems as summarised in 

Table 1.1 and described in the following text.

HMXBs

HMXBs contain an early type (OB) companion star with a mass of > 10 M0 . These high-mass stars 

usually have an intense wind that is easily captured by the neutron star or black-hole to release X- 

rays. The mass transfer rate is determined by the strength and speed of the wind and orbital separation.
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Neutron star HMXBS (NS-HMXBs) are much more common than the black-hole systems and many 

appear as accretion powered pulsars. This is a consequence of the high magnetic field ( rs j  1012 G) in 

such systems, which disrupts the accretion flow and channels it onto the magnetic poles. However, 

such pulses are not seen in black-hole HMXBs (BH-HMXBs) due to the presence of the event horizon, 

which does not allow for any stable features to be anchored to the rotation of the compact object. 

The lifetimes of these systems are determined by the evolution of the high-mass companions and are 

relatively short (~  105 — 107 yr). Therefore HMXBs are distributed along the Galactic plane, as is 

the case for young stellar populations. The optical luminosity is dominated by the emission from the 

companion star while the X-ray luminosity is either powered by stellar wind accretion or, in the case 

of the brighter systems, by Roche-lobe overflow via an accretion disc. NS-HMXB spectra are usually 

hard while the X-ray spectra of the black-hole systems tend to vary depending on their spectral state 

(see later).

LMXBs

LMXBs have old companion stars with masses of <  1 M q .  The orbital separation is generally smaller 

than in a typical HMXB because the companion is smaller. Accretion occurs via Roche Lobe overflow 

from the companion star (either as a consequence of the compact orbit or if the companion increases 

in size). If the compact object is a neutron star, then they often display X-ray bursts i.e., sudden 

thermonuclear fusion of accreted matter at the surface. However, such bursts are suppressed in the 

presence of high magnetic fields (e.g., B  > 1011 G), which is why they are not observed in NS-HMXBs 

(Lewin & Joss, 1983). Also, such bursts are absent for BH-LMXBs due to the lack of a material 

surface. Although LMXBs are very seldom X-ray pulsars due to their relatively weak magnetic fields 

(109 — 1011 G), they have been observed to contain millisecond pulsars (e.g., Wijnands & van der Klis 

1998). These are thought to arise from the prolonged phase of accretion which suppresses the magnetic 

field and spins up the neutron star (Psaltis & Remillard, 2006). The lifetimes of LMXBs are determined 

by the mass transfer process and are longer than those of HMXBs (i.e., ~  107 — 109 yr). Also, most 

LMXBs in our Galaxy are located in the bulge and in globular clusters, consistent with an old stellar 

population. The spectrum of the optical companion can only be observed in the widest of these systems 

or if the source becomes quiescent. Otherwise the optical emission is dominated by thermal emission 

from the accretion disc.
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X-ray spectral states

Galactic BHBs have been observed to occupy a number of X-ray spectral/temporal states defined in 

the 1-10 keV band (van der Klis 1994; Tanaka & Lewin 1997; Tanaka & Shibazaki 1996). In addition, 

their X-ray spectra has shown transitions between these states, the first example of which was observed 

in Cyg X-l (Tananbaum et al., 1972). Further evidence of spectral state changes in BHBs led to the 

suggestion that they may be connected with changes in the accretion process. The three most familiar 

X-ray bright states are the low/hard (LH), high/soft (HS, also described as ‘thermal dominated’) and 

the very high (VH, or ‘steep power-law’) states (see McClintock & Remillard 2006 for further details). 

The X-ray emission of BHBs has different spectral characteristics depending on which X-ray state the 

system is in. At lower mass accretion rates, a BHB usually enters the LH state where their X-ray 

emission is dominated by a hard power-law component (T~1.7), thought to arise from Comptonisation 

of soft photons by a hot optically thin corona3. In this state, the disc is either undetected (e.g., Belloni 

et al. 1999) or appears truncated at a much larger inner radius and hence cooler than the parameters 

derived for the soft state (Wilms et al. 1999, McClintock et al. 2001). The soft X-ray state is generally 

seen at a higher luminosity (i.e., the HS state) and is best explained as ~1 keV thermal emission from 

a multi-temperature accretion disc (i.e., modelled with a MCD component). In this state, the spectrum 

may also display a hard tail that contributes a small percentage of the total flux. The VH state is in many 

cases the most luminous state and is characterised by an unbroken power-law spectrum extending out 

to a few hundred keV or more. The photon index is typically steeper (> 2.5) than found in the LH state 

and generally coincides with the onset of strong X-ray QPOs. A MCD component may also be present 

in the VH state and the EXOSAT era demonstrated that some of the QPOs occur when both disc and 

power-law components contribute substantial luminosity (van der Klis, 1997).

1.3.5 Ultraluminous X-ray sources

Einstein observations revealed that some galaxies contain extremely bright non-nuclear point sources 

with X-ray luminosities in excess of 1039 e rg s-1 . These so-called ultraluminous X-ray sources 

(ULXs) were of great interest as they were brighter than any discrete sources observed in our Galaxy or 

in our nearest large neighbor galaxy M31. Further observations revealed that they also displayed evi

3However this is still a topic o f debate, with the main alternative for the X-ray power-law emission being synchrotron 

emission from the radio jet that is associated with this state (e.g., Falcke & Biermann 1995; Markoff, Falcke & Fender 2001).
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dence for both short- and long-term X-ray variability, suggesting an accreting nature (Miller & Colbert, 

2004). However, at these luminosities they exceed the theoretical limit (the Eddington limit) for spher

ical accretion onto a stellar mass (~  10 M©) black-hole. Their luminosities are actually intermediate 

between normal black-hole XRBs and those of AGN. Therefore, ULXs have attracted considerable 

interest over recent years (e.g., see Makishima et al. 2000 and references therein) as one simple way of 

evading the Eddington limit is to assume larger black-hole masses than typically found as the endpoints 

of stellar evolution. A brief description of this scenario as well as the other competing models currently 

proposed to explain the high luminosities in ULXs, is given below.

Intermediate mass black-holes

The idea that ULXs contain more massive black-holes than typically found as the endpoints of stellar 

evolution is a current hot topic of ULX research (e.g., Colbert & Mushotzky 1999). Such intermediate- 

mass black-holes (IMBHs) with M  ~  102 — 104 M© would provide the ‘missing link’ between the 

stellar-mass black-holes and the SMBHs in the nuclei of galaxies. They are an attractive scenario 

for ULXs because sub-Eddington accretion onto such objects could easily explain the observed high 

luminosities. In particular, it is thought that those ULXs at the upper-end of the luminosity range 

(L x  > 1040 erg s-1 ) are perhaps the best candidates for harbouring IMBHs. Indeed, the current best 

ULX candidate for an IMBH is M82 X-l, which also happens to be amongst the most luminous ULXs 

observed so far (L x  ~  9 x 1040 erg s-1 ; Matsumoto et al. 2001; Kaaret et al. 2001). The measured 

luminosities of this source correspond to an IMBH mass of ~  500 -  900 M©, for accretion at the 

Eddington limit (Matsumoto et al. 2001; Kaaret et al. 2001). In addition to its extreme luminosity, a 

QPO was also discovered in the X-ray flux from M82 X-l, which was the first detection from a ULX 

(Strohmayer & Mushotzky, 2003). This QPO discovery establishes the compact nature of the source 

and argues against beaming.

The X-ray spectra of some ULXs have been successfully fitted with the same MCD plus power-law 

model used for Galactic BHBs. However, the temperature of the MCD component in some ULXs has 

been observed to be much cooler than in Galactic systems, which typically have kTin ~  1 -  2 keV 

(King, 2003). According to the MCD model, the temperature of the innermost edge of an accretion disc 

decreases as the mass of the compact object increases (kTin oc M -1/4). Therefore cooler accretion 

discs suggest more massive black-holes, and thus provide supporting evidence for IMBHs. This is the
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case for the spectra of some of the more luminous (L x  >  1040 erg s x) ULXs which show accretion 

disc components with kTin ~  0.1 — 0.2 keV (Miller et al., 2004a), implying black-hole masses of 

~  1000 M q .

However, there are several challenges to the IMBH model of ULXs. In particular the large numbers 

of ULXs associated with regions of star formation (e.g., Zezas et al. 2002a, Gao et al. 2003, Wolter 

& Trinchieri 2004) argues against IMBHs constituting a large fraction of the ULX population (King,

2004). Also, recent X-ray spectral fitting results of high quality ULX data suggests that it may not be 

necessary to invoke IMBHs even in the more luminous ULXs (see Chapter 6).

Anisotropic radiation

An alternative scenario to the IMBH picture is that ULXs are actually a type of stellar mass (> 10 M q )  

BHB accreting around their Eddington limit. The idea that ULXs are in fact the extreme end of a 

HMXB population provides a natural explanation for the large numbers observed in star forming re

gions. One model to explain the high luminosities from such binaries assumes mildly anisotropic 

radiation patterns (beaming factors < 10) from sources emitting at or below the Eddington limit (King 

et al., 2001). Such radiation patterns (as opposed to the isotropic scenario assumed for IMBHs) could 

trivially allow apparent luminosities up to ~  1040 erg s-1 , compatible with the majority of claimed 

ULXs (King et al., 2001). As well as the large numbers of ULXs found in sites of star formation, 

further support for this model comes from some ULX spectra. In many cases the X-ray spectra of 

ULXs are consistent with thermal components at kTin ~  1 — 2 keV (see Chapter 6 for further details), 

which is a natural temperature for a stellar-mass object (King, 2003). However, while mild anisotropic 

emission could explain the apparent high luminosities up to ~  1040 erg s-1 , the most luminous objects 

would require much larger beaming factors (> 100) for which there are no known mechanisms other 

than relativistic effects (Mushotzky, 2004).

A further problem for this model has arisen from studies of the environments around ULXs; e.g., Pakull 

& Mirioni (2002) discovered that the optical nebula surrounding the ULX Holmberg-ll X-l has sub

stantial He II A4686 A emission. This line is produced by the recombination of fully ionised helium, 

and therefore requires a high energy source. High resolution imaging of the nebula with the Hubble 

Space Telescope showed that Holmberg II X-l is the ionisation source powering the line emission, and
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that the morphology of the nebula is inconsistent with narrow beaming of the X-ray emission (Kaaret 

et al., 2004). Furthermore, the flux in the He II line implies that the total luminosity of the ionisation 

source is > 6 x 1039 erg s_1, suggesting that the compact object is truly ultraluminous.

Relativistic beaming

Mirabel & Rodriguez (1999) suggested that a number of nearby galaxies should host microblazars 

i.e.,  microquasars with relativistically beamed jets pointed towards the observer. This implies that 

the spectra of some XRBs could be explained by a coupled disc/jet model, where some of the X-ray 

emission is relativistically beamed and is produced by synchrotron and inverse-Compton radiation in a 

jet (Kording et al., 2001). A possible ULX microblazer is M74 X-l, which exhibits extreme variability 

and behaviour that resembles stellar-mass Galactic microquasars (Krauss et al., 2005). Therefore the 

emission mechanism may be related to relativistically beamed jets which produce the high observed 

X-ray luminosity (up to ~  1.2 x 104° erg s-1 ; Krauss et al. 2005). A further example of stellar-mass 

microblazar was suggested by Soria et al. (2006) for NGC 5408 X-l, which is one of the few ULXs 

with a radio counterpart (Kaaret et al., 2003). In this case the extreme luminosity (L x  ~  104° erg s-1 ) 

would be due to Doppler boosting, its radio emission would be synchrotron from the jet; its X-ray 

spectrum could be produced by synchrotron self-Compton or inverse-Compton scattering of low energy 

photons (from the disc or donor star) by the relativistic jet (Kording et al., 2002). As with anisotropic 

radiation, this model reduces the required ULX black-hole mass to standard values (i .e.,  < 10 M q ) .

Super-Eddington accretion discs

Begelman (2002) suggested that some observed ULXs are actually due to thin, super-Eddington accre

tion discs orbiting stellar-mass black-holes. Such discs may arise as a result of strong density inho

mogeneities which produces a photon-bubble instability and causes the disc to become ‘leaky’. In this 

way the disc becomes porous to radiation leakage which means that more radiation can escape with

out inflating the disc, thereby permitting the luminosity to exceed the Eddington limit while the disc 

remains geometrically thin. Such models suggest that accretion discs around stellar-mass black-holes 

could radiate as much as ~  10 times the Eddington limit.
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1.4 Overview of this thesis

The main aim of this thesis is to investigate the underlying nature and physical properties of ULXs 

using deep XMM-Newton observations. This thesis also examines the overall X-ray properties of two 

nearby galaxies which harbour such objects. Chapter 2 presents the instrumentation and data analy

sis techniques. Chapter 3 presents an in depth analysis of the spectral and temporal properties of a 

ULX in the nearby Magellanic-type galaxy NGC 55. Chapter 4 proceeds to present an analysis of this 

Magellanic-type galaxy, concentrating on the discrete source population and underlying diffuse emis

sion. Chapter 5 presents a similar analysis on the X-ray properties of the more active spiral galaxy 

NGC 4945. Chapter 6 focuses on the ULX phenomenon by investigating the spectral properties of the 

best quality datasets to date. A review of this work is given in Chapter 7 followed by a discussion of 

further work in the field and how this may be addressed with current and future X-ray observatories.
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Chapter

Instrumentation and Data Analysis

2.1 The XMM-Newton Space Observatory

The work in this thesis is based on observational data from the XMM-Newton satellite (Jansen et al., 

2001). XMM-Newton is the largest scientific observatory (4 tonne, 10 m long) developed by the Eu

ropean Space Agency (ESA) and is the second ‘Cornerstone’ mission of ESA’s Horizon 2000 Pro- 

grammme. An artists impression of the spacecraft (erroneously shown in low-Earth orbit) is given in 

Fig. 2.1.

The satellite was launched on 10th December 1999 and placed in a 48 hour highly elliptical orbit (7000 

km perigee, 114 000 km apogee), inclined at 40° to the equator. This orbit was chosen to allow the 

onboard instruments to be passively cooled to between -80°C and -100°C. The lowest portion of this 

orbit is contained within the radiation belts, so operations are limited to altitudes above 60 000 km. 

However, this choice of orbit still permits long, uninterrupted observations (up to ~  40 hours out of the 

48 hour orbit are available for scientific observations above the radiation belts).

XMM-Newton comprises two large payload modules, located either end of a long carbon fibre tube 

which forms the telescope optical bench (Fig. 2.2). In addition to most of the spacecraft sub-systems, 

the service module (left-hand side of Fig. 2.2) contains a 30 cm optical/UV telescope (Optical Monitor 

[OM]) which reflects light through a fliter-wheel to detectors in its focal plane. The OM detectors
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Figure 2.1: Artists impression of the XMM-Newton Observatory, taken from

http://www.terma.com/multimedia/space_xmm_courtesy_esa_420.jpg.

consist of micro-channel plate (MCP) intensified CCDs (MICs)1. Photons coming from the mirror hit 

a photocathode which is optimised for the UV and blue and provides a sensitivity from 160 nm to 

600 nm, from where the signal is amplified (~  105 times) by three consecutive MCPs. After this the 

electrons hit a phosphor layer, from which the resulting photons are imaged onto a CCD. The service 

module also contains three X-ray Mirror Modules, each with 58 Wolter-l high-precision concentric 

mirrors, which are nested to offer the largest collecting area. The OM is co-aligned with the X-ray 

telescopes, providing complementary data on the X-ray sources e.g., monitoring and identification of 

optical/UV counterparts.

Each X-ray telescope has a different CCD detector in its focal plane (located on the focal plane asssem- 

bly; right-hand side of Fig. 2.2), collectively known as the European Photon Imaging Cameras (EPIC). 

Two of the cameras contain seven identical front illuminated Metal Oxide Semi-conductor (MOS) CCD 

arrays each (MOS-1, MOS-2; Turner et al. 2001), while the third camera consists of a single silicon 

wafer containing twelve back-illuminated pn CCDs (Striider et al., 2001). The telescopes containing 

the MOS cameras are also fitted with Reflection Grating Spectrometers (RGS; den Herder et al. 2001) 

which perform high resolution dispersive X-ray spectroscopy. The MOS cameras receive just 44%

1A simple CCD is not good enough to achieve the desired limiting sensitivity of 24th magnitude with just a 30 cm diameter

telescope.
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of the incident flux due to a 50% diversion of flux from the spectrometers and 6% from structural 

obscuration. However, the third telescope with the pn camera at its focus has an unobstructed beam.

FPIC 
Camera 3

Aperture
Stops EPIC 

Camera 2 
(MOS)Minor

Module

Minor
Module i

Optical Monitor telescope
Telescope Tube

Mirror 
Module 2

Figure 2.2: Sketch of the XMM-Newton payload, taken from

http://esapub.esrin.esa.it/bulletin/bulletlOO/BAGNASCO.pdf.

The six science instruments onboard XMM-Newton (i.e., 3 EPIC detectors, 2 RGS instruments and 

the OM) operate simultaneously unless prohibited e.g., by target brightness constraints. However, 

the instruments themselves work independently (i.e., exposures of the individual instruments do not 

necessarily have the same start or stop times) and each can have different modes of data acquisition 

(see next section). The work in this thesis focuses on data from the EPIC instruments, therefore these 

detectors are described in more detail in the following section.

2.1.1 European Photon Imaging Cameras

The EPIC cameras can perform sensitive imaging observations over a 30' field-of-view (FOV) and a 

0.15-15 keV energy range. However, the MOS and pn CCDs are fundamentally different with respect 

to chip geometry and instrumental characteristics (e.g., different readout times and detector quantum 

efficiencies). Fig. 2.3 shows a rough sketch of the detector layout and the sensitive area of each detector.
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The 7 MOS CCDS each measure 10.9' x 10.9', while the 12 chips of the pn camera each measure 

13.6' x 4.4'. The detector edges of the MOS chips slightly overlap each other creating unusable areas 

(see Fig. 2.4) and the two MOS cameras are rotated at 90° to each other. The pn chip array is slightly 

offset with respect to the optical axis of the telescope to prevent the on axis observing position falling 

on a chip boundary. Therefore > 90% of the energy of an on-axis point source can be collected on one 

pn CCD chip. The important characteristics of the MOS and pn detectors are summarised in Table 2.1.
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Figure 2.3: A comparison of the focal plane organisation of the EPIC MOS {left) and pn (right) cameras. 

The shaded circle depicts a 30; diameter area.

Figure 2.4: EPIC MOS and pn CCDs, taken from http://xmm.vilspa.esa.es.
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Table 2.1: An overview of the XMM-Newton EPIC instrumental characteristics

Instrument EPIC-MOS EPIC-pn

Bandpass 0.15-12 keV 0.15-15 keV

Orbital target visibility0 5-135 ks 5-135 ks

Sensitivity6 ~  10-14 erg cm-2 s-1 ~  10~14 erg cm-2 s-1

Field-of-view 30' 30'

PSF (FWHM/HEW) 5" /14" 6 " /15"

Pixel size 40 fim (1.1" ) 150 fim (4.1" )

Timing resolution0 1.5 ms 0.03 ms

Spectral resolution^ ~  70 eV ~  80 eV

N otes: a Total time available for science per orbit, b after 10 ks in the range 

0.15-15 keV, c in fast data acquisition mode i.e., timing mode for the EPIC 

detectors, d at 1 keV.

The EPIC cameras can be operated in several modes of data acquisition. For the MOS cameras, the 

central CCD can be operated separately in 4 different observing modes, while the 6 outer CCDs remain 

in standard imaging mode. This ensures that all CCDs are always gathering data, independent of the 

choice of operating mode. The pn camera has 6 different modes of operation; 3 of which involve all 

four quandrants of the detector (full frame, extended full frame and large window mode), while the 

other 3 modes (small window, timing and burst) can be operated with one single CCD. The operating 

modes for the MOS and pn detectors are shown in Fig. 2.5.

The EPIC CCDs are not only sensitive to X-ray photons, but also to IR, visible and UV light. Therefore 

the X-ray signal from an astronomical target may become contaminated by those photons if the source 

also has a high optical flux. To prevent this each EPIC camera is also equipped with a set of four 

aluminised optical blocking filters; two thin filters, one medium filter and one thick filter. The EPIC 

cameras can be operated in closed and open filter positions. The former is used to protect the CCDs 

from soft protons in orbit, while the open position could be used for observations when no filter is 

needed i.e., where the light flux is very low.
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Figure 2.5: Operating modes for the MOS {top panel) and pn {bottom panel) CCD cameras-from left 

to right: full frame modes, large window modes, small window modes and timing modes.

CCD cameras degrade when exposed to the extreme environment of space due to radiation, temperature 

and low pressure effects. Such degradation includes gradual changes over timescales of years, or it 

can be more sudden due to solar activity or particle/micro-meteorite impacts. This can lead to effects 

ranging from a change in the Change Transfer Efficiency (CTE) of the CCDs {i.e., the amount of charge 

successfully moved from one pixel to another as an X-ray event is read out), to a fatal failure of the 

whole instrument. Therefore it is essential to monitor the health of the system throughout the mission 

to ensure sunstained performance of the instruments and to preserve the quality of the scientific data. 

Indeed, the instrument health of XMM-Newton has been steadily monitored since the beginning of the 

mission. To date the EPIC detectors have suffered 4 events interpreted as micrometeoroid impacts 

(Kirsch et al., 2005), the most recent of which led to the loss of EPIC-MOS1 CCD6 (one of the 7 

CCDs in the EPIC-MOS1 focal plane). Such impacts are thought to be the cause of additional hot 

pixels seen in the EPIC cameras. On 6-7 November 2002, the MOS cameras (which are qualified to 

operate down to -130°C) were cooled from their nominal operating temperatures (-100°C) down to - 

120°C. This had a curative effect on the bright pixels produced from such impacts and also improved the 

MOS energy resolution and reduced the number of bad pixels in the Current Calibration Files (CCFs). 

One of the main surprises and concerns after launch was the high fluctuations and variability of the 

particle background in the cameras. This background consists of two main components: a relatively 

quiescent component due to the interaction of high energy particles (> 100 MeV) with the detector
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structure (and perhaps the detectors themselves) and its associated fluorescence, and a variable and 

flaring component attributed to soft protons (<  100 MeV) which are funnelled towards the detectors 

by the X-ray mirrors. It is believed that the soft proton population is somehow related to the radiation 

belts as the probability of soft proton flaring decreases with the distance from the Earth. Overall up 

to 15%-20% of the XMM-Newton observing time can be lost due to radiation flaring although this is 

highly variable from observation to observation.

2.2 Comparison with other X-ray missions

While the work in this thesis is based on XMM-Newton data, there are references and comparisons 

to other X-ray missions throughout. Therefore this section details the basic characteristics of three 

other X-ray missions mentioned in this work, namely ASCA, ROSAT and Chandra (with much of this 

information taken from the XMM-Newton Users Handbook2). Table 2.2 shows several parameters 

which describe the capabilities of each satellite. One particularly important feature for X-ray missions 

is the effective area of the telescope’s mirrors, as this is the best measure of its photon collecting power. 

A comparison of the effective areas of XMM-Newton, Chandra, ROSAT and ASCA is shown in Fig 2.6. 

It is clear that XMM-Newton has provided a huge increase in the collecting power of X-ray telescopes.

Table 2.2: Comparison of XMM-Newton with other X-ray satellites

Satellite Energy range 

(keV)

Mirror PSFa 

FWHM / HEW (" )

Mirror effective area6 

(cm2)

Orbital target visibility 

(hr)

XMM-Newton 0.1-15 6/15 4650 40

Chandra 0.1-10 0.2/0.5 800 50

ROSAT 0.1-2.4 3.5/7 400 1.3C

ASCA 0.5-10 73/174 350 0.9C

N o t e s: a FWHM (Full Width at Half Maximum), HEW (Half Energy Width)-the diameter of the 

circle within which half of the photons fall, 6 at 1 keV, c low orbit with Earth occultation.

2http://xmm.vilspa.esa.es/external/xmm_user _support/documentation/uhb_2.1/
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Figure 2.6: The effective area of all XMM-Newton mirror modules, in comparison with those of other 

X-ray satellites (logarithmic scale).

ROSAT-T he  Roentgen satellite was launched on 1st June 1990 and operated for almost 9 years. The 

satellite consisted of one X-ray telescope which could be used in conjunction with either the Position 

Sensitive Proportional Counter (PSPC) or the High Resolution Imager (HRI) over 0.1-2.5 keV. The first 

6 months of the mission were dedicated to an All-Sky Survey using the PSPC with a 2° diameter FOV, 

followed by a pointed phase. The HRI had a smaller FOV of ~0.6° square, but an improved spatial 

resolution. Also on-board was a Wide Field Camera (WFC) with its own mirror system and a FOV 

of 5° diameter, which operated in the EUV range of 62-206 eV. Science highlights include an X-ray 

All-Sky Survey catalogue with more than 150,000 objects and an EUV All-Sky Survey catalogue (479 

objects).

ASCA -  The Advanced Satellite for Cosmology and Astrophysics was launched on the 20th February 

20, 1993 and operated successfully until the 15th July 2000. ASCA was the first X-ray mission to 

combine imaging capability with a broad bandpass, good spectral resolution, and a large effective area 

(Tanaka et al., 1994). The satellite comprised four X-ray telescopes working in conjunction with either 

solid-state imaging spectrometers (SIS; 0.4-10 keV) or gas imaging spectrometers (GIS; 0.8-10 keV). 

The two SIS detectors are identical CCD cameras with a maximum FOV of 22' x 22', and were the first
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X-ray CCD spectrometers in orbit. The GIS detectors are two imaging gas scintillation proportional 

counters with a 50' diameter FOV. One key feature of ASCA was the broad bandpass which provided 

spectra of sources beyond the energy range of previous X-ray missions.

Chandra -  Previously the Advanced X-ray Astrophysics Facility (AXAF), was launched on 23rd July 

1999 into an elliptical high-earth orbit (similar to that of XMM-Newton) and is still in operation today. 

Chandra provides unparallelled spatial resolution of < 1", operates over an energy range of 0.1-10 keV 

and possesses a large collecting area. The observatory consists of one imaging telescope which may 

have one of two instruments inserted into the focal plane. These are the ACIS (Advanced CCD Imaging 

Spectrometer) and the HRC (High Resolution Camera), each of which have two principal components- 

ACIS-I & ACIS-S and HRC-I & HRC-S. Both of these instruments can be used on their own or in 

conjunction with one of the observatory’s two transmission gratings: the High Energy Transmission 

Grating Spectrometer (HETGS) and the Low Energy Transmission Grating Spectrometer (LETGS) 

which are dedicated to high resolution spectroscopy. Each spectrometer is activated by swinging an 

assembly into position behind the mirrors, where they diffract the intercepted X-rays by an amount 

which depends sensitively on the X-ray energy.

2.3 Data reduction

XMM-Newton has its own suite of software tools specifically developed to perform data reduction, 

extraction and some data analysis. These programs and scripts are collectively known as the Science 

Analysis Software (SAS), which is developed and maintained by the Science Operations Centre (SOC: 

Madrid, Spain) and the Survey Science Centre (SSC: Leicester, UK). XMM-Newton data are available 

in two formats; Observation Data Files (ODFs) and Pipeline Processing System (PPS) products. For 

every XMM-Newton observation, the SOC produces an ODF file which contains science telemetry and 

housekeeping for each instrument, as well as uncalibrated products. The SSC then processes all the 

ODFs through an automated analysis pipeline, to yield the PPS products. These contain validated 

scientific products including event lists, images and source lists. These are then returned to the SOC 

with the original ODFs, for distribution to the scientific community. The analysis presented in this 

thesis uses EPIC MOS and pn event lists produced by the SAS, to create images, spectra, lightcurves 

and source detection products as described below.

39



Chapter 2. Instrumentation 2.3. Data reduction

2.3.1 Filtering event lists

Each EPIC CCD operates in photon counting mode and produces an associated event list. Event lists 

are tables consisting of one line per received photon, listing attributes of the photon such as the pixel 

position on the CCD on which it was registered, the arrival time, energy and the type of the event. 

These event lists can be filtered to reject spurious data and to select good events on which to perform 

subsequent analysis. This filtering is applied using a ‘selection expression’ and can be based on the 

pixel position, energy, timing criteria, ‘PATTERN’ and ‘FLAG’ (see below) of the event. The type of 

the event is specified by the ‘PATTERN’ parameter, and describes how the charge cloud released by the 

in-falling photon is distributed over the pixels. Therefore ‘PATTERN’ assignments are related to the 

number of CCD pixels that record a deposit of charge for a given event. The expression ‘PATTERN == 

0’ corresponds to single pixel events (i.e., the energy of a photon was released in one CCD pixel only), 

whereas ‘PATTERN in [1:4]’, ‘PATTERN in [5:8]’ and ‘PATTERN in [9:12]’ correspond to double, 

triple and quadruple pixel events respectively. For very bright sources, there may be an accumulation 

of events in the same pixel during the time the CCD is read out (known as ‘pile-up’). These events are 

interpreted as one single event and therefore cause flux loss and spectral distortion. In these cases, only 

single pixel events should be used and the inner region of the source should be excluded in the analysis. 

Fortunately there were no sources in this thesis for which pile up was a problem. Throughout this 

analysis the ‘PATTERN’ selections were ‘PATTERN < =  12’ for the MOS detectors (which maximises 

the signal-to-noise ratio against non X-ray events) and ‘PATTERN < =  4’ for the pn detector (for which 

spectral analysis calibrations are available). Further screening can be applied using the ‘FLAG’ criteria, 

which defines the quality of the data. The expression ‘#XMMEAJEM’ is used for the MOS detectors 

(‘#XMMEA_EP’ for pn) and screens for various event condition flags e.g., near to hot pixels, chip 

edges or outside the FOV. In some cases (see individual Chapters for more details) a more conservative 

screening was applied to the pn detectors using ‘FLAG == 0’ which ensures that all events at the edge 

of a CCD and adjacent to a bad pixel are excluded.

2.3.2 Filtering high background flaring

One of the preliminary steps in EPIC data analysis is to inspect the full-field light curves (see next 

section) for high background periods. Such periods have measured intensities many factors above the 

quiescent level and are attributed to soft proton flaring i.e., ~  few 100 keV solar protons which are
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accelerated by solar magnetospheric reconnection events. These protons are funnelled towards the 

XMM-Newton detectors by the X-ray mirrors, in the same way as the X-ray photon events. As well as 

contaminating the X-ray light curves, their spectral variability is also problematic for spectral studies. 

These flaring events are not flagged in the pipeline processing so must be excluded from future analysis 

by using a temporal filter in the selection expression. Unfortunately, this screening also causes the loss 

of ‘good’ data during these intervals.

The data analysis presented in this thesis has included temporal filtering where necessary. In some 

cases this was as simple as defining a single time region from the light curve which neglected the 

flaring period. However, other cases which suffered more flaring periods required the use of a specific 

Good Time Interval (GTI) file. These GTI files were created using the SAS task t a b g t i g e n  together 

with a suitable count rate threshold based on the full-field light curves in each case (i.e., just above 

the quiescent rate). This produces a table (in FITS format) in which only those periods with desirable 

count rates are listed, thereby excluding those periods with higher count rates from further analysis.

2.3.3 Images, light curves and spectra

Images, light curves and spectra were created from the EPIC event lists using ‘PATTERN’, ‘FLAG’ 

and temporal filters in the selection expression. Images were created using the SAS task e v s e l e c t  

(or via the analogous xinm s e l e c t  GUI) and were binned into 4" per pixel. Additional filtering was 

applied to select particular energy ranges for the image extraction, as described in the relevant chapters.

Similarly, light curves were extracted using e v s e l e c t  (or x m m se lec t), using ‘PATTERN’, ‘FLAG’, 

energy and temporal filtering. As described in the previous section, full-field light curves were ex

tracted in each case to check for soft proton flaring events. In addition to this, background subtracted 

light curves for individual sources were also created to examine how the source count rate varies over 

the course of the observation. Such light curves were created by subtracting nearby source-free back

ground light curves from the source+background light curves (using circular extraction apertures in 

both cases) to correct for background contamination. The light curves were binned in time bins that 

provided at least 20 counts per bin, to ensure Gaussian statistics were valid. Where possible, the light 

curve extraction regions were centred on the same RA and DEC co-ordinates in each EPIC detector.

X-ray spectra were extracted using the SAS task e s p e c g e t  which produced a source and background
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spectrum together with the appropriate Ancillary Response File (ARF) and Redistribution Matrix File 

(RMF) required in the spectral fitting. Similar to the light curve extraction, circular apertures were used 

for the spectral extraction of the discrete sources. The position of the background extraction regions 

were chosen to optimise the calibration where possible. For the MOS detectors, the background was 

extracted from the same chip as the source, while for the pn detector the background was extracted from 

the same RAWY position as the source extraction region (although not necessarily the same chip)3.

The final step before spectral analysis was the grouping of the spectra based on a minimum number of 

counts in each bin. This was performed using the FTOOLS task g r p p h a  and the binning was chosen 

to provide at least 20 counts per bin, ensuring Gaussian statistics.

The X-ray spectral analysis was performed using the spectral fitting package XSPEC. In order for x s p e c  

to predict the spectrum that would be detected by a given instrument, it must know the specific charac

teristics of the instrument. This information is known as the detector response. For XMM-Newton data, 

the response matrix is the product of the RMF and ARF files mentioned above. These files are created 

using the SAS tasks rm f g e n  and a r f  gen , which are automatically run by e s p e c g e t  but can be run 

separately if desired. The rm f g e n  task creates the correct RMF for the input spectrum by reading the 

observation mode, observation date, source position and ‘PATTERN’ selection from the file header. 

The RMF describes the response of the instrument as a function of energy at the source position. The 

a r f  g en  task calculates the instrument effective area from various contributions, i.e., telescope effec

tive area, vignetting, filter transmission, quantum efficiency, encircled energy correction and the flux 

loss due to CCD gaps, bad pixels and offset columns4. XSPEC also applies the proper renormalisation 

to the background spectra, using the value of the ‘BACKSCAL’ keyword in the header of the spectral 

file(s). This BACKSCAL value is calculated by the SAS task b a c k s c a le  (which is automatically run 

when a spectrum is extracted via e s p e c g e t )  and takes into account CCD gaps, bad pixels and the 

size of the extraction region.

2.3.4 Source detection

This section details the source detection routines that were utilised in Chapters 4 & 5. In each case, 

the MOS-1 and MOS-2 events were combined using the SAS task m e r g e  (in order to increase the

3RAWY is the long axis of the CCD.
4see XMM-Newton  Users Handbook for further details.
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sensitivity of the MOS data), such that the routines were performed on the combined MOS (i.e., MOS- 

1 plus MOS-2) and pn data as separate channels. The source detection was performed on MOS and 

pn images (pixel size of 4" x 4" ) in three energy bands, chosen to provide a good signal-to-noise 

coverage of the EPIC data: 0.3-1 keV (soft), 1-2 keV (medium) and 2-6 keV (hard). Corresponding 

exposure maps (which contain the values of the exposure at each position on the detector) were created 

from these images using the SAS task e e x p m a p . These exposure maps were then used to create MOS 

and pn detector masks (via the SAS task e m a s k ) ,  which show the area to be searched by the source 

detection tasks.

The main stages in source detection are to detect the sources and record their positions, and then to 

perform maximum likelihood fits to the sources to characterise them. This thesis has utilised two dif

ferent methods to initially detect the X-ray sources: a sliding box detection method ( e b o x d e te c t )  

and a wavelet detection algorithm (e w a v e le t) ,  both of which were performed separately for the MOS 

and pn detectors. The e b o x d e t e c t  task is a standard SAS routine and has two different modes of 

operation. The first mode is the ‘local’ detection mode in which the images are scanned by a slid

ing square box, and if the signal to noise of the source centred in the box is greater than a specified 

threshold value, it is marked as an object5. The derived source positions were then provided as input 

for the task e s p l in e m a p  which constructs background maps using source-free regions of the image. 

These background maps are then utilised in a further run of e b o x d e te c t  in ‘map’ mode, leading to 

an improved detection sensitivity and the final e b o x d e te c t  source list for the detector used. The 

e b o x d e t e c t  method performs simultaneous detection runs over all three energy bands resulting in 

output source tables (one each for MOS and pn) containing one row per input image for each de

tected source, plus a summary row for each source containing the broad band results. Therefore the 

e b o x d e t e c t  source list contains information for each detected source in all three energy bands as 

well as the broad band. Limitations of this procedure include difficulties in detecting extended features, 

close objects and sources near the detection limit.

For this reason the e w a v e le t  routine was also implemented which uses a mexican hat wavelet algo

rithm. The algorithm detects both point sources and extended sources provided that the source extent 

is not too large (< l/8th the image size). This method also provides good suppression of multiple 

false detections in extended sources and is typically better at separating close sources. Unlike the

5The signal is derived from the pixel values inside a 5 x 5 pixel window, and the local background and noise level is 

estimated from the surrounding 56 pixels (within a full 9 x 9  pixel window).
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e b o x d e te c t  method, e w a v e le t  only has one mode of operation which produces a wavelet source 

list. Also the e w a v e le t  source detection algorithm performs on a single input image, and thus pro

duces separate soft (S), medium (M) and hard (H) source lists for each detector.

After the initial source detection, the e b o x d e te c t  and the e w a v e le t  source lists were analysed 

separately using a maximum likelihood technique with the SAS task e m ld e te c t .  For an input list 

of source locations, this task performs simultaneous maximum likelihood point spread function (PSF) 

fits to the source count distribution in the specified energy band(s) for a particular EPIC detector. The 

task requires the input source lists in e b o x d e te c t  format (therefore the e w a v e le t  source lists were 

converted into this format using f t o o l s ). The task also requires the EPIC images in the S, M and H 

energy bands, the corresponding exposure and background maps as well as a detector map for each 

instrument. First-order background maps already existed based on the e b o x d e t e c t  source list but 

needed to be created in the same way (i.e., via e s p lin e m a p )  based on the e w a v e le t  source lists.

Again, while the maximum likelihood fits were performed simultaneously on the three energy bands 

of the e b o x d e t e c t  source lists for a particular detector, they were performed separately on each 

band and detector for the e w a v e le t  method. This provided output e m ld e te c t  source lists which 

contain various derived source parameters including the significance of the detection. However, in 

order to accurately determine the significance of a detected source, an accurate modelling of the back

ground is required. Therefore these e m ld e te c t  source lists were used by the the a sm o o th  task to 

create improved adaptively-smoothed background maps from source-excluded regions. A further run 

of e m ld e t e c t  was made using these improved background maps to produce a standardised set of 

source parameters. A further iteration of the a sm o o th  and e m ld e te c t  procedures were performed 

to create the final e m ld e t e c t  source lists from each method.

The resultant source lists were then compared and any additional sources detected via the e w a v e le t  

method were added to the e b o x d e t e c t  lists that were originally produced from the e b o x d e t e c t  

‘map’ mode run. This provided complete lists of MOS and pn sources detected from both methods 

which needed to undergo the final parameterisation process. As such, the e m ld e te c t  and a sm o o th  

iterations mentioned above were performed on these combined source lists. This provided consistent 

multi-band parameterised MOS and pn source lists for each observation which contain the following 

derived parameters: source count rate (total and in each band), likelihood of detection (total and in 

each band), likelihood of source extent, and two hardness ratios (HR1 = (M  — S ) / ( M  +  S)  and
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HR2 = (H — M ) / ( H  +  M)).  Energy Conversion Factors (ECFs) were calculated for each instru

ment and energy band from a power-law continuum spectrum with T =  1.7 absorbed by the Galactic 

foreground column towards the galaxy in question. These ECFs were used by e m ld e t e c t  to convert 

vignetting corrected count rates into fluxes. Sources were classified as significant detections if they 

had a likelihood (DET_ML) value of 10 or more (corresponding to a detection significance of >  4a) 

in at least one of the S/M/H energy bands, not just in the combined summary band. Therefore as a 

final quality check, any sources that did not pass the significance test in at least one of the S/M/H en

ergy bands were removed, as were sources deemed to be unrejiable based on a visual inspection of the 

images (e.g., unconvincing sources at chip edges or gaps).

The final step in the source detection process was to merge the final e m ld e te c t  source lists into the 

final galaxy source list using the s rc m a tc h ta sk , which correlated sources co-located within their 4a  

centroiding errors plus a I" systematic error. The first galaxy on which source detection was perfomed 

had two observations which were slightly offset from each other which resulted in four source lists 

(one for each of the detectors and observations) to be combined with s rc m a tc h . However, when this 

was attempted the final source list contained multiple detections of the same source in a number of 

cases. This was remedied by applying the task e p o s c o r r  to the four source lists prior to s r c m a tc h . 

The e p o s c o r r  task checked for astrometric offsets by correlating the source lists with the USNO 

A2.0 optical catalogue and derived the ‘optimum offsets’ for each observation. These offsets are then 

used by the task to correct the X-ray source positions to the USNO frame of reference. The corrected 

source lists were then combined using s r c m a tc h  to produce the final galaxy source list. It was not 

deemed necessary to perform the e p o s c o r r  task on the output source lists of the other galaxy as 

these correlated well with s r c m a tc h  without any correction. A flow chart summarising the source 

detection process is shown in Fig. 2.7.
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Figure 2.7: Source detection flow chart followed separately for each detector and observation. The procedure 

shown produces: one multi-band eb o x d e tec t source list and one S/M/H ew avlet source list, stage to 

produce a source list in each band). Any additional S/M/H ew avlet sources are incorporated into the multi

band eb o x d e tec t ‘map’ source list. The combined list is then analysed and (in one case) is corrected for 

astrometric offsets using ep o sco rr, providing a complete source list for a particular detector and observation. 

The process is repeated to achieve all the required detector/observation combinations and the resultant source 

lists are combined into the final galaxy source list using srcm atch.
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Chapter

A dipping black-hole X-ray binary candidate

3.1 Introduction

Chandra and XMM-Newton provide powerful facilities for studying the X-ray properties of nearby 

galaxies. A focus of recent work in this area has been the ULX phenomenon, namely point-like X- 

ray sources located outside the nucleus of the galaxy with X-ray luminosities apparently in excess of 

1039 erg s-1 (Roberts & Warwick 2000; Colbert & Ptak 2002; Miller & Colbert 2004). It is entirely 

plausible that sources with X-ray luminosities at, or just above, this threshold are mass-transfer binaries 

containing a stellar mass black-hole (3-20 M0 ) radiating at close to the Eddington limit. Supporting 

evidence is provided by the fact that many ULXs display similar characteristics to those of established 

BHBs {e.g., Makishima et al. 2000). However, as previously mentioned the nature of the subset of 

ULXs with X-ray luminosities in excess of a few xlO39 erg s_1 is less certain, since these could be 

systems harbouring IMBHs (Colbert & Mushotzky, 1999), radiating anisotropically (King et al., 2001) 

or possessing truly super-Eddington discs (Begelman, 2002).

It has been estimated that an accreting black-hole, as opposed to a neutron star, is present in at least 

10% of all bright XRBs (McClintock & Remillard, 2006). At the present time there are only 18 

dynamically-confirmed stellar-mass BHBs, most of which were discovered as X-ray novae in our own
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Galaxy (McClintock & Remillard, 2006). A further 20 or more candidate objects, which exhibit all the 

characteristics of black-hole systems, can be added to this sample (McClintock & Remillard, 2006). 

Using Chandra and XMM-Newton, an individual bright XRB can be studied out to a distance of about 

10 Mpc, hence studies of nearby galaxies have the potential for greatly extending our knowledge of 

luminous XRBs of all types, including black-hole systems. For example, M31 has been a prime target 

for recent observations (e.g., Kong et al. 2002; Shirey et al. 2001; Osborne et al. 2001), and at least 

one good BHB candidate has been identified on the basis of its X-ray properties (RX J0042.3+4115; 

Barnard et al. 2003). The other major Local Group galaxy, M33, also hosts many discrete X-ray sources 

(e.g., Haberl & Pietsch 2001), including the most luminous persistent X-ray source in the Local Group 

(M33 X-8; Trinchieri, Fabbiano & Peres 1988). This source is another good black-hole candidate, with 

recent Chandra observations revealing characteristics consistent with accretion onto a > 5 M© object 

(La Parola et al., 2003). Yet a further example is the discovery of an eclipsing XRB in NGC 253 

(Pietsch et al., 2003). This Chapter discusses the properties of the brightest X-ray source detected in 

NGC 55. This source sits right on the boundary of the ‘normal’ binary/ULX categorisation and, on the 

basis of its X-ray luminosity and spectral properties, is most probably a black-hole system.

NGC 55 is a member of the nearby Sculptor group of galaxies, located in the region of the South 

Galactic Pole at a distance of 1.78 Mpc (Karachentsev et al., 2003). It is morphologically similar to the 

Large Magellanic Cloud but viewed edge-on with its bar pointing almost along the line of sight (i =  

90°, Tully 1988). NGC 55 has previously been studied in the X-ray band through ROSAT PSPC (Read, 

Ponman & Strickland 1997; Schlegel, Barrett & Singh 1997) and HRI (Roberts, 1997) observations. 

The PSPC data revealed seven bright point-like X-ray sources coincident with the galaxy (Schlegel 

et al. 1997). A subsequent re-analysis of the PSPC data, in conjunction with the HRI data, revealed 

25 X-ray point sources coincident with, or in close proximity to, the disc of the galaxy (Roberts, 

1997). The ROSAT observations showed one particular object, located ~  7' to the east of the main bar 

complex, to be several times brighter than any other X-ray source in the galaxy (Source 7 of Schlegel 

et al. 1997; Source 6 of Read et al. 1997; and Source N55-14 of Roberts 1997). The jROSATPSPC data 

further revealed this source to be spectrally soft (bremsstrahlung temperature k T  ~  0.8 — 1.0 keV or 

power-law photon index T ~  3 — 4) and mildly absorbed (iV#~ 2 — 4 x 1021 atoms cm-2 ) with a 

derived X-ray luminosity of ~  7 x 1038 erg s-1 in the 0.1 -  2.4 keV ROSAT band, adopting a distance 

of 1.78 Mpc. Crucially, both long- and short-term variability were seen, suggesting this is a luminous 

accretion-powered XRB. This source is revisited in the present Chapter, using new, high quality XMM-
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Newton observations to investigate its spectral and temporal behaviour. The Chapter is structured as 

follows: § 3.2-details of the observations and data reduction, § 3.3-details of the temporal and spectral 

analyses, § 3.4—a discussion of the results and finally, the conclusions are summarised in § 3.5.

3.2 The XMM-Newton observations and preliminary data analysis

Two observations of NGC 55 were carried out by XMM-Newton in the period 14th—15th November 

2001 (revolution 354), with the second observation commencing 2.2 ks after the termination of the first. 

The pointings were offset by ~ 7 ' in opposite directions with respect to the centre of the galaxy so as to 

image the full extent of the edge-on galaxy disc (see Table 3.1). The EPIC MOS and pn cameras were 

operated in the full window mode with the thin filter deployed. The datasets were pipeline processed 

and reduced using standard tools of the XMM-SAS version 5.4.1. Whilst the instrument background 

was at a constant low level during the first observation, the second was affected by soft proton flaring 

towards the end of the exposure. A time filter was used to reject the flaring episode and also to select 

only those data recorded when all three cameras (MOS-1, MOS-2 and pn) were in operation. This 

resulted in a net exposure time of 30.4 ks and 21.5 ks of data for the first and second observation 

respectively with a gap of 6.2 ks between the two datasets.

Table 3.1: The XMM-Newton observations of NGC 55

Obs ID R.A. (J2000) Dec. (J2000) Date UTs£ar£

0028740201 00 15 46.0 -39 15 28 2001-11-14 14:20:08

0028740101 00 14 32.9 -39 10 46 2001-11-15 00:24:43
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Figure 3.1: The XMM-Newton image of the NGC 55 field in a broad (0.3-10.0 keV) bandpass. The 

field centre is at R.A. 00h15m18.0s, Dec -39° 13' 33" (J2000) and the image size is 40' x 40'. The 

position of XMMU J001528.9-391319 is highlighted by the arrow. North is up and East is to the left.

Images were produced in the 0.3-10.0 keV energy band for each observation and for each camera and 

were then combined using the em o sa ic  SAS task. The resulting mosaiced X-ray image is shown 

in Fig. 3.1. The corresponding DSS-2 optical image of the galaxy with X-ray contours overlaid is 

shown in Fig. 3.2. The brightest source in the earlier ROSAT observations retains this distinction 

in the XMM-Newton observations. Its position has been determined as R.A. 00h15m28.95s, Dec. 

—39° 13' 19.1" (J2000) with an uncertainty of ~  1" and has been given the source designation XMMU 

J001528.9-391319.

Right Ascension (J2000)
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Figure 3.2: Optical DSS-2 (blue) image of NGC 55, with the rotation angle aligned precisely to a 

North-South projection. The red contour, which is derived from a lightly smoothed version of the X- 

ray image (using a circular Gaussian mask with a  =  1 pixel =  4" ), corresponds to a surface brightness 

of 16 count pixel-1 . North is up and East is to the left.

3.3 The X-ray properties of XMMU J001528.9-391319

3.3.1 X-ray light curve

A background-subtracted source light curve based on the combined data from the three EPIC cameras 

was extracted from each observation in the 0.3-10.0 keV band. A circular source extraction region of 

radius 52" was used as well as a nearby background region of the same dimension. When combining 

the two datasets, a scaling factor of 2.1 was applied to the count rates measured in the second exposure, 

so as to account for the extra vignetting arising from the large off-axis angle of the source in this 

observation.

51



Chapter 3. A dipping BHB 3.3. The X-ray properties of XMMU J001528.9-391319

•HIm
-t->  CO o
0)

5  -

o
0 104 2 x l 0 4 3 X 1 0 4  4 x l 0 4 5 x l 0 4 6 x l 0 4

T im e  (s )

Figure 3.3: The background-subtracted X-ray light curve (0.3-10.0 keV) of XMMU J001528.9-391319 

in 100 s time bins. This light curve is based on the combined data from the MOS-1, MOS-2 and pn 

cameras. The different segments considered in the spectral analysis are identified by the labelled boxes 

(see text for details).

The resulting light curve is shown in Fig. 3.3. The corrected count rate of the source (summed over the 

three EPIC cameras) varies from 0.5-3.5 count s-1 with considerable temporal structure including a 

marked upperward drift, a significant level of underlying chaotic activity and pronounced dips. Fig. 3.4 

illustrates the structure of the dips in more detail and shows that a typical dip lasts between 100-300 s 

and that some of the dips correspond to a 80%-90% reduction in the source flux in the 0.3-10.0 keV 

band.

The variability of the source was further investigated by extracting light curves, using the method 

described above, in three energy bands which optimised the signal to noise ratio: 0.5-1.0 keV (soft), 

1.0-2.0 keV (medium) and 2.0—4.5 keV (hard), as shown in Fig. 3.5. These light curves show that the 

upward drift apparent in the broad-band light curve throughout the observation is due largely to changes 

above 1.0 keV. The dips are present in all three energy bands although the depth of the dips appears to 

be somewhat greater in the harder bands, such that the maximum flux diminution approaches 100% in 

the 2.0-4.5 keV band.
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Figure 3.4: Zoomed in regions of the X-ray light curve shown in Fig. 3.3, with 50 s time binning. Left 

panel: the dipping episode from the first observation, centre panel, the first dipping episode from the 

second observation, right panel: remaining dip episodes of the second observation.
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Figure 3.5: The XMMU J001528.9-391319 X-ray light curve in three energy bands with 200 s time 

binning. From top to bottom: 0.5-1.0 keV (soft), 1.0-2.0 keV (medium) and 2.0-4.5 keV (hard).
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3.3.2 X-ray spectra

The different data segments used for spectral extraction are illustrated in Fig. 3.3l . These represent dif

ferent flux states of the source as follows: (I) the initial low flux state; (II) a relatively steady part of the 

light curve when the flux was at an intermediate level; (III) the highest flux state reached during these 

observations; (lid) & (Hid), the dipping states observed in the first and second exposures respectively.

X-ray spectra were extracted (using e s p e c g e t  as described in § 2.3.3) for the different data segments 

using circular source and background regions of 75" and 110" radii respectively. The spectral analysis 

was performed using XSPEC v. 11.0.1. The pn, MOS-1 and MOS-2 spectra for each data segment 

were fitted simultaneously, but with constant multiplicative factors to allow for calibration differences 

between the cameras. Spectra were initially extracted in the 0.3-10.0 keV band. However, since 

very few counts were recorded above 7.0 keV and there were possible calibration uncertainties below 

0.5 keV, the spectral fitting was restricted to the 0.5-7.0 keV range.

As a preliminary step, the spectra recorded while the source was in its initial low flux state (state I) were 

fitted with a simple absorbed power-law model. This resulted in a good match to the data (x2/degrees of 

freedom = 341/346) with parameter values N h ~  4 x  1021 cm-2 and T ~  4. The former is considerably 

higher than the line of sight column density through our Galaxy (N h =  1-55 x  1020 cm-2 ; Stark et al. 

1992) and may represent the column density within NGC 55 or material intrinsic to the source itself. 

A variety of other single-component continuum models were also attempted to fit the X-ray spectra but 

none of these improved upon the power-law fit; for example a single-temperature blackbody component 

yielded x 2/dof = 459/346, whereas a MCD spectrum gave x 2/dof = 400/346. The low state spectra 

were also fitted with a combination of a power-law plus a MCD component, but found that the latter 

component contributed only ~10% of the total X-ray flux and the resulting improvement in x 2 was not 

significant (x2/dof = 338/344).

Given the evidence from the light curves of the presence of a relatively steady soft component together 

with a more variable hard component, attempts were made to fit the intermediate and high states of 

the source (states II and III respectively) with an absorbed two component model comprising a power- 

law plus an additional component. In the event, trials showed that a MCD model provided the best 

match to the spectral shape of the hard emission, with the power-law dominant at soft X-ray energies. 

'The data were selected using GTI files based on either time or count-rate criteria.
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The full analysis was conducted by fitting the spectra for states I, II and III simultaneously with the 

column density, photon index, power-law normalisation and the inner disc temperature kTin of the 

MCD component tied across the three states. Therefore the normalisation of the MCD component 

for each state provided the remaining free parameters of the model. The results of fitting this two- 

component model are summarised in Table 3.2, where the errors are quoted at the 90% confidence 

level for one interesting parameter. This prescription resulted in a reasonable fit to the three spectral 

datasets (x2/dof = 1615/1436).

The combination of a MCD component with a power-law is the spectral model generally employed 

for BHB systems (McClintock & Remillard 2006). However, in the ‘standard’ BHB spectral model 

the power-law invariably represents the hard tail of the emission rather than the softest emission (as 

above). In essence, the best fit model has reversed the role of the two components compared to the 

standard picture. As a check of this procedure, the X-ray spectra for the three states were fitted with 

the power-law component representing the harder emission in line with the standard model. Paralleling 

the previous approach (i.e., the soft component remains constant over the three states), the column 

density, inner disc temperature kTin, MCD normalisation and photon index are tied, while the power- 

law normalisation varies across the states. The results are also summarised in Table 3.2 under the 

heading ‘standard model’, and show that the standard description is not the preferred option in this 

case. In the best fitting ‘non-standard’ picture, the MCD component provides a good match to the 

curvature of the hard spectrum whereas the soft emission appears to have a simple power-law form 

(after allowing for modest excess absorption). Fig. 3.6 illustrates the changing form of the spectrum 

between states I and II, due to the increase in the MCD component.

The source luminosity (excluding the dips) increases by a factor ~  2 over the course of the 60 ks interval 

of the observation, from 8.5 x 1038 erg s-1 in the early stages (I) to a maximum of 1.6 x 1039 erg s-1 

during the latter part (III) of the observation (Table 3.2). Here the luminosities are quoted for the broad

0.5-7.0 keV band, assuming a distance to NGC 55 of 1.78 Mpc.

Finally the spectral properties of the dips were investigated by fitting the spectra from states lid and 

Hid. Since the light curve analysis indicates that the relative depth of the dips increases with energy, this 

immediately rules out models in which the dipping is the result of obscuring material entering the line of 

sight so as to fully cover both spectral components simultaneously. This is true for either photoelectric 

absorption or pure electron scattering. Therefore, the energy dependence of the dipping was modelled
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Table 3.2: Simultaneous spectral fitting results for states (I),(II) & (III) of XMMU J001528.9-391319

Model N Ha Tb A PLC kTind A m c d  e X 2 /dof f x * L x 9

Non-standard1 4.2+0.2 4.2+0.1 3.0+0.2 0.86± 0.02 0.00+0.10 (I) 

0.24+0.03 (II) 

0.29+0.04 (III)

1615/1436 2.2 (1) 

3.9 (II) 

4.2 (III)

0.9(1)

1.5 (II)

1.6 (III)

Standard2 l*6±o:? 2.0± 0.1 0.05l°;“« (I) 

0.561°;^ (II) 

0.671°;“  (III)

0 41 +0.01 
u > fl-0.02

7 71 + 1.51  
— 1.02 2173/1436 2.2 (1) 

4.2(11) 

4.6 (III)

0.8 (I) 

1.6(H) 

1.8 (III)

N o te s :  a Column density including Galactic (1021 cm-2), 6 power-law photon index, c power-law normalisation

(10-3 photon cm-2 s-1 keV-1), d MCD inner-disc temperature (keV), e MCD normalisation ((Rin/km)/(D/lOkpc)2 cosi, 

where Rin is the inner disc radius, D is the distance to the source and i is the inclination angle of the disc). NB. The spectra 

of states (I), (II) & (III) were fitted simultaneously with: 1 N h, T, A p l  and kTin tied across all three states, with Am c d  allowed 

to vary,2 N h, I \  kTin and A m c d  tied across all three states, with A p l  allowed to vary. Also shown are the observed 0.5-7.0 keV 

X-ray flux/ (10-12 erg cm-2 s-1) and corresponding 0.5-7.0 keV X-ray luminosity9 (1039 erg s-1) for each of the three states.
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Figure 3.6: Top panel: EPIC pn count rate spectra for states I (black) and II (red) plus the corresponding 

best-fitting models. Bottom panel: The spectral model used to fit the measured count rate spectra. The 

model comprises a steep power-law component (black) plus a MCD component (blue). State I requires 

only the former component whereas state II is best-fitted by the combination of the two (red).
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by assuming different ‘blocking factors’ for the two spectral components. For each dip state, the 

parameter values in the model were fixed at the best-fitting values obtained for the corresponding non

dip data (see Table 3.2). Two additional parameters, namely the fractional normalisations of the soft 

power-law and MCD components during the dips, fpL  and / m c d  respectively, were then used to fit 

the dip data. Excellent fits to the observed dip spectra were obtained by this process. Fig. 3.7 shows the 

variation in x 2 as a function of the two parameters. For state lid the average flux from the power-law 

component recorded during the dip intervals was ~  60% of the non-dip value but the signal loss for 

the MCD component was more than a factor of > 3 higher. Similarly for state Hid, the blocking of the 

MCD component is roughly twice that of the power-law continuum. Unfortunately the dip spectra are 

of insufficient quality for the spectral dependence of the blocking factors to be investigated.

o

lido

Hid

N

O
0 0.1 0.4

Figure 3.7: Confidence contours (68%, 90% and 98% confidence) for the relative normalisations of the 

power-law continuum and MCD component during the two dip states.
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3.4 Discussion

3.4.1 XM M U J001528.9-391319 as a BHB candidate

Measurements from ROSAT (PSPC and HRI), ASCA, Chandra and XMM-Newton spanning ~  10 yrs 

confirm that XMMU J001528.9-391319 is a persistent highly luminous source (see Fig. 3.8). The maxi

mum X-ray luminosity observed by XMM-Newton of 1.6 x 1039 erg s-1 (0.5-7.0 keV) places the source 

at the lower boundary of the ULX regime. The variability evident on both long and short timescales 

is consistent with XMMU J001528.9-391319 being an accretion-powered XRB. If the source is radi

ating isotropically at or below the Eddington luminosity, then the implied mass of the compact object 

is M  > 11 Mq . This compares to the 3-18 M0 range inferred for the primary object in the 18 

BHBs in our Galaxy and the LMC for which dynamical measurements are available (McClintock & 

Remillard, 2006). As noted by McClintock & Remillard (2006), the three BHBs classed as persis

tent sources (Cyg X-l, LMC X-l and LMC X-3) have high mass secondaries, but generally radiate 

well below their Eddington limit. The other 15 out of the 18 confirmed BHBs are X-ray novae, and 

have low-mass secondaries. Three of these novae have maximum observed X-ray luminosities firmly 

in the ULX regime and were ‘super-Eddington’ at peak flux, but of these three only GRS1915+105 

appears similar to XMMU J001528.9-391319, having also been in outburst for more than 10 yrs. How

ever, since the neutron star binary A0535-668 achieved a super-Eddington luminosity at its peak of 

L x  ~  1039 erg s-1 (White & Carpenter, 1978) it would be unwise to rule out neutron star models for 

XMMU J001528.9-391319 on energetic grounds alone.

In order to address the underlying nature of XMMU J001528.9-391319 we can ask whether the source 

shows the spectral characteristics of a stellar-mass BHB. It certainly displays no evidence of the cool 

(kTin ~  0.1 — 0.2 keV) MCD component seen in more luminous ULXs. In fact, the derived 0.86 keV 

inner-disc temperature is firmly in the observed regime (kTin ~  0.7 — 2.0 keV) for Galactic BHBs 

in either the high/soft or the very high (steep power-law) state described by McClintock & Remillard 

(2006). Furthermore, the T ~  4.2 steep power-law slope is also consistent with either of these states 

(for which typically T > 2.4). Following McClintock & Remillard (2006), the best-fitting model (soft 

power-law plus MCD) was extrapolated to find the flux balance between the two spectral components 

in the 2-20 keV range, in an attempt to distinguish between the two spectral states (HS or VH state). 

At the start of the observation 100% of the flux arises in the power-law continuum (using the adopted
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Figure 3.8: Long term variation of XMMU J001528.9-391319. Flux measurements shown are from 

R0SA7TSPC (squares), ASCA (triangle), ROSAT HRI (circle), Chandra (star) and the three XMM states 

of this analysis (diamonds), in the 0.5-2.0 keV band. All data were retrieved from archives using the 

standard techniques (courtesy of T. P. Roberts).

model of a single power-law fit to the low state data [I], but see earlier), falling to > 27% by the end 

of the observation. This points to the VH state, but the detection of a QPO in the 0.1-30.0 Hz range 

is really required in order to completely resolve the ambiguity. This VH state has frequently been 

associated with the highest accretion rates in Galactic BHBs, consistent with the high luminosity of 

XMMU J001528.9-391319.

However, there is a potential problem with this interpretation. In XMMU J001528.9-391319 the spec

tral components are inverted with respect to the ‘standard’ spectral description of Galactic BHBs,

i.e., the soft end of the spectrum is dominated by the power-law continuum, not the MCD component. 

This is the first example of a BHB candidate in which the power-law continuum ‘re-emerges’ at low en

ergies (i.e., below 2 keV) as the MCD continuum turns down. Such behaviour has not been previously 

seen even in sources with a relatively low absorption column, similar to the ~  4 x 1021 atoms cm-2 

determined for XMMU J001528.9-391319; for example, see the recent observations of XTEJ1550-564 

(Miller et al., 2003) and GX 339-4 (Miller et al., 2004). On the other hand, there are BHBs with higher 

absorption columns that possess observed spectra in the HS state that, if extrapolated below 2 keV, 

would be dominated by an emergent power-law component (e.g., XTE J1550-564 and GRS 1915-105;
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McClintock & Remillard 2006). Furthermore some BHBs in the VH state have spectra dominated by 

their power-law component at all observed energies (e.g., GRO J1655-40). XMMU J001528.9-391319 

appears to be a source in which the power-law and MCD components are finely balanced in terms of 

which happens to dominate in any particular spectral regime.

However, the spectrum of XMMU J001528.9-391319 could pose a challenge to the current paradigm 

for the X-ray emission from BHBs, which has the power-law continuum originating in an extended 

Compton-upscattering medium (the corona) above the accretion disc. This is because an extrapolation 

of the power-law continuum to very soft X-ray energies may be problematic due to a lack of soft 

seed photons from the accretion disc at energies below the turnover in the MCD continuum. To solve 

this, one might invoke either a new source of seed photons or recourse to a different process for the 

production of the soft continuum. For example, synchrotron radiation from the innermost part of a jet, 

has been discussed as a possible origin of the power-law component in some BHBs (e.g., Markoff et al. 

2001), although jets may be quenched for BHBs in a HS or VH state (e.g., Fender 2004).

A second estimate of the mass of the compact object can be obtained from the parameters of the MCD 

model. On the basis of the spectral analysis, the peak bolometric flux of the disc component was 

determined to be ~  3.4 x 10~ 12 erg cm -2 s-1 . Using equation (5) of Makishima et al. (2000), results 

in an inner-disc radius of Rin =  113 (cos i ) ~  5 km, where i  is the inclination of the accretion disc to the 

line of sight. For a Schwarzschild black-hole this converts to a mass of 12.8 (cosi)-  ̂ M© based on 

equation (8) of Makishima et al. (2000). Table 3.3 shows a comparison of the masses derived via the 

MCD model with the known dynamical mass for five BHBs. This tabulation may be interpreted either 

in terms of 3/5 of these systems having very high inclinations ( i  > 80° ) or the above method tending, 

in some cases, to underestimate the true black-hole mass by several factors (which might indicate that 

some of these black-holes carry significant angular momentum, Makishima et al. 2000). Interestingly, 

in the limit cos i  = 1, the MCD method never overestimates the mass of the black-hole in this case2. 

As this system is dipping this provides a crude handle on the inclination of its accretion disc. Using a 

conservative assumption of i  ~  70° (see below), this leads to a mass estimate of M m cd ^ 20 M© ,

implying that this system may harbour a black-hole more massive than in any confirmed BHB.

2But, see Kubota & Done (2004) who show that the MCD model can lead to an overestimate as well as an underestimate 

o f the black-hole mass, depending on the geometry of the corona.
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Table 3.3: Mass estimates from the MCD model compared to dynamical measurements.0

System M m c d  (M© ) Mdyn (M q )

4U 1543-475 8.5(cos i ) ~  2 7 .4 -11 .4

X T E J1550-564 3.4(cos i ) ~ 5 8 .4 -10 .8

GRO J 1655-40 1.7(cos i)~^ 6.0 -  6.6

GX 339-4 2.7(cos i ) ~ ^ ~  5.8

GRS 1915+105 1.2(cos i ) ~ ^ 10 -1 8

NOTES: ° Based on data presented in McClintock & Remillard (2006).

3.4.2 XM M U J001528.9-391319 as a dipping BHB candidate

The most interesting feature of XMMU J001528.9-391319 is the dipping apparent in its light curve. 

Such activity has been reported in ~  20 XRBs including at least two BHBs, e.g., GRO J 1655-40 (Orosz 

& Bailyn 1997) and Cyg X-l (Kitamoto et al. 1984). However, XMMU J001528.9-391319 is the first 

extragalactic black-hole candidate seen to exhibit dip behaviour.

A variety of models have been put forward to explain dipping activity with the details dependent on 

whether the system in question is a LMXB or HMXB. In LMXBs, dipping is thought to be due to 

the obscuration of the central X-ray source by absorbing material in the region where the accretion 

flow from the companion star impacts on the outer accretion disc of the system (White & Swank 1982; 

White et al. 1997). This could be via an interaction of the gas stream from the secondary with the outer 

edge of the accretion disc, causing a thickening at the rim {e.g., EXO 0748-676; Parmar et al. 1986). 

Alternatively the obscuration may arise not from a bulge on the accretion disc itself but from a filamen

tary or clumpy absorbing medium extending above or below the impact region {e.g., GRO J 1655-40; 

Kuulkers et al. 1998a). Often in these cases the dips are observed at certain orbital phases and most 

of these sources are described as periodic dippers (White & Swank 1982). In contrast, in HMXBs the 

absorbing material is generally associated with clouds or ‘blobs’ in the stellar wind of the companion 

star. In these cases there are often sharp transitions into and out of the dip states, accompanied by 

variations in the column density, giving evidence for nonuniformity {i.e., clumpy material) in the stellar 

wind. In the case of Cyg X-l dips occur preferentially at orbital phase 0 ~  0.95 with a secondary 

peak at </> ~  0.6, features which have been interpreted in terms of the influence of the stellar wind and
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of an accretion stream respectively (Kitamoto et al. 1984; Bahiciriska-Church et al. 2000). Although 

the X-ray flux from Cyg X-l significantly photoionises the stellar wind of its supergiant companion 

star (HDE 226868) the factor 100-1000 overdensity of the clumps which give rise to the observed 

dips, explains the near-neutral characteristics of the absorption in this source (Kitamoto et al. 1984; 

Bahicinska-Church et al. 2000).

Since XRBs which show dips but not eclipses typically have inclinations in the range 60° -75° (Frank 

et al. 1987), a relatively edge-on configuration seems very likely for XMMU J001528.9-391319. The 

short 100-300 s duration of the dips mirrors behaviour seen in the BHBs GRO J1655-40 (Kuulkers 

et al. 2000) and Cyg X-l (Kitamoto et al. 1984) which are low-mass and high-mass binary systems 

respectively. This short timescale constrains the dimensions of the obscuring clumps. For example, 

if these clumps are orbiting a 20 M 0 black-hole, in or just above its accretion disc, with a typical 

clump encompassing less than 1% of the disc circumference, then the size of a typical clump must be 

< 1010 cm at a radius of > 2 x 1011 cm. For unity optical depth to electron scattering the required 

density is > 1.5 x 1014 cm-3 at which point the ionisation parameter f  =  L / n R 2 < 200 and the 

material may be quite strongly photoionised (Hatchett et al. 1976; Kuulkers et al. 1998b). The orbital 

timescale of such a clump is ~  10000 s. However, although there are several dip episodes apparent over 

a timescale of ~  20 ks, within the bounds of these limited observations, it is not possible to investigate 

whether the dips follow a periodic pattern.

This spectral analysis suggests that the MCD component is more strongly obscured than the power- 

law component during the dips, but there are no constraints on whether the obscuration arises from 

absorption/scattering (in effect complete blocking) in dense cold clumps or is due to electron scattering 

in a much hotter medium. A scenario which matches the limited information is one in which the harder 

thermal disc emission from the inner parts of the accretion disc is almost completely blocked during a 

dipping episode whereas the more extended softer emission (possibly from a hot corona above the disc, 

though see the discussion above) is only partially obscured by the same clump. However, there are other 

plausible explanations of the apparent spectral softening during dips. For example photoionisation 

may have significantly reduced the soft X-ray opacity of the obscuring medium or alternatively the 

scattering of X-rays in hot clouds above the accretion disc might induce an apparent soft excess during 

dips (Frank et al., 1987). Also, Diaz Trigo et al. (2006) demonstrated that the spectral state changes 

from persistent to dipping phases seen in many LMXBs could be modelled simply by variations in the 

properties of neutral and ionized absorbers. Contrary to a ‘complex continuum’ model, this approach

63



Chapter 3. A dipping BHB 3.5. Conclusions

does not require any partial covering and therefore does not require an extended corona. Unfortunately 

the quality of the X-ray spectra recorded during the dips is too poor for us to be able to distinguish 

between these possibilities.

3.5 Conclusions

XMM-Newton observations have revealed a luminous XRB in the nearby galaxy NGC 55. On the basis 

of its X-ray luminosity and X-ray spectral properties, this object is most likely a black-hole system. The 

light curve reveals very interesting spectral variability including, most notably, pronounced dips. Future 

observations may reveal whether these dips show a pattern of occurrence consistent with an underlying 

orbital period as is the case for the well-studied BHBs GRO J 1655-40 and Cyg X-l. However, detailed 

investigation of the spectral variations which accompany the dips represents a challenge even for the 

XMM-Newton instrumentation.
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Chapter

The X-ray properties of the dwarf 

Magellanic-type galaxy NGC 55

4.1 Introduction

As previously mentioned NGC 55 is a member of the nearby Sculptor Group of galaxies, of which 

the other prominent members are the starburst galaxy NGC 253 and the spirals NGC 45, NGC 247, 

NGC 300 and NGC 7793. NGC 55 itself has been classified as a SB(s)m galaxy (de Vaucouleurs, 

1961) and is viewed almost edge-on with an optical extent of 32.4' x 5.6' (3rd Reference Catalogue of 

Galaxies; de Vaucouleurs et al. 1991). The inclination estimates range from 80° (Hummel et al., 1986) 

to 85° (de Vaucouleurs & Freeman, 1972); a value of 81° is assumed here (Kiszkumo-Koziej, 1988). 

The optical morphology of NGC 55 is rather asymmetric, with the brightest region displaced ~  3' from 

the geometrical centre of the galaxy (Robinson & van Damme, 1966). This feature has been interpreted 

as a bar viewed near to end-on (de Vaucouleurs, 1961). Although there is active star formation present 

throughout much of the disc of NGC 55, the radio continuum emission is concentrated on the bar 

region and at 6 cm is dominated by a triple source (e.g., Hummel et al. 1986). Recent Spitzer far- 

infrared imaging suggests this is a young (< 2 Myr) star formation complex (Engelbracht et al., 2004). 

The Spitzer observations further imply a global star formation rate of 0.22 M0 yr-1 for NGC 55 

(Engelbracht et al., 2004). The edge-on orientation of NGC 55 affords us a prime view of the effects 

of this disc-based star formation activity on the extra-planar regions. Spectacular ionized gas features,
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including giant shells and possible galactic chimneys, protrude well above the plane of the galaxy 

(Ferguson et al. 1996; Otte & Dettmar 1999), suggesting that the star formation powers the ejection of 

gas from the disc into the halo. At least some of this gas appears to cool sufficiently to form new stars 

in the halo (Tiillmann et al. 2003; Tiillmann & Rosa 2004).

For such a relatively nearby (d = 1.78 Mpc *, active star-forming system, NGC 55 has been relatively 

poorly studied at X-ray wavelengths. The first detailed X-ray information came from ROSAT PSPC 

and HRI observations (Read et al. 1997; Roberts 1997; Schlegel et al. 1997; Dahlem et al. 1998), 

revealing a total of 25 sources in and around the galaxy and evidence of localised diffuse emission. Of 

these sources, 15 were located within the optical confines of the galaxy as defined by the D25 ellipse 

(Roberts, 1997). New XMM-Newton observations established the brightest source in the galaxy as a 

ULX (see previous chapter). Previous Chandra (ACIS-I) observations detect possible extended X-ray 

emission above the disc of the galaxy, as well as a somewhat brighter diffuse component associated 

with the disc itself (Oshima et al., 2002).

This chapter presents a detailed analysis of the XMM-Newton observations of NGC 55, focusing on 

both the properties of the discrete X-ray source population and the underlying diffuse emission. The 

chapter is set out as follows: § 4.2-description of the observations and preliminary data screening, 

§ 4.3-presents a catalogue of the X-ray sources detected in the NGC 55 field and discusses the number 

of X-ray sources associated with the galaxy, § 4.4-X-ray properties of four of the brightest X-ray 

sources in NGC 55, § 4.5-the X-ray colours of the full set of detected sources, § 4.6-the morphology 

and spectral properties of the faint diffuse X-ray emission observed in NGC 55, § 4.7-discussion on the 

nature of the brightest X-ray sources in NGC 55 and a consideration for the overall X-ray properties of 

this galaxy in the context of other nearby Magellanic-type systems. Finally, the results are summarised 

in § 4.8.

'The distance to NGC 55 was estimated to be 1 .4 5 ^ 3 0  Mpc by Graham (1982) based on the apparent magnitude of 

stars at the tip of the red giant branch, whereas Pritchet et al. (1987) obtained a value of 1.34±0.08 Mpc, via photometry of 

carbon stars. More recent estimates, using a variety of techniques, place NGC 55 at a distance of between 1.7 — 2.1 Mpc 

(Karachentsev et al. 2003; Tikhonov et al. 2005; Van de Steene et al. 2004). This work assumes a distance to NGC 55 of 

1.78 Mpc (Karachentsev et al., 2003).
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4.2 Observations and data screening

Details of the XMM-Newton observations of NGC 55 used in this work are given in § 3.2 of the previous 

chapter. Images, light curves and spectra were created and filtered as described in § 2.3.3. In addition, 

three hot columns were removed from the pn data (two in the first observation, and one in the second). 

Source detection was performed on the sky area encompassed by both XMM-Newton observations of 

NGC 55 via the source detection procedure outlined in § 2.3.4. This was performed separately on the 

MOS {i.e., MOS-1 plus MOS-2) and pn data from both observations in three energy bands: 0.3-1 keV 

(S), 1-2 keV (M) and 2-6 keV (H), and the results are described in the following sections.

4.3 X-ray Sources in the Field of NGC 55

4.3.1 The source catalogue

In total, 137 X-ray sources are detected within the FOV encompassed by the two XMM-Newton ob

servations, 42 of which are located within the D25 ellipse of NGC 55. Fig. 4.1 shows the broad band 

(0.3-6 keV) X-ray image obtained by merging the MOS and pn data from the two observations {top 

panel) and the equivalent optical DSS-2 blue image of the galaxy {bottom panel). The positions of the 

137 sources which pass the significance test described earlier are marked with circles on both images.
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Figure 4.1: Top panel: the XMM-Newton image of the NGC 55 field in a broad (0.3—6 keV) bandpass. 

The image has been lightly smoothed using a circular Gaussian mask with <7=1 pixel (i.e., A"). Bottom 

panel: the optical DSS-2 (blue) image of the NGC 55 field. Detected sources are identified with circles 

and the optical D25 ellipse of NGC 55 is also shown.
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The full X-ray source catalogue appears in Table 4.1 and provides the following information:

(1) the source identification number. Sources located within the optical D25 ellipse are marked with 

an asterisk. (2)-(3) The source RA and DEC positions (J2000). The correct IAU designated title for 

each source can be produced by truncating the coordinates in these columns, e.g., source 1 becomes 

XMMU J001328.3-390903. (4) The la  uncertainty in the source position plus a 0.5" systematic error. 

(5)-{7) The measured count rate (corrected for the vignetting) in the pn camera in the S, M & H bands. 

For sources detected in both observations, these count rates are the weighted mean values from the two 

exposures. (8)—< 10) The measured count rate (corrected for the vignetting) in the MOS cameras in the 

S, M & H bands. Where appropriate, weighted mean values are quoted as for the pn data. Values are 

quoted for one MOS camera. (11)—(12) Two hardness ratios calculated as H R1 = (M  — S ) / (M  +  S) 

and H R 2 = (H  — M ) / ( H  +  M).  The weighted mean hardness ratios are quoted for sources detected 

in more than one instrument or exposure. (13) The measured flux in the 0.3-6 keV energy range. The 

count rate in each detection band was converted to an X-ray flux using Energy Conversion Factors 

(ECFs) calculated for each instrument from a power-law continuum spectrum with T = 1.7 absorbed 

by the Galactic foreground column towards NGC 55 (N h = 1-55 x 1020 cm-2 ; Stark et al. 1992). 

Again, the weighted mean flux values for the particular band are quoted for sources detected in more 

than one instrument or exposure. The fluxes derived from the individual bands were subsequently 

added to provide the quoted instrumental flux (0.3-6 keV). (14) The derived X-ray luminosities for 

sources within the D25 ellipse, assuming a distance of 1.78 Mpc.
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Table 4.1: The full catalogue of sources detected in the XMM-Newton observations
SRC RA DEC Tier pn cts ks 1 MOS cts ks 1 HR1 HR2 f x L *

ID (hh:mm:ss) (° :' :" ) (" ) S M H S M H X o 1 (x lO 36)

( 1) (2) (3) (4) (5) (6) (7) (8) (9) ( 10) ( 11) ( 12) (13) (14)

1 00:13:28.37 -39:09:03.0 1.14 - - - 3.4±0.4 3.0±0.4 1.4±0.4 -0 .06±0.09 -0 .3 6 ± 0 .12 4.6±0 .5

2 00:13:42.33 -39:03:38.3 0.60 40.5 ±2.8 16.9±1.8 14.4±1.7 13.2±1.1 10.6± 1.0 7.9±0.8 -0 .28±0.05 -0.12±0.08 17.1 ± 0 .8

3 00:13:43.61 -39:01:07.2 0.87 17.7±2.9 7.4±1.8 4.0±1.5 4.2±0.6 2.2±0.5 0 .0± 0.1 -0 .36±0.12 -0.88±0.15 3 .0±0.3

4 00:13:46.83 -39:11:55.7 1.49 4.3±0.8 2.3±0.5 1.3±0.4 - - - -0.31 ± 0.13 -0 .2 6 ± 0 .19 1.5±0.3

5 00:13:55.16 -39:16:58.4 1.41 2.1 ± 0.6 1.2±0.3 2.0±0.5 0 .2± 0.2 0.9±0.2 0.4±0 .2 -0.01 ± 0 .19 0.06 ±0.23 1.3±0.2

6 00:13:55.87 -39:01:56.5 1.28 2.6± 0.8 1.9±0.6 1.0± 0.6 1.3±0.3 1.1±0.3 0.9±0 .3 -0.12 ± 0 .19 -0 .17±0.27 1.5±0.3

7 00:13:56.62 -39:19:58.3 1.36 0 .5± 0 .4 1.8± 0.6 2.9±0.8 0 .0± 0.2 0 .8± 0.2 1.3±0.3 0 .73±0.34 0.23 ± 0 .18 2.0±0 .3

8 00:13:59.88 -39:03:01.8 0.69 28.7±2.0 11.3± 1.2 6.3±1.0 - - - -0 .44±0.05 -0.28±0.09 8.1 ± 0.6

9 00:13:59.90 -38:58:46.0 1.73 4.5±1.0 0.0±0 .3 0 .0± 0.2 - - - -1 .00±0.13 - 0 .5± 0 .2

10 00:14:01.76 -39:23:16.0 0.72 - - - 11.8± 1.0 8.4±0.9 4.5±0.6 -0 .17±0.07 -0.31 ± 0 .08 14.6± 1.0

11 00:14:02.49 -39:13:02.5 1.01 3.8±0.6 1.4±0.3 0.1 ± 0.2 0.7 ±0.2 0 .4 ± 0 .1 0.3±0.1 -0 .42±0.20 -0 .69±0.24 0.7±0.1

12 00:14:06.13 -39:06:14.7 1.91 0.3±0 .3 1.2±0.3 0 .8± 0 .4 - - - 0.61 ± 0 .32 -0.20±0.26 0.7±0 .2

13* 00:14:07.84 -39:09:44.0 1.24 0.8±0.3 1.4±0.4 1.2±0.3 0 .4± 0 .2 0.7±0.2 0 .4± 0 .2 0.30±0.21 -0 .17±0.20 1.0± 0.1 3.8

14* 00:14:10.33 -39:08:47.3 1.53 0 .7± 0 .4 2.2±0.4 0.8±0 .3 0.4±0.1 0.8± 0.2 0 .3± 0 .2 0.40±0 .20 -0 .44±0.20 0.9±0.1 3.3

15 00:14:12.66 -38:58:36.6 0.96 8.3±1.2 3.7±0.8 2.4±0 .7 2.7±0.6 2.0±0.5 2.2± 0.6 -0 .30±0.16 -0.08±0.17 3.2±0 .4

16* 00:14:13.87 -39:09:51.9 0.83 1.4±0.4 1.9±0.4 2.2±0.4 0 .5 ± 0 .1 1.9±0.2 1.4±0.2 0 .4 7 ± 0 .14 -0 .0 6 ± 0 .1 1 2.1 ± 0.2 7.9

17 00:14:16.12 -39:13:48.5 0.73 5.8±0.7 2.8±0.4 1.8±0.4 1.8± 0.2 1.4±0.2 1.5±0.2 -0 .2 6 ± 0 .1 1 -0.09±0.12 2.5±0.1

18 00:14:17.33 -39:23:16.4 1.16 3.3±0.9 3.8±0.8 1.1±0.3 2.6±0.5 1.5±0.4 0 .5± 0 .3 -0 .1 3 ± 0 .15 -0 .53±0.19 1.7±0.2

19* 00:14:19.24 -39:10:16.2 1.22 0 .0± 0.2 1.4±0.3 1.1±0.3 0 .3 ± 0 .1 0 .4 ± 0 .1 0.7±0.2 0 .65±0.26 0.06 ± 0 .18 1.0± 0.2 3.8

20* 00:14:19.31 -39:11:15.2 0.53 27.1±1.4 33.3±1.5 27.9±1.4 8.1±0.5 18.4±0.8 16.5±0.8 0.24±0.03 -0.07±0.03 27.0±0.7 102.4

21 00:14:19.89 -38:54:55.4 2.46 6.5±1.4 2 .5± 0 .9 1.2±0.9 - - - -0 .44±0.17 -0.35±0.35 1.7±0.5

22 00:14:25.86 -39:17:47.6 1.12 2.7±0.5 1.5±0.4 1,0± 0 .4 1.1± 0.2 0.8± 0.2 0.6± 0.1 -0 .2 3 ± 0 .15 -0.19 ± 0 .19 1 .3 ± 0 .1

23 00:14:27.81 -39:02:48.6 0.94 3.7±0.7 1.6 ±0.4 1.6±0.4 1.1± 0.2 1.7±0.3 0 .8± 0.2 -0 .11 ± 0 .13 -0 .2 0 ± 0 .16 1.8± 0.2

24 00:14:28.17 -39:01:16.1 1.46 3.4±0.7 1.3±0.4 0 .4± 0 .3 0.9±0.2 0 .6± 0.2 0.9±0 .3 -0.37±0.23 -0.06±0.33 1.0± 0.2

25 00:14:29.36 -39:07:54.3 1.23 1.4±0.4 1.6±0.3 0 .4± 0 .3 0.6± 0.1 0.6± 0.1 0.6± 0.2 0.02±0.17 -0 .20± 0.20 0.9±0.1

26* 00:14:30.48 -39:12:57.5 0.69 5.6±0.7 3.9±0.5 2.2±0.4 1.3±0.2 2.3±0.3 1.1± 0.2 0 .03±0.09 -0.31 ± 0.10 2 .6± 0.2 10.0

27* 00:14:35.45 -39:11:32.2 1.50 2.2±0.5 0 .0± 0.2 0.5±0 .3 0.9±0.2 0 .2± 0 .1 0 .0± 0.1 -0 .8 5 ± 0 .18 -0 .19±0.69 0 .5 ± 0 .1 1.8

28 00:14:35.50 -39:07:29.6 1.66 0.6±0 .3 0 .6± 0 .3 0 .9± 0 .3 0.1 ± 0.1 0.7±0.2 0.5±0.1 0.53±0 .30 -0.06±0.21 0 .8± 0.1
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'O4̂

SRC RA DEC ncr pn cts ks 1 MOS cts ks i HR1 HR2 fx L*

ID (hh:mm:ss) (° :' :" ) (") S M H s M H X o 1 (x lO 36)

(1) (2) (3) (4) (5) (6) (7) (8) (9) ( 10) (ID ( 12) (13) (14)

113* 00:16:08.34 -39:17:41.1 0.87 2.1 ±0.4 3.4±0.5 2.1 ±0.4 0.5±0.1 1.0± 0.2 0.3±0.1 0.27±0.12 -0.35±0.12 1.3±0.1 5.0

114 00:16:08.81 -39:11:22.2 1.15 1.7±0.4 0.8± 0.2 0.7±0 .3 0.5±0.1 0.5±0.1 0 .2± 0 .1 -0 .23±0.16 -0 .19±0.23 0.7±0.1

115 00:16:09.59 -39:07:45.4 1.90 1.9±0.4 1.2±0.3 0 .0± 0.2 - - - -0 .24±0.16 -1.00±0.28 0 .4 ± 0 .1

116 00:16:10.33 -39:01:25.6 2.45 2.4±0.6 0.8±0 .5 1.5±0.6 - - - -0 .48±0.24 0.28 ± 0 .32 1.2±0.4

117* 00:16:10.37 -39:17:05.3 2.80 1.0±0.4 1.2±0.3 0 .0± 0.1 - - - 0 .06±0.22 -0 .9 2 ± 0 .19 0.3±0.1 1.2

118 00:16:10.81 -39:20:13.7 0.76 4.5±0.6 3.4±0.5 1.9±0.4 0.6± 0.1 1.0± 0.2 1.0± 0.2 -0 .02±0.13 -0 .1 6 ± 0 .13 2.1 ± 0.2

119 00:16:12.59 -39:03:45.0 2.79 2.1 ± 0.6 0 .3± 0 .4 0 .8± 0 .5 - - - -0.74±0.26 0.45 ± 0 .50 0.7±0 .3

120 00:16:14.28 -39:27:27.3 1.62 - - - 0 .5± 0 .2 0.9±0.2 0.8± 0.2 0.24±0.23 -0 .02±0.18 1.7±0.3

121 00:16:14.39 -39:08:48.1 1.24 0.6±0 .3 1.5±0.3 0 .6± 0 .3 0.6± 0.1 0.4±0.1 0 .3 ± 0 .1 0 .15±0.22 -0 .32±0.24 0.7±0.1

122* 00:16:19.34 -39:16:45.5 2.61 0 .2± 0.2 1.3±0.3 0 .5± 0 .3 - - - 0 .75±0.26 -0 .48±0.24 0 .5± 0 .2 1.8

123 00:16:23.06 -39:23:53.7 1.75 2.2±0.5 0.9±0 .3 0 .4± 0 .3 - - - -0.43±0.18 -0.42±0.37 0 .6± 0.2

124 00:16:27.39 -39:09:26.6 1.66 1.4±0.4 1.6±0.4 0 .7± 0 .4 - - - - 0 .08±0.20 -0.42±0.25 0 .8± 0.2

125 00:16:33.07 -39:05:32.6 0.73 13.6±1.4 6.1± 1.0 3.7±0.7 4.9±0.6 3.3±0.5 1.4±0.4 -0 .30±0.08 -0 .3 3 ± 0 .12 4 .7± 0 .4

126 00:16:35.81 -39:17:24.4 1.39 2.0±0.4 0 .0± 0.1 0 .3± 0 .3 - - - -1 .00±0.08 1.00 ±0.53 0.4± 0 .2

127 00:16:36.45 -39:15:01.5 2.17 - - - 0.1 ± 0.1 0.7±0.2 0 .0± 0 .1 0.78±0.22 - 1.00± 0.22 0.3±0.1

128 00:16:36.48 -39:25:14.6 1.45 - - - 1.9±0.4 0.9±0.3 0 .8± 0.2 -0 .36±0.15 -0 .04±0.20 2 .3± 0 .4

129 00:16:37.43 -39:06:33.3 1.47 3.8±0.9 2.1 ± 0.6 1.2± 0.6 - - - -0 .2 9 ± 0 .17 -0.29±0.26 1.4±0.3

130 00:16:38.59 -39:16:24.1 1.42 2.3±0.5 1.9±0.4 0 .6± 0 .3 - - - -0.11 ±0 .15 -0.54±0.22 0 .8± 0.2

131 00:16:40.12 -39:11:35.3 1.19 3.4±0.6 2.2±0.5 0 .8± 0 .4 1.0± 0.2 0.9±0.2 0 .3± 0 .2 -0 .1 5 ± 0 .15 -0.47±0.23 1.2± 0.2

132 00:16:42.18 -39:18:20.2 0.70 11.0± 1.1 7.3±0.9 5.0±0.8 2.3±0.3 3.4±0.4 2.9±0.4 -0 .04±0.08 -0 .14±0.09 5 .5± 0 .4

133 00:16:43.46 -39:08:26.8 1.84 0.2±0 .3 2.0±0.5 1.3±0.5 - - - 0 .86±0.28 -0.23±0.22 1.0±0.3

134 00:16:47.41 -39:15:02.9 1.13 4.0±0.7 3.2±0.6 0.9±0 .5 1.2±0.3 1.0±0.3 1.6±0.3 -0 .1 0 ± 0 .16 -0.11 ± 0 .17 1.8± 0.2

135 00:16:48.71 -39:09:32.0 0.97 6.0± 1.0 4.3±0.8 1.1 ± 0 .5 1.5±0.4 1.3±0.3 1.1±0.3 -0 .1 4 ± 0 .18 -0 .3 7 ± 0 .17 2.1 ± 0 .3

136 00:16:55.54 -39:17:50.6 1.11 6.1 ±0.9 3.9±0.7 2.4±0.7 2.1 ±0.4 1.3±0.3 1.7±0.4 -0 .23±0.14 -0 .0 6 ± 0 .16 2.93±0.3

137 00:17:04.21 -39:10:43.4 1.09 12.6± 1.6 5.9±1.0 2 .7± 0 .8
i_r> a

- - - -0 .36±0.09
rvrn » o / //

-0 .36±0.15 3 .7±0.5

including a 0.5" systematic error; (5), (6) & (7) and (8), (9) & (10) source count rates in the soft (0.3-1 keV), medium (1-2  keV) & hard (2-6  keV) bands for the pn and MOS cameras 

respectively, with significant source detections (>  4a) highlighted in bold; (11) & (12) soft (HR1) and hard (HR2) hardness ratios (as defined in the text); (13) source X-ray flux 

(0 .3-6 keV) in units o f 10“ 14 erg c m - 2  s _ 1 ; (14) source X-ray luminosity (0 .3-6  keV) in units o f 1038 erg s _1 (assuming a distance to NGC 55 of 1.78 Mpc).
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Chapter 4. The X-ray properties of NGC 55 4.3. X-ray Sources in the Field of NGC 55

4.3.2 X-ray sources associated with NGC 55

Table 4.2 gives a breakdown of the number of detected sources as a function of instrument and energy 

band. The D25 ellipse of the galaxy occupies ~13% of the total FOV, but encompasses ~30% of 

the sources. A Monte Carlo simulation was performed to investigate whether the 42 sources detected 

within the D25 ellipse of NGC 55 represent an excess compared to the number of background objects 

expected by chance. The predictions are based on the log AMog S curves published by Giacconi et al. 

(2001).

Table 4.2: The number of sources detected in each energy band in the pn and MOS images.

Camera S M H S/M/H

pn 25 [91] 25[93] 18[55] 35[119]

MOS 19[70] 22[83] 20[64] 32[103]

pn/MOS 29[ 105] 30[ 110] 23[76] 42[ 137]

N o t e s :  T h e  n u m b ers q u oted  are for  the D 2 5  e ll ip se  w ith  

the fu ll-f ie ld  v a lu es  g iv en  in square brackets. T h e  total 

nu m ber o f  in d iv id u a l so u rces d etected  in variou s instru

m en t and e n erg y  band c o m b in a tio n s is a lso  ind icated .

Simulations were initially performed to investigate the source statistics in the medium (1-2 keV) band. 

Here the comparison was between the number of actual detections in this band and the numbers pre

dicted on the basis of the 0.5-2 keV log AMog S relation2. The simulation involved distributing sources 

over a sky area encompassing the full FOV of the NGC 55 observations with a surface density and flux 

distribution consistent with a random sampling of the input log AMog S curve. The X-ray flux of each 

simulated source was then converted to counts using the 1-2 keV exposure maps, applying the relevant 

0.5-2 keV flux to 1-2 keV counts conversion (assuming the spectral form defined earlier) and finally 

Poisson deviating the predicted count. A given source was deemed to be ‘detected’ if its estimated 

count exceeded a threshold value in either the pn or MOS channels (or both) in either of the EPIC 

observations. The full process involved the determination of the average number of source detections 

in 5000 simulation runs. The threshold count used in the analysis was set by requiring the number of

2In the simulation the flux range from which input sources were randomly selected, subject to the log jV-log S weighting, 

was constrained to be 9 x 10-16 erg cm -2  s _1 — 2 x 10-13 erg cm -2  s - 1 .
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simulated detections to match the number of actual detections for the off-galaxy regions of the EPIC 

fields. In practice a threshold of 15 counts gave a reasonable approximation to the detection criteria 

actually employed in extracting 1-2 keV band sources.

On the basis of the medium band analysis the number of sources detected within the D25 ellipse of 

NGC 55 exceeds the source count prediction by 17 i.e., ~  55% of the total. However, this must represent 

a lower limit since the simulation ignores the effect of absorption in the disc of the galaxy, which will 

tend to suppress the count rates of background sources below the predicted levels. Allowing for column 

densities within the disc of NGC 55 of up to 1022 cm-2 , it is estimated that the above fraction should be 

increased by a further 5%-10%, implying that roughly two-thirds of the medium band sources within 

the D25 ellipse are probably associated with the galaxy. These sources presumably comprise the bright 

end of the intrinsic X-ray source population of NGC 55.

The extension of the above analysis to the soft band is complicated by the increased impact of the 

absorption in the disc of NGC 55. For the hard band, similar results to the above were obtained, albeit 

with poorer statistics. However, few of the D25 sources detected solely in the soft band are likely to be 

background objects given the softness of their spectra, whereas the hard band only detections represent 

just a few sources in total. In summary, it is estimated that there may be 10-15 background interlopers 

in the sample of 42 sources detected within the D25 ellipse of NGC 55.

4.3.3 Cross-correlation with other catalogues

The XMM-Newton source list was cross-correlated with other multi-wavelength data, including the 

catalogues available in the NED and SIMBAD databases, by searching for matches within the 3cr 

error radius (including a 1" systematic error) of each XMM-Newton source position. The results are 

summarised in Table 4.3. Of the 14 sources with possible identifications, 6 lie within the confines of 

the D25 ellipse of NGC 55. Four of these are likely to be objects within the galaxy itself, i.e., sources 48, 

52 and 58 which coincide with radio sources and have hardness ratios commensurate with SNRs (see 

§ 4.5), and source 71, a likely BHB system in NGC 55 as discussed in the previous chapter. The other 

two ‘identified’ D25 sources are classed optically as galaxies and are presumably background AGN. Of 

the remaining 8 identified sources, 6 are similarly associated with background galaxies, whilst source 

90, which lies just outside the D25 ellipse, is coincident with a possible globular cluster located in the
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halo of NGC 55 (Liller & Alcaino 1983; Olsen et al. 2004) and source 39 is coincident with a variable 

(foreground) star.

Table 4.3 also lists the matches between the XMM-Newton sources and previous ROSAT X-ray source 

detections (again within a 3cr position error, but also incorporating a 15" or a 10" systematic uncer

tainty in the ROSAT PSPC or HRI data respectively). A total of 15 X-ray sources within the D25 

ellipse have previously been catalogued by ROSAT, as have 12 outside this region. Finally, the XMM- 

Newton source list was briefly compared to a Chandra source list of galaxy (Obs ID 2255) produced 

via the standard C IA O  processing tools. From this comparison, the XMM-Newton sources 29, 34, 55 

and 56 are potentially subject to source confusion, as they could be resolved into two separate sources 

by the sub-arcsecond spatial resolution of Chandra. Fig. 4.2 shows the central part of the 0.3-6 keV 

XMM-Newton image with sources of interest marked with different symbols.
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Table 4.3: Matches of the XMM-Newton sources with sources in other catalogues.
XMM ID ROSAT ID 

PSPC HRI

Other ID Source type

8 APM B 001129.07-391943.0 Galaxy

17 N55-1

20* R1,S19, N55-2 N55-2

27* N55-3

29 S18

35* BS2000-17 Galaxy

38* R2.S17, N55-4 N55-4

39 S16, N55-5 N55-5 UY Scl Variable Star

41 N55-6 N55-6

42 S14, RXJ 001451.5-392417

43* R3, S15.N55-7 N55-7

46 1WGA J0014.9-3916, N55-8

47* R4, S 13 N55-9

48* HDW86 - RS Radio Source

52* R5, SI 1, N55-10 HDW86 - RS Radio Source

55* N55-11

58* HK83-08, HDW86 - RS Hi I region, Radio Source

71* R6,S7, N55-14 N55-14 XMMU J001528.9-391319 ULX, XRB

72 LCRS B001300.1-392355 Galaxy

74* R7, N55-15

77 LCRS B001306.8-392624 Galaxy

79* N55-16

81 1WGA J0015.6-3926

84* N55-17

87 N55-18

90 N55-19 LA43 Globular cluster

94 APM B001321.45-391912.8 Galaxy

101* N55-20

110 N55-22

112* N55-23

117* N55-24

118 1WGA J0016.1-3920, N55-25

122* LCRS BOO 1349.4-393325 Galaxy

123 APM BOO 1352.34-394040.4 Galaxy

125 1WGA J0016.5-3905

132 LCRS B001412.2-393501 Galaxy

137 1WGA J0017.0-3910

N o t e s :  ROSAT ID numbers refer to Read et al. (1997) (R#), Schlegel et al. (1997) (S#) and Roberts (1997) (N 55-#). 

Other references: APM - Maddox et al. (1990); 1WGA - White et al. (2000), BS2000 - Beasley & Sharpies (2000); 

UY Scl - Perryman et al. (1997); RXJ - Barber et al. (1996); HK83- Hodge & Kennicutt (1983); HDW86 - Hummel 

et al. (1986) (i.e., the triple radio source); XMMU - Chapter 3; LCRS - Shectman et al. (1996); LA43 - Liller & Alcaino 

(1983).
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0h16m 0h15m 0*14m

Right Ascension (J2000)

Figure 4.2: The central regions of the XMM-Newton image of the NGC 55 field in a broad (0.3-6 keV) 

bandpass. The ellipse marks the optical extent of the galaxy as measured by the D25 isophote. The six 

brightest X-ray sources are highlighted with circles denoting the spectral extraction radius used. The 

triangles mark the positions of sources with hardness ratios commensurate with SNRs, whereas the 

squares mark very soft sources (see § 4.5). An X-ray source possibly located within a globular cluster 

(Beasley & Sharpies, 2000) lies at the position of the star symbol. Sources identified with background 

galaxies are indicated by diamonds.

4.4 The brightest discrete X-ray sources

Six catalogued sources with observed fluxes in excess of 10-13 erg cm-2 s-1 lie within or close to the 

D25 ellipse of NGC 55. These sources (20, 39, 43, 47, 71 and 75 in Table ??) have been detected with 

sufficiently high count rates to permit reasonably detailed spectral and temporal analyses of their X-ray 

properties. A study of the brightest source (71) was presented in Chapter 3, therefore this work con

centrates on four of the next five brightest sources, excluding only source 75 for reasons of practicality. 

The emission from this latter source was contaminated by the wings of the PSF of source 71 in both 

observations (and furthermore it lay at the very edge of the FOV in the second observation, where it 

was detected only in the MOS data). It is worth mentioning that source 20 was only within the FOV of 

the second observation, and source 39 may be identified with a foreground star.
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4.4.1 Light curves

Background-subtracted light curves were extracted for each source based on the combined 0.3-6 keV 

data from the three EPIC cameras. For sources 20 and 47, circular source extraction apertures were 

used with radii of 35" . For the marginally brighter sources 39 and 43, circular extraction regions with 

a 40" radius were used. The background data were extracted from same-sized apertures, positioned in 

the nearest source-free regions visible in all three detectors. The resulting light curves with 200 s time 

binning are shown in Fig. 4.3. In each case the count rate from each observation was corrected for 

vignetting effects so as to plot the equivalent on-axis count rate.
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Figure 4.3: The background-subtracted 0.3-6 keV light curves of four bright sources, displayed in 

200 s time bins. The light curves are based on the combined data from the MOS-1, MOS-2 and pn 

cameras. The error bars correspond to ±lcr.
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The short-term X-ray variability of each source was investigated by carrying out a x 2test (against the 

hypothesis of a constant flux) on the raw 200 s binned light curves. A Kolmogorov-Smimov (K-S) test 

was also performed to search for additional variability characteristics, such as low amplitude underlying 

trends in the light curve, that a x 2 test might not detect. For the latter purpose, only the pn light curves 

with Is time bins were used. The results of both tests are summarised in Table 4.4. It appears that 

source 39 (the foreground star) is the only object in the set for which there is strong evidence for short

term X-ray variability (>  99.9% probability in each test). Of the three remaining sources, sources 20 

and 47 show limited evidence (at > 2<r significance) of variability in one of the tests. However, source 

43 shows no evidence at all of short-term variability.

Table 4.4: Tests for short-term variability

Source Obs x 2/dof Px2(var) Ptf-s(var)

20 I - -

II 137.3/107 97% -

39 I 228.5/151 > 99.9% > 99.9%

II 274.5/107 > 99.9% > 99.9%

43 I 155.2/151 - -

II 114.7/107 - -

47 I 153.2/151 - 98%

II 105.8/107 - -

N o t e s :  The probability that a source is variable in either 

observation (Obs I: 0028740201 Obs II: 0028740101) ac

cording to the x 2 and tests. Only probabilities >95% 

are quoted so as to highlight possible variability.

All four sources were also previously detected in both the ROSAT PSPC (performed on 22nd-24th 

November 1992) and HRI (12th—14th December 1994) observations indicating that these are all rel

atively persistent sources. A comparison of the measured X-ray fluxes (based on the simple spec

tral models derived in the next section) reveals that sources 20, 39 and 43 varied by factors of ~  2, 

~  2 and ~  3 respectively, but that the flux of source 47 remained remarkably steady at 1.4 ±  0.2 x 

10“ 13 erg cm -2 s-1 (0.5-2 keV) over the 9 yr baseline.
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4.4.2 X-ray Spectra

X-ray spectra were extracted in the 0.3-10 keV band (with e s p e c g e t  as described in § 2.3.3) using 

circular extraction apertures with radii of 35" (sources 20 and 47) or 40" (sources 39 and 43). Back

ground data were again extracted from nearby source-free regions, in this case with radii of 50" for 

sources 39 and 43, and 60" for sources 20 and 47; as far as possible, the chosen regions were located at 

similar distances from the pn readout nodes to the sources, and free of diffuse emission from the galaxy 

(see § 4.6).

The spectral analysis was performed using XSPEC v.l 1.3.0. As in the previous chapter, the pn, MOS-1 

and MOS-2 spectra from both observations were fitted simultaneously, including constant multiplica

tive factors to allow for calibration differences between the cameras. This value was frozen at unity for 

the pn data and allowed to vary for the MOS detectors, with the values typically agreeing within 15%.

Initial fits to the X-ray spectra of the three bright sources most likely associated with NGC 55 (i.e., 20, 

43, 47), were made using single component models in XSPEC. These included power-law ( p o ) ,  black- 

body ( b b o d y ) ,  MCD ( d i s k b b ) ,  bremsstrahlung (b rem ss) and solar-abundance optically-thin ther

mal plasma (m eka l) spectral forms. An intervening absorption column ( tb a b s ,  utilising the relative 

interstellar abundances and absorption cross-sections tabulated by Wilms et al. 2000) was applied in 

each case. Typically, the best fits were obtained with either the p o  or the d i s k b b  models as sum

marised in Table 4.5, together with the observed 0.3-10 keV fluxes and the observed and intrinsic 

(unabsorbed) luminosities for the best fitting model. The spectra of sources 20 and 47 are best de

scribed by a simple absorbed power-law continuum with T ~  1.7 and 1.8 respectively, although in both 

cases the d i s k b b  model also provides a statistically acceptable fit (with kTin ~  1.7 keV and 1.5 keV 

respectively). However, a power-law model is rejected (at > 99.99% probability) for source 43, which 

is instead very well fitted by a d i s k b b  model with an inner disc temperature of ~  0.8 keV. Fig. 4.4 

shows the spectra and best fitting single component model in each case.
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Figure 4.4: EPIC pn count rate spectra and Ax residuals with respect to the best-fitting single compo

nent model specified in Table 4.5, for sources 20,43 and 47. Data from the first and second observations 

are shown as blue and red respectively.
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Table 4.5: Spectral fitting of single component models for three bright sources in NGC 55

Source Model NHa r /  kTin X2/dof fx (  obs)6 Lx ( obs)c Lx ( in t )d

20 po 2.6±0.4 1.7±0.1 125.6/119 3 5+0-20.3 1.3±0.1 1.7±0.1

d is k b b 0.8^ 1.7±0.1 130.9/119 - - -

43 po 4.2±0.2 2.7±0.1 715.0/573 - - -

d is k b b 1.3±0.1 0.8± 0.1 551.3/573 6.3±0.1 2.4±0.1 2.9±0.1

47 po 4 6+0'5—0.4 1.8± 0.1 252.0/276 4.6±0.2 1.7±0.1 2.6± 0.1

d is k b b 2.1 ±0.3 1.5±0.1 278.2/276 - - -

N O T E S: The best fitting model for each source is highlighted by showing the x2/dof values in bold 

face. a Column density including Galactic (x 1021 cm-2);b Observed 0.3-lOkeV X-ray flux (x l0 ~13 

erg cm-2 s-1) for the best fitting model; c Observed 0.3-10 keV X-ray luminosity (xlO38 erg s-1) 

for the best fitting model. d Intrinsic 0.3-10 keV X-ray luminosity (x 1038 erg s-1) for the best fitting 

model.

Given the high apparent X-ray luminosities of these sources, i.e., close to or exceeding the Edding- 

ton limit for spherical accretion on to a ~  1.4 M© neutron star, attempts were also made to fit the 

data with the canonical model for BHB spectra, namely a p o + d is k b b  model. This two component 

model provided an improvement to the spectral fits for all three sources, albeit with varying degrees of 

improvement (A x2 ~  4.5 — 44 for two extra degrees of freedom).

However, the model provided unusually low inner-disc temperatures for sources 20 and 47 than ex

pected for ‘normal’ luminous stellar-mass BHBs (which typically have /cT*n ~  0.7 — 2 keV, c.f. Mc- 

Clintock & Remillard 2006). Therefore alternative models for the soft component in these sources 

were attempted using b b o d y  and m e k a l spectral forms. These produced equally good fits to the data, 

although in all cases the soft components only account for a small fraction (~ 6%) of the total observed 

X-ray flux. The p o + d is k b b  fits to source 43 provided an even more puzzling result; the power-law 

fitted to the soft end of the X-ray spectrum. Similar results have been seen for several ULXs, including 

source 71 in the same host galaxy (e.g., Chapter 3; Roberts et al. 2005). However, the presence of such 

a power-law component is difficult to explain physically, and as such the power-law is most likely a 

proxy for another soft component. Hence attempts were also made to fit the soft component in this 

source with the b b o d y  and m e k a l models (as per sources 20 and 47).
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Table 4.6: Spectral fitting of two component models for two bright sources in NGC 55

Source Model" N h T / k T / k T inb kTin/ T c X2 /dof AX2d /softe /hare/

43 p o + d isk b b 5.6±0.11 4  0 1 + 0  74 
— 0 .7 8 0.82±0.04 507.3/571 44.0 27% 73%

bbody+ di skbb 2 6+0'9 — 0 .4 0.14±0.02 0 .8 ll° ;g 513.5/571 37.8 10% 90%

m e k a l+ d isk b b i 7 + 0 . 3  
• —0 .2 0.28iS;j* 0.80±0.02 522.9/571 28.4 4% 96%

47 d isk b b + p o n -o t iS 0-11 2.08t8;g 234.1/274 17.9 6% 94%

bbody+po 10.4^4 0.10±0.01 2.06±°;“ 234.1/274 17.9 6% 94%

m ekal+po 9-3t*;45 0 24+0 09 
— 0 .0 5

1 Q Q + 0 .1 2  
— 0 .1 4 234.3/274 17.7 6% 94%

N O T E S: a Two component model with the soft component listed first; 6 value of characteristic parameter for 

the soft component; c value of characteristic parameter for the hard component; d \ 2improvement over the 

best-fitting single component fit, for two extra degrees of freedom; e fraction of the total observed flux in the 

soft component; f fraction of the total observed flux in the hard component. The significance probability of 

the fit improvement over the single component fit is 100% in each case, based on the resolution of the Monte 

Carlo simulations described in the text (200 simulations per source).

The statistical significance of the improvement offered by these additional components (above the sim

ple single component fits) was quanitified using the prescription described in section 5.2 of Protassov 

et al. (2002)3. This uses a Monte Carlo recipe for XSPEC to simulate the expected reference distribution 

of F-values based on an input null-hypothesis spectrum {i.e., the best fitting single component model 

in each case). This reference distribution yields a confidence probability for the fit improvement using 

additive model components. These simulations show that the two-component modelling provide sig

nificant improvements (>  3a, at the best resolution of the simulations) over a d i s k b b  for source 43, 

and over a simple power-law model for source 47. However, the A %2 ~  5 improvements for source 20, 

for two extra degrees of freedom, were not significant (at a probability of < 90%) for any of the two 

component modelling. Therefore only the results of the two-component modelling to sources 43 and 

47 are shown in Table 4.6. This table also shows the percentage of the total flux in each of the model 

components. In all cases the hard components dominate the total observed X-ray flux. The plausibility 

of these spectral solutions are discussed in § 4.7.

The final source for which spectral analysis was performed was source 39 which, unlike the other 

three sources, did not have a simple continuum spectral shape (see Fig. 4.5). This source is in fact

3The F-test should not be used in the case of additive model components, because it does not follow its expected theoret

ical reference distribution in this case (Protassov et al., 2002).
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coincident with the m v =  11.5 variable foreground star UY Scl and is presumably a stellar coronal 

source. Therefore an initial fit to its X-ray spectrum was made using a thermal plasma (m ekal) model.

However, a single temperature m ekal model resulted in an unacceptable fit, with xl ~  1-7 (i.e., xl =
2

^y), even after allowing the abundance to vary from solar. This was due, in part, to an apparent increase 

in the hardness of the source at energies > 2 keV in the second observation (c.f Fig. 4.5). Attempts 

to model this apparent increase were made by allowing the m ekal temperature and normalisation to 

vary between the two observations, but this approach proved unsuccessful. However, the addition of a 

second, hotter m ekal component, with a normalisation free to vary between the observations did lead 

to a significant improvement in the fit (xl ~  1-2), although residuals remained evident above 2 keV. 

An acceptable fit was finally provided by the addition of a third, hotter m ekal component, and again 

allowing the normalisation of this hottest m ekal to vary between the observations (while the other 

normalisations were tied across the two observations). All m ekal components were fitted with the 

same abundance. Details of the best fit are given in Table 4.7. The variation in the hottest component 

was considerable, implying at least a factor 10 increase in its strength between the two observations, 

although even at its brightest level (in the second observation) its contribution to the total 0.3-10 keV 

source flux amounts to only ~  20%.

38 (TBABS*PO)

0.5 1 2 5 10
Energy (keV)

Figure 4.5: EPIC pn count rate spectra and Ax residuals for a simple power-law continuum model fit 

to source 39 (the putative foreground star). The data are displayed as in Fig. 4.4.

The low absorption column (set at Galactic) and multi-temperature thermal plasma spectrum provide 

strong support for the origin of the X-ray emission to be in the stellar corona of an active star in our 

own Galaxy. Temperatures of ~  0.3 keV and 1 keV are typical for such objects, however a prominent
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Table 4.7: Spectral fitting results to source 39

Parameter Value

iV //(x l021cm 2̂  0.155 (fixed)

kTi (keV) 

kT2 (keV) 

kT3 (keV)

0.33±0.02

1.00±0.04

Abundance (ZQ) 

X2/dof 512.6/463

N o t e s : Three temperature m e k a l spectral fit results (modified by 

Galactic absorption) to the putative foreground star.

emission component at temperatures at or above 2 keV is commonly seen only in young stars or active 

binaries (such as RS CVns), and rarely in main sequence stars except during flares (Giidel, 2004). A 

published optical spectrum reveals radial velocity variations of ~  40 km s_1 (Solano et al., 1997), 

characteristic of a close binary star system, and the 2MASS colours of UY Scl reveal it to have a 

late (possibly K-giant) spectral type. Therefore, a plausible interpretation of the X-ray and optical 

properties of the variable star UY Scl is that it is a previously-unidentified RS CVn system.

4.5 X-ray colours

X-ray colour classification has recently been used by Prestwich et al. (2003) and Kilgard et al. (2005) 

to provide a statistical distinction between populations of XRBs and SNRs observed in nearby galaxies. 

This scheme, which was originally applied to Chandra observations, is useful when the X-ray data are 

too limited for detailed spectral diagnostics to be considered on a source by source basis. This work 

uses an adaptation of this X-ray colour classification scheme tuned to XMM-Newton data (Jenkins et al.,

The basic approach is to divide the HR1 versus HR2 colour space into sub-regions so as to distinguish 

different classes of X-ray source, albeit within the limits set by the overlapping spread of spectral form

2005)4.

An alternative classification scheme developed specifically for XMM-Newton  data is described in Pietsch et al. (2004).
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which characterises the various populations. The measurement uncertainties on the X-ray colours (HR1 

and HR2) also serve to blur the population boundaries. The sources detected within the D25 ellipse of 

NGC 55 are divided into four broad source categories: ‘absorbed’, ‘XRB’, ‘SNR’ and ‘background’ 

using the same criteria as employed by Jenkins et al. (2005) in their study of M1015. Details of these 

X-ray colour classifications (in terms of HR1-HR2 colour space) are given in Table 4.86.

These categories are also plotted as ellipses on the HR1-HR2 diagram shown in Fig. 4.6 {top). The 

XRB range encompasses sources with spectral shapes equivalent to T ~  1-2.5, which is typical of 

LMXBs and HMXBs (Prestwich et al. 2003 and references therein). The SNR range covers soft sources 

(T > 2) with low absorption, typical of the soft thermal spectra exhibited by known SNRs. The 

absorbed range applies to sources with iV//> 5 x 1021 cm-2 and the background range cover sources 

with highly absorbed X-ray spectra. However, sources located in this ‘background source’ category 

would possess significant hard and soft counts but few medium band counts. A possible explanation 

for such sources is that they are highly absorbed AGN (hard emission) with a starburst component (soft 

counts from thermal emission), and hence do not represent typical background source colours.

A further sub-division of the soft X-ray source population has been included using the criterion, HR1< 

-0 .8 , to classify objects as ‘very soft’ sources (VSSs)7. This class could contain a menagerie of exotic 

sources, including true supersoft sources (SSSs). SSSs emit X-rays predominantly below 0.5 keV 

(Greiner, 2000). Most are believed to be accreting white dwarfs undergoing nuclear burning on their 

surface (van den Heuvel et al. 1992; Rappaport et al. 1994). Other possibilities for very soft emitters 

include some SNRs, accreting neutron stars with large photospheres, IMBHs, symbiotic systems, the 

hot cores of young planetary nebulae and stripped cores of tidally disrupted stars {e.g., Di Stefano & 

Kong 2004). The VSS classification used here will also contain those sources classed as ‘quasi-soft’ by 

Di Stefano & Kong (2004), which could include slightly hotter and/or absorbed variants on the above 

source types. However, while the chosen energy bands provide good signal to noise coverage for the 

data in general, extra soft energy sub-bands are required for more confident identifications of true SSSs.

5Table 3 of Jenkins et al. (2005) also refers to indeterminate soft/hard source categories, however these are not included
here as no sources in NGC 55 fall into this range.

6These broad source categories are defined by Jenkins et al. (2005).
7This definition is similar, although not identical, to the definition of VSSs used by Di Stefano & Kong (2003). For 

example, they base their work on Chandra ACIS-S data, use slightly different bands and have additional selection criteria.
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Table 4.8: X-ray colour classifications for XMM EPIC observations in the 0.3-6 keV range.

Classification EPIC (PN & MOS) PN only MOS only

SNR HR 1 <-0.24, HR2<-0.10 HR 1 <-0.34, HR2<-0.14 HR 1 <-0.15, HR2<-0.07

XRB -0.24<HR1 <0.57, -0.8<HR2<0.8 -0.34<HR1 <0.52, -0.8<HR2<0.8 -0.15<HR1<0.62, -0.8<HR2<0.8

Background source HR 1 <-0.24, HR2>-0.10 HR 1 <-0.34, HR2>-0.14 HR 1 <-0.15, HR2>-0.07

Absorbed source HR1>0.57 HR1>0.52 HR 1 >0.62
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Figure 4.6: Top: the X-ray colour source classification scheme of Prestwich et al (2003) and Kilgard et al. 
(2005), adapted for XMM-Newton data by Jenkins et al. (2005). The ellipses mark the appropriate colour ranges 

for each source category. The model grid shows a range of absorbed power-law continua, with T increasing from 

0.5-3.0. The effect of absorption on these spectral shapes is shown by the vertically-rising lines (N h increasing 
from 1 x 102 0  to 5 x 102 2  cm-2). Bottom: classification of the NGC 55 D2 5  sources detected by both MOS and 
pn. The VSSs are shown with star symbols.
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Figure 4.7: Top: NGC 55 D25 source classification for sources only detected by the pn camera. Bottom: 
similarly, for sources only detected by the MOS cameras. In both figures, the VSSs are shown with star symbols 
as before.
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This has been explicitly demonstrated for XMM-Newton data from the galaxies M33 (Pietsch et al., 

2004) and M31 (Pietsch, Freyberg & Haberl, 2005) and the emission of optical novae within them 

(Pietsch et al., 2005). Therefore, 0.3-0.5 keV band images were extracted for each of the two XMM-  

Newton datasets, and aperture photometry was performed at the positions of the VSSs. On the basis 

of this, sources 53 and 63 were identified as good candidate SSSs due to the vast majority of their 

detected source counts originating below 0.5 keV. The remaining 5 VSSs were all dominated by 0.5- 

1 keV counts. Fig. 4.6 (bottom) shows the X-ray colours of all sources detected in both the MOS and 

pn detectors, while Fig. 4.7 shows those sources detected in only one of the instruments {{top panel for 

pn only detections and bottom panel for MOS only detections).

On the basis of this X-ray colour classification scheme there are 6 absorbed sources, 24 XRBs, 5 

SNRs and 7 VSSs within the D25 ellipse of NGC 55. An earlier estimate suggested that 10-15 of the 

sources within D25 ellipse might in fact be background sources (largely AGN) seen through the disc of 

the galaxy. Since the absorption in the disc of NGC 55 will preferentially suppress the soft emission 

of background objects, such sources are expected to reside predominantly in the XRB (and ‘absorbed’ 

source) colour range. Background objects could therefore account for between 30%-50% of the sources 

in the XRB category. The ratio of ‘hard’ XRBs to ‘soft’ sources (SNRs, VSSs and background sources) 

observed in NGC 55 (roughly 60%:40%) is very similar to that seen in M101 (Jenkins et al., 2005), 

after (in both cases) applying a rough correction for background source contamination. Since these are 

respectively edge-on and face-on systems, then perhaps to zeroth order the inclination of a galaxy does 

not impact the relative prominence of the hard and soft X-ray source populations. Of course in practice, 

factors such as the radial distribution and scale height of the various populations and the depth of the 

absorption associated with the galactic disc, combine to make this a complex problem.

Perhaps one surprising result of this analysis is that VSSs make up one sixth of the total source popu

lation detected within the D25 ellipse of NGC 55, and could constitute more than one in four sources 

after the exclusion of background contamination. Whether this is an unusually large fraction has been 

investigated via a comparison to published XMM-Newton and Chandra studies that detect VSSs in 

other nearby galaxies. Firstly, only ~12% of the D25 sources of M 101 in an XMM-Newton observa

tion are classified as VSSs using the criterion presented here {c.f Jenkins et al. 2005). As a wider 

comparison, the VSS population of M 101 was looked at in a much deeper Chandra (ACIS-S) obser

vation, as well as those of M83 (face-on spiral), M51 (interacting galaxy) and NGC 4697 (elliptical) 

(Di Stefano & Kong, 2004). The XMM-Newton HR1 VSS criterion was converted to the equivalent
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Chandra ACIS-S value (via w e b p i m m s ), using the appropriate energy bands, to facilitate comparison. 

Solely on the basis of this criterion, the fraction of VSSs were 31% for M101, 25% for M83, 15% 

for M51 and 4% for NGC 4697. At first glance, it therefore appears that there are quite large varia

tions in the VSS population fractions of different galaxies. However, this fraction could be extremely 

susceptible to observational effects such as the effective (foreground and intrinsic) extinction and the 

luminosity threshold of the observations. For example, as typical SSSs in particular have luminosities 

below ~  1037 erg s-1 , this latter effect should result in more SSSs being observed in deeper, more sen

sitive observations, as may be the case when comparing the deep Chandra observation of M 101 with 

the shallower XMM-Newton data. The Galactic foreground absorption is certainly a very important 

factor on the number of VSSs detected-this is small in M101, M83 and NGC 55 but is significantly 

higher in M51 and NGC 4697. An additional influence on the number of VSSs detected is the choice of 

filter used in the observations. The XMM-Newton observations of M 101 were made using the medium 

filter while the NGC 55 observations utilised the thin filter. Therefore although the differences between 

galaxies appear large, selection effects may dominate.

4.6 Residual disc emission

The individual XMM-Newton observations were flat-fielded by subtracting a constant particle rate from 

the image (estimated by taking an average of the count rates in the edge regions of the detector not 

exposed to the sky) and then dividing by the appropriate exposure map. In the same process, bad 

pixels, a hot column (for the pn detector) and spurious data along chip gaps were excised. The flat- 

fielded data from the two observations were then mosaiced into a single exposure-corrected image. 

This next section focuses on the pn soft-band data.

Fig. 4.8 shows the mosaiced pn soft-band image of the central region of the galaxy. In order to highlight 

unresolved or possible diffuse emission (which is referred to hereafter as the residual disc emission), 

regions around the catalogued discrete sources listed in Table 4.1 were blanked out. For this pur

pose, circular exclusion regions were used of radius 20", 40", 1' or 2' depending on the strength of the 

source8. An exception was made for sources 48, 52 and 58, which have X-ray colours characteristic of 

SNRs and are here considered as part of the diffuse component of the galaxy.

8These sizes were determined empirically based on the need to suppress high levels of contamination from point sources, 

consistent with the size and shape o f the PSF over the wide range of offset angles sampled.
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Figure 4.8: Close up of the composite flat-fielded pn image in the soft (0.3-1.0 keV) bandpass. Regions 

around catalogued sources have been blanked out so as to reduce the contamination of the diffuse signal 

by relatively bright resolved point sources. An exception was made for three sources in the region 

(sources 48, 52 and 58) whose positions are indicated by crosses, which have HR1 values characteristic 

of SNRs (see text). The large rectangle, excluding the blanked out sections, corresponds to the region 

used to estimate the diffuse luminosity of the disc of NGC 55 and from which the diffuse spectrum was 

extracted.
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The residual emission is concentrated in the central disc of NGC 55 encompassing both the bar region 

and the region to the immediate east of the bar. The presence of several relatively bright X-ray sources 

makes it difficult to delineate the full extent of this component along the disc, although on the basis of 

Fig. 4.2 it appears to be < 12' . The residual emission is most evident within ±1 ' of the plane, which 

is well within the extent of the thin disc component (Davidge, 2005).

The observed (0.3-1 keV) luminosity of the disc within the 6' x 2' rectangular region illustrated in 

Fig. 4.8 (excluding the blanked out regions) is estimated to be ~  2.5 x 1037 erg s-1 (based on the 

observed count rate in this band, and energy conversion factors derived from the spectral analysis 

discussed below). Several regions of enhanced surface brightness are evident within this region, two of 

which are clearly related to sources 48 and 52. The easternmost bright region appears to be offset from 

source 58 but it is worth mentioning that this source was detected at relatively low significance only in 

the MOS soft band channel. Judging from the pn soft band image, the position of peak X-ray surface 

brightness is located approximately Is (of time) east of the catalogued position of source 58 9. The 

three X-ray bright regions identified above, all coincide with radio sources and, in fact, X-ray sources 

52 and 48 correspond to the core and eastern component of the triple source identified by Hummel et al. 

(1986). These regions are also prominent in HQ (Ferguson et al., 1996) and in the Spitzer far-infrared 

(24 /im) image of NGC 55 (Engelbracht et al., 2004) and correspond to sites of current star formation 

in the disc of the galaxy. Together the three bright regions contribute ~  30% of the inferred residual 

disc X-ray luminosity.

Spectra representative of the residual disc emission of NGC 55 were extracted from the rectangular 

region shown in Fig. 4.8 (excluding the blanked out regions) using a background spectrum obtained 

from a nearby region of the same dimension (from which catalogued sources were also excluded). The 

diffuse spectra were grouped to give a minimum of 30 counts per bin. The six available spectral datasets 

(pn, MOS-1 and MOS-2 data from two observations) were fitted simultaneously, but with the relative 

normalisations untied so as to allow for calibration differences between the cameras. The spectral 

analysis was confined to the 0.3-6 keV energy range for which there was a reasonable signal to noise 

ratio.

9The fact that this region was not detected as a discrete source in the pn data may reflect a limitation in the background 

modelling in the vicinity of the brightest X-ray source in NGC 55.
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Initially, the X-ray spectra were modelled with an absorbed m e k a l component, with the abundance 

free to vary. This yielded N h ~  2 x 1021 cm-2 and k T  ~  0.5 keV, with a very low inferred abundance 

of Z ~  0.04 Zq (x2/dof=307/217). An improved fit to the data was achieved with the inclusion of an 

additional harder spectral component, either in the form of a power-law or higher temperature m ek a l 

emission. The best-fit parameters for these two-component models are given in Table 4.9 and the 

observed pn spectra and the best-fitting m ek a l+ p o  model is shown in Fig 4.9.

The derived flux using the m ek a l+ p o  model is ~  1.6 x 10“ 13 erg cm-2 s-1 (0.3-6 keV), correspond

ing to an absorbed luminosity of 6 x 1037 erg s-1 . Roughly half of this luminosity is contributed by 

the soft thermal emission. The measured column density of 5.1 x 1021 cm-2 is much greater than the 

foreground column in our own Galaxy, and is consistent with the location of this residual component 

within the central disc region of NGC 55. Correcting for this absorption increases the inferred lumi

nosity of the soft component to ~  3 x 1038 erg s_1. A reasonable hypothesis is that the soft emission 

represents a truly diffuse component energised by processes linked to regions of recent star formation 

(collision of stellar winds in dense environments, supemovae and shock heating in SNRs), whereas the 

harder spectral component (most appropriately modelled as a power-law) arises largely in unresolved 

XRBs.

The derived temperature of the soft residual disc emission in NGC 55 is ~  0.2 keV (Table 4.9). This is 

fairly typical of the softest emission seen in more luminous star-forming galaxies where the temperature 

range for diffuse disc components may extend up to ~  2 keV (e.g., Pietsch et al. 2001, Fabbiano et al. 

2003). By analogy to these systems, it is very likely that the hot diffuse gas in NGC 55 is, in fact, a 

multi-temperature medium. The very low abundance derived for this hot gas component (Table 4.9) is 

almost certainly an artefact of fitting a complex spectrum with a very simplified model.

On the one hand the above determination of the luminosity of the residual disc component in NGC 55 

represents only a lower limit estimate given that the true extent of the disc component has not been 

measured and, even within the inner 6' x 2' region (corresponding to 3 kpc x 1 kpc at the distance 

of NGC 55) regions around bright sources have been excluded out of necessity. On the other hand 

the observed X-ray flux of the residual disc emission is only ~  3% of that of the resolved sources 

in the broad 0.3-6 keV band or a 6% fraction if only the soft band is considered. Since the PSF of 

the XMM-Newton optics has wings extending well beyond the blanked-out regions in Fig. 4.8, some 

contamination of the residual disc component by the nearby bright sources is inevitable.
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Table 4.9: Spectral modelling results for the residual disc emission

Model N Ha kT \b kT2h Z(Z©)C T x 2/dof f x ( obs)d L x ( obs)e Lx ( in t/

m e k a l 2 0+0'4 z -u - 0.6 0 S2+0 09 -  u -o z - 0 .0 5 0.04±0.02 307/217 0.9 0.4 0.8

'O-0

m e k a l + p o 5 1+1-8 
—2.0 0 21 +001 Z l —0.03 0 O7+0 07u -u / - 0 .0 3 1 -9±o:3 230.1/215 1.6 0.6 3.9

m e k a l + m e k a l c  O +0.9  
—2.0 0 2O+006 4 s?+919O .Z U -0  04 —2.12 0 06+01° U .O O -0  03 231/215 1.4 0.6 4.5

Notes: a Column density (including Galactic, xlO2 1  cm-2); b Temperatures of the cool (kT\ ) and hot (fcT̂ ) thermal components 

(keV); c Relative metal abundance of the thermal plasma component; d Observed 0.3-6 keV X-ray flux (xlO- 1 3  erg cm- 2  s-1); 

Observed (intrinsic) 0.3-6 keV X-ray luminosity respectively (x 103 8  erg s-1).
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Chapter 4. The X-ray properties of NGC 55 4.6. Residual disc emission
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x °
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Figure 4.9: EPIC pn count rate spectra for the residual disc emission in NGC 55 from the first (blue)

and second (red) observations. The best-fit m ekal plus power-law model is shown along with the 

corresponding Ax residuals (lower panel). N.B. The data have been rebinned for illustrative purposes 

using SETPLOT REBIN in XSPEC.

However, since the morphology of the extended emission (in Fig. 4.8) does not closely track the distri

bution of the bright sources, the residual signal (net of the local background) is unlikely to be dominated 

by such contamination, at least in the soft band. Unfortunately the surface brightness of the residual 

emission is too low to apply a similiar imaging test above 1 keV.

The physical properties of the soft residual disc component have been derived from the m ekal +po 

model, as summarised in Table 4.10 (this table includes a description of the parameters of the diffuse 

emission introduced below). Similar values have been obtained by Summers et al. (2003) for the cool 

diffuse disc component seen in the Magellanic irregular galaxy NGC 4449. These authors note that the 

diffuse medium is likely to be clumpy with a filling factor /  < 1, implying that the quoted values for 

n e and P  are underestimates, whereas M , Eth and tcooi are overestimated. The derived pressure of the 

hot gas in NGC 55 (P /k  ~  1.5 x 105 K cm-3) is similar to the pressure inferred for the interior of the 

Loop 1 superbubble within our own Galaxy (Willingale et al., 2003). This is broadly consistent with 

the view that there has been sufficient recent star formation in the disc of this low-mass dwarf system 

to form expanding hot bubbles, which result in the ejection of material out of the disc of the galaxy into 

the halo. However, the absence of an extended extra-planar soft X-ray component in NGC 55 (contrary 

to the findings of Oshima et al. 2002) suggests that the gas in such bubbles cools relatively quickly
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Table 4.10: Physical parameters of the soft residual disc component (0.3-6 keV).

Physical property Value

Temperature, T 2.4 x 106 K

Intrinsic L x 3.3 x 1038 erg s-1

Electron density, n e 0.029 cm-3

Thermal energy, E th 6.8 x 1054 erg

Mass of hot gas, M 5.7 x 106 M q

Pressure, P 2.0 x 10-11 dyn cm-3

Cooling time, t cooi 6.5 x 108 yr

A s s u m p t i o n s :  V  — 2 x 1065 cm3 (cylindrical volume 

subtending 6' x 2' on the sky); D — 1.78 Mpc; filling 

factor, /  = 1 ; n e = ( E l / V / ) 1/2, where E l  is the emis

sion integral (no rm  x 47rD2) / 1 0 -1 4 , and norm, is the 

m e k a l  normalisation obtained from the spectral fitting;

Eth — 3n ek T V \  M  = n em p V / ;  P  =  2nek T  and 

tcooi ~  ( 3 k T ) / ( A n e), where A = L X / EI .

through adiabatic losses (given the relatively long radiative cooling timescale in Table 4.10), retaining

insufficient energy to power a superwind of the form frequently seen in systems with star-formation

rates, SFR > 1M0 y r_1 (Strickland, 2004).

4.7 Discussion

4.7.1 The brightest sources in NG C 55

What is the nature of the luminous X-ray source population observed in NGC 55? This question 

is most easily addressed for the brightest subset of X-ray sources, wherein the information provided 

by X-ray diagnostics is at its richest. The brightest X-ray source in NGC 55 (XMMU J001528.8- 

391318, source 71) has an X-ray luminosity L x  1039 erg s 1 placing it on the boundary of the ULX 

classification. As discussed in Chapter 3 this source is a candidate luminous BHB. § 4.4 reported the

99
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details of four out of the five next brightest X-ray sources in the NGC 55 field. One of these sources 

(39) is spatially coincident with a bright variable foreground star at the edge of the D25 ellipse, and 

its X-ray properties suggest that it may be a previously unidentified RS CVn system. Of the other 

three sources, two are located in the bar region and one in the western limb of the NGC 55 disc. 

A combination of their high luminosities (Lx > 1038 erg s_1), measured absorption columns far in 

excess of the Galactic foreground, and power-law continuum or accretion disc dominated X-ray spectral 

shapes (see § 4.4.2), argues that these sources are likely to be XRBs in NGC 55, though a clearer 

detection of short-term variability is required to confirm this. Indeed, since the apparent high intrinsic 

X-ray luminosities of these sources are close to or in excess of the Eddington limit for a 1.4 M q  neutron 

star, the primary accreting object in these systems may be a black-hole. This hypothesis is supported by 

the X-ray spectroscopy. It is expected that a bright neutron star XRB spectrum would be described by a 

combination of a ~  1.5 keV accretion disc and a ~  2 keV blackbody spectral component with the latter 

originating in the neutron star envelope (c.f. Jenkins et al. 2004). Instead these X-ray spectra appear 

to be more typical of ‘low’ (hard power-law dominated) and ‘high’ (thermal accretion disc dominated) 

black-hole spectral states (c.f. McClintock & Remillard 2006). The long-term (~  9 yr) persistence 

of these sources, and their locations close to the star-forming regions in the disc of NGC 55, suggest 

that these may be systems containing a high-mass secondary star. However, neutron star LMXBs at 

L x  1038 erg s 1 are also persistent so this cannot be confirmed without further information.

One interesting result from the spectral analysis of sources 43 and 47 is the detection of a very soft 

component in each spectrum (a similar component is seen in source 20, but does not provide a statisti

cally robust improvement to the fit). The temperature of this component in source 47, when modelled 

by a d is k b b ,  is ~  0.1 keV. This is remarkably similar to the ~  0.1 — 0.3 keV temperatures derived 

for the very soft components seen in some nearby ULXs which, it has been argued, may be evidence 

for the presence of a ~  1000 M q  IMBHs (e .g .,  Miller et al. 2003). So should the soft spectra of this 

source (which is one to two orders of magnitude less luminous than ULXs) be interpreted in the same 

way? If ULXs are accreting IMBHs, then a range of accretion rates and hence luminosities perhaps 

should be seen across the population, as is commonly the case for Galactic BHBs. However, on this 

basis the spectrum is perhaps expected to change to a low state as the luminosity decreases, whereas 

the spectra for the NGC 55 sources appear very similar to the apparent high state spectrum of IMBH 

candidates (though in these cases, as in some ULXs, the power-law slope is anomalously hard for a 

true high state; see Roberts et al. 2005). The overall spectral shape (T ~  2 power-law, kTin ~  0.1 keV
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d is k b b )  might actually also describe the low state for an ordinary BHB, which (at a luminosity of 

~  1 — 2 x 1038 erg s-1 ) must be a plausible alternative for this source.

The shape of the spectrum of source 43 potentially mirrors another result to emerge from recent ULX 

studies, an X-ray spectrum described by a hot 0.7—2 keV d is k b b  with a very soft power-law dominant 

at low energies. The physical implausibility of this spectral description is discussed by various authors, 

who note alternative empirical solutions (e.g., replacing the power-law with a black-body emission 

spectrum) or physical models (e.g., optically-thick Comptonisation) that can explain the spectrum (see 

Feng & Kaaret 2005; Chapter 6).

However, a more mundane alternative for the nature of the soft emission in both sources is suggested 

by the fact that they are also well-fitted by a m e k a l component. The derived m e k a l temperature 

(~  0.2 — 0.3 keV) in each case is similar to the temperature of the residual emission detected in the 

galaxy. Also, the surface brightness required to produce the observed signal within the source extraction 

regions is within a factor of ~  2 of the average surface brightness seen elsewhere in the NGC 55 disc 

(see § 4.6). It seems quite likely, therefore, that this very soft component is simply the underlying 

emission of the disc of NGC 55 contaminating the source signal10.

4.7.2 NGC 55 - a typical M agellanic-type galaxy

Although the near edge-on orientation has complicated efforts to study the morphology of NGC 55, the 

current consensus is that this galaxy is a dwarf irregular, structurally similiar to the Large Magellanic 

Cloud (LMC; see Davidge 2005). In order to address the question of whether NGC 55, from an X-ray 

perspective, is a typical Magellanic-type galaxy, its overall X-ray properties need to be considered. An 

earlier estimate was that there might be up to ~  16 XRBs associated with NGC 55 in the sample of 

sources detected within its D25 ellipse, down to an effective luminosity threshold of 2 x 1036 erg s-1 

(0.3-6 keV). In addition, 7 VSSs were identified in the D25 sample. The integrated X-ray luminosity of 

these source categories together with the luminosity inferred for the residual disc emission (including 

SNRs) is summarised in Table 4.1111.

I0N.B. similar results are emerging in other XMM-Newton datasets, e.g., the soft excesses o f  ULX s in M51 are readily

explained as local diffuse em ission (Dewangan et al., 2005).

" N ote  that the discrete source lum inosities are from Table 4.1 and are, in effect, observed luminosities, i.e., uncorrected

for absorption intrinsic to NGC 55.
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Table 4.11: The components of the integrated X-ray luminosity of NGC 55.

Component L x  (0.3-6 keV)

Brightest (ULX) source 9.4 X

00COOi—l erg s~-l

Next 20 brightest sources 6.9 X 1 0 38 erg s”-l

VSSs 0 . 1 X 1 0 38 erg s '-l

Residual soft disca

COCO X 1 0 38 erg s“-l

Residual hard disca 0.5 X O 00 00 erg s"-l

a Corresponding to the 6 ' x 2' inner disc region and cor

rected for absorption intrinsic to NGC 55.

Other nearby examples of actively star-forming Magellanic-type systems include NGC 4449 and the 

LMC, both of which have been extensively studied in X-rays (e.g., Wang et al. 1991; Vogler & Pietsch 

1997; Bomans et al. 1997; Sasaki et al. 2002; Summers et al. 2003). Table 4.12 compares various 

properties of these two galaxies with those of NGC 55 and illustrates the striking similarities of these 

systems.

Total mass, mass in neutral hydrogen, SFR and the X-ray luminosity in discrete sources and diffuse 

components (more precisely the residual disc in the case of NGC 55) differ by no more than a factor 

of 3 across the three galaxies. All three systems would appear to follow the paradigm of strong spatial 

association of the bright X-ray emitters with the sites of current star-formation, with a scaling of X-ray 

luminosity to SFR broadly consistent with the L x  versus SFR correlation established for much more 

active systems (Ranalli et al. 2003; Gilfanov et al. 2004).
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Table 4.12: A comparison of the properties of NGC 55 with two other Magellanic-type dwarf galaxies.

Property LMC NGC 55 NGC 4449

Assumed Distant (Mpc)a 0.05 1.78 2.93

L x  (sources)6 (1038 erg s-1 ) 5 17 15

L x  (diffuse)6 (1038 erg s-1 ) 3 4 10

M 25c (109 MQ) 3.3 8.5 4.2

M m d (109 M0 ) 0.6 2.0 1.6

SFRe ( Me  y r - 1) 0.25 0.22 0.2

N o t e s : “Distances from  Panagia (1 9 9 9 );  Karachentsev et al. (2 0 0 3 );

Karachentsev & Drozdovsky (1 9 9 8 )  respectively. 6 X-ray luminosities 

from Wang et al. (1 9 9 1 );  this chapter; Summers et al. (2 0 0 3 )  respec

tively c ‘Indicative’ mass of the galaxy within its D2 5  diameter from 

Karachentsev et al. (2 0 0 4 ) .  d HI mass of the galaxy from Karachentsev 

et al. (2 0 0 4 ) .  e Star formation rates from Grimm et al. (2 0 0 3 );  Engel- 

bracht et al. (2 0 0 4 );  Thronson et al. (1 9 8 7 )  respectively. Quoted values 

are scaled to the assumed distant.

4.8 Summary

Recent XMM-Newton EPIC observations have been used to investigate the X-ray properties of the 

Magellanic type galaxy NGC 55. A total of 137 X-ray sources were detected in the NGC 55 field of 

which 42 were located within the optical confines of the galaxy as defined by the D25 ellipse. The source 

detections cover a flux range of ~  5 x 10-15 — 2 x 10~12 erg cm-2 s-1 (0.3-6 keV) corresponding 

to a luminosity range of ~  3 x 1035 — 9 x 1038 erg s-1 for sources at the distance of NGC 55. After 

allowing for some contamination of the sample by background AGN, the best estimate, based largely 

on X-ray colour classification, is that within the D25 region, there are ~  4 absorbed sources, 16 XRBs, 

5 SNRs and 7 VSSs associated with NGC 55. Also, an X-ray source just outside the D25 ellipse was 

revealed to be coincident with a globular cluster in NGC 55.

Detailed X-ray spectral and timing analysis on four bright X-ray sources (> 500 counts) in the FOV 

were performed (excluding the brightest source which was studied in Chapter 3). One of these objects 

is identified with a Galactic foreground star (UY Scl) and exhibits many of the properties of an RS
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CVn system. The other three are persistent X-ray sources with spectra indicative of accreting XRBs. 

A residual emission component is also evident in the disc of NGC 55, concentrated on the bar region. 

The extent of this emission is at least 6' (3 kpc) along the plane of the galaxy and ±1 ' (±500 pc) 

perpendicular to the plane. This soft component is interpreted as thermal diffuse emission with k T  ~  

0.2 keV associated with regions of current star formation in the disc of NGC 55. After correcting for 

absorption, the X-ray luminosity of this soft emission is r\_/ 3 x 1038 erg s" 1 (0.3-6 keV).

NGC 55 is categorised as a Magellanic-type dwarf galaxy. From a comparison of its properties with 

those of other nearby Magellanic systems, specifically the LMC and NGC 4449, then from a high 

energy perspective, NGC 55 is quite typical of its class.
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Chapter

The X-ray properties of the spiral galaxy

5.1 Introduction

NGC 4945 is a nearby (3.7 Mpc; Mauersberger et al. 1996) edge-on (i ~  78° ; Ott et al. 2001) spiral 

galaxy, believed to be a member of the Centaurus group (Hesser et al., 1984). The galaxy has been 

classified as a SB(s)cd or SAB(s)cd (de Vaucouleurs 1964; Braatz et al. 1997) and has an optical extent 

of 20' x 4' (3rd Revised Catalogue of Galaxies; de Vaucouleurs et al. 1991). NGC 4945 exhibits 

intense nuclear infra-red emission, concentrated in a 12" x 9" region (Brock et al., 1988) and is the 

third brightest extragalactic source in the IRAS point source catalogue (Fullmer & Lonsdale, 1989). 

The nucleus also shows a rich variety of molecular emission lines (e.g., Henkel et al. 1994) including 

the first known H2O megamaser emission (Dos Santos & Lepine, 1979). Optical observations showed 

extended line emitting gas outflowing along the galaxy minor axis which was thought to be driven 

by a central starburst (Heckman et al., 1990). Further optical and IR observations revealed a conical 

wind-blown cavity close to the nucleus, providing direct evidence for the starburst driven superwind 

(Moorwood et al., 1996). However, it had also been suggested that the infra-red emission could be 

powered by a non-stellar source, such as a Seyfert 2 or a compact low ionisation nuclear emission line 

region (LINER) nucleus (e.g., Brock et al. 1988).

105



Chapter 5. The X-ray properties of NGC 4945 5.1. Introduction

Evidence of a Seyfert 2 active nucleus was finally revealed through the first X-ray observations of the 

galaxy, which were made with the Japanese X-ray astronomy satellite, Ginga (Iwasawa et al., 1993). 

These observations showed a highly obscured, strongly variable hard X-ray source thus establishing 

the composite nature (starburst plus Seyfert) of the nucleus of this galaxy.

Seyfert 2 galaxies are generally heavily absorbed in soft X-rays, which is thought to be a consequence 

of a thick molecular torus obscuring the nucleus. Indeed, in this case the AGN X-ray emission is com

pletely absorbed below ~  10 keV due to the large absorbing column of ~  few xlO 24 cm-2 (Iwasawa 

et al. 1993; Done et al. 1996; Madejski et al. 2000). However, the OSSE instrument on board the 

Compton Gamma Ray Observatory revealed that NGC 4945 is actually one of the brightest Seyfert 2 

galaxies in the sky at 100 keV (Done et al., 1996). The nuclear power-law dominates the spectrum 

above 10 keV and the hard X-ray emission has been shown to be rapidly variable on timescales of 

< 1 day. In addition to this hard power-law emission, previous X-ray observations have also shown 

softer emission (2-10 keV) which can also be fitted with a a simple power-law (T ~  1.7), interpreted 

as scattering of the primary nuclear continuum (Iwasawa et al., 1993). This interpretation is also ap

plicable to non-simultaneous Ginga, ASCA and OSSE spectra (Done et al., 1996). A third component 

of the X-ray emisssion was also detected in the form of an Fe KQ line at ~  6.5 keV with an equivalent 

width of ~  1.5 keV (e.g., Iwasawa et al. 1993).

BeppoSax observations confirmed the previous indications of variability from the Ginga observations 

and provided an improved high energy X-ray spectrum of the galaxy (Guainazzi et al., 2000). The 

X-ray emission above 10 keV was again shown to be dominated by a nuclear non-thermal continuum, 

seen through an absorber of ~  few xlO24 cm-2 (Guainazzi et al., 2000). These observations also 

suggest that the active nucleus dominates the bolometric energy output of NGC 4945 and estimate that 

the inferred intrinsic luminosity of the galaxy is 1.8 x 1043 erg s" 1 (0.1-200 keV). The 0.1-5 keV 

emission was shown to be extended along the plane of the galaxy, most likely due to a population of 

unresolved binaries. However, Guainazzi et al. (2000) also suggested that part of the soft (> 1 keV) 

extended X-ray emission may originate in a superwind component, although the low spatial resolution 

of the X-ray data up to this point could not confirm this.

Detailed X-ray spectroscopy of the core of NGC 4945 with Chandra and XMM-Newton also revealed a 

complex nuclear morphology including a hard nuclear source and a soft X-ray plume extending to the 

North-West of the nucleus (Schurch et al., 2002). These observations detected considerable emission
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from the galaxy disc including at least 12 discrete X-ray sources. A more detailed spatially resolved 

analysis of the nuclear region was performed by Done et al. (2003) using simultaneous Chandra and 

RXTE data. The excellent spatial resolution of Chandra enabled the nucleus, starburst and superwind 

regions to be separated, while the RXTE data extended the spectrum to higher energies. The authors 

also found that the nucleus was only directly seen above ~8-10 keV, while the lower energy nuclear 

spectrum was dominated by reflection. However, the superwind regions were dominated by hot plasma 

emission, while the starburst region contained both hot plasma and reflection signatures.

An important feature of NGC 4945 is that it is a H2O megamaser source, which traces underlying cool, 

dense molecular structures around the central engine. Mapping of this emission implies an edge-on in

ner disc geometry and provides an estimate of the central black hole mass of ~  1.4 x 106 M0 (Greenhill 

et al., 1997). This black-hole mass in combination with estimates of the AGN luminosity, implies that 

the central engine radiates at ~  10 % of the Eddington limit. This is one of the few AGNs for which the 

luminosity in Eddington units can be reliably estimated.

Although the nuclear region of NGC 4945 has been well studied and X-ray observations have detected 

diffuse emission along the plane of the galaxy and several discrete sources {e.g., Guainazzi et al. 2000), 

there has not been a detailed analysis of this diffuse emission or the off-nuclear point source population. 

However, individual sources have been studied in more detail, e.g., ROSAT observations revealed a 

highly variable off-nuclear X-ray source, which increased in flux by almost an order of magnitude on a 

timescale of 11 months or less (Brandt et al., 1996). The maximum observed luminosity (0.8-2.5 keV) 

of this source was measured to be > 8 x 1038 erg s-1 . An additional 2 sources in the galaxy have been 

previously analysed and classified as ULXs (Colbert et al. 2004, Swartz et al. 2004, Feng & Kaaret 

2005).

This chapter presents an analysis of recent XMM-Newton observations of NGC 4945, studying both the 

properties of the bright discrete X-ray source population and the underlying diffuse emission. § 5.2 de

scribes the observations and preliminary data reduction techniques. § 5.3 presents the source catalogue 

and discusses the number of X-ray sources associated with the galaxy. Spectral and temporal analyses 

of the bright sources are presented in § 5.4, and § 5.5 presents the results of applying the X-ray colour 

classification scheme of the previous chapter to the NGC 4945 data. The morphology and spectral 

properties of the detected diffuse X-ray emission is presented in § 5.6. A brief discussion of this work 

is presented in § 5.7 and finally the results are summarised in § 5.8.
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5.2 Observations and data analysis

The analysis presented in this work is based on a 66 ks observation of NGC 4945 with XMM-Newton on 

January 11, 2004 (Obs. ID 0204870101) during revolution 749 (see Table 5.1). The EPIC MOS and 

pn (Turner et al. 2001; Striider et al. 2001) instruments were operated in the full frame mode using the 

medium filter. The EPIC data were extracted from the observation data files (ODF) using the e m c h a i n  

and e p c h a i n  tasks within the XMM-SAS software v.6.0.0. The e m c h a i n  and e p c h a i n  tasks process 

the data from the MOS and pn instruments respectively, producing calibrated photon event files.

The observation was affected by soft proton flaring such that preliminary cleaning of the full field X- 

ray (0.3-10 keV) light curves was necessary (see § 2.3.2 & § 2.3.3). Flares were screened using GTI 

files based on countrate criteria. Also, only those data recorded when all EPIC instruments were in 

operation were selected, resulting in a net good exposure time of 41.4ks.

For the analysis of the bright sources, events were extracted in a circle centred on the source position 

given in Table 5.2. The background was taken from a circular region near to the source in the pn camera 

at the same readout node distance, and as far as possible, free of diffuse emission from the galaxy. The 

chosen background regions were the same in all three detectors.

A source catalogue for this observation was produced using the source detection procedure outlined in 

§ 2.3.4. As before, this was performed on the combined MOS {i.e., MOS-1 plus MOS-2) and pn data 

in three energy bands: 0.3-lkeV (soft), 1-2 keV (medium) and 2-6 keV (hard), and the results are 

described in the following sections.

Table 5.1: The XMM-Newton observation of NGC 4945

Obs ID RA (J2000) Dec (J2000) Date UTstort

0204870101 13 05 26.10 -49 28 15.0 2004-01-10 18:11:10
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5.3 X-ray Sources in the Field of NGC 4945

5.3.1 Source catalogue

There are 69 X-ray sources detected within the field of view encompassed by the XMM-Newton obser

vations, 24 of which are located within the D25 ellipse of the galaxy1. Fig. 5.1 shows the combined 

(i.e., merged MOS and pn) broad band (0.3-6 keV) X-ray image (top panel) and the optical DSS-2 blue 

image of the galaxy (bottom panel). The positions of the 69 sources which pass the significance test 

are marked with circles on both of the images.

The full X-ray source catalogue appears in Table 5.2 and provides the following information:

(1) the source identification number. Sources located within the optical D25 ellipse are marked with 

an asterisk. (2)-(3) The source RA and DEC positions (J2000). (4) The 1 o  uncertainty in the source 

position including a 1.5" systematic error added in quadrature. (5)—<7) The measured count rate (cor

rected for the vignetting) in the pn camera in the S, M & H bands. (8)—(10) The measured count 

rate (corrected for the vignetting) in the MOS cameras in the S, M & H bands. Values are quoted 

for one MOS camera. (11)—(12) Two hardness ratios calculated as H R1 = (M  — S ) / ( M  +  S)  and 

HR2  = (H — M ) / ( H  -F M).  The weighted mean hardness ratios are quoted for sources detected 

in both instruments. (13) The measured flux in the 0.3-6 keV energy range. The count rate in each 

detection band was converted to an X-ray flux using Energy Conversion Factors (ECFs) calculated for 

each instrument from a power-law continuum spectrum with T =  1.7 absorbed by the Galactic fore

ground column towards NGC 4945 ( NH= 1.6 x 1021 cm-2 ; Stark et al. 1992). Again, for sources 

detected in both instruments, these are the weighted mean flux values for the particular band. The 

fluxes derived from the individual bands were subsequently added to provide the quoted instrumental 

flux (0.3-6 keV). (14) The derived X-ray luminosities for sources within the D25 ellipse, assuming a 

distance of 3.7 Mpc.

‘Actually there are 23 sources within the ellipse but source 13 is a bright X-ray source located just on the ellipse boundary 

and has also been included (see later).
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Figure 5.1: Top panel: the XMM-Newton image of the NGC 4945 field in a broad (0.3-6 keV) band

pass. The image has been lightly smoothed using a la  (4 " ) Gaussian mask. Bottom panel: the optical 

DSS-2 (blue) image of the NGC 4945 field. Detected sources are identified with circles and the optical 

D25 ellipse of NGC 4945 is also shown.North is up and East is to the left.
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Table 5.2: The full catalogue of sources detected in the XMM-Newton observations
SRC RA DEC ritf pn cts ks 1 MOS cts ks 1i HR1 HR2 fx L x

ID (hh:mm:ss) (O .// ) ( " ) S M H S M H

7oX (x lO 36)

(1) (2) (3) (4) (5) (6) (7) (8) (9) 00) (11) (12) (13) (14)

1 13:04:05.78 -49:28:30.0 1.59 32.1±1.9 6.7±0.9 1.5±0.8 7.9±0.7 2.6±0.4 0.5±0.3 -0.61 ±0 .04 -0 .6 5 ± 0 .11 9.0±0 .6

2 13:04:07.54 -49:36:45.4 1.88 6.1± 1.1 5.4±1.0 3.6±1.1 - - - -0.06±0.13 -0.20±0.17 6.1±  1.1

3 13:04:08.04 -49.23:58.2 1.60 9.0±1.1 10.0± 1.2 8.8± 1.2 1.0±0.3 3.9±0.5 3.5±0.5 0.28±0.06 -0.05±0.07 12.3±0.9

4 13:04:16.63 -49:25:53.4 1.63 2.8± 0.6 7.0±0.8 6.7±0.9 0 .5± 0 .2 3.2±0.4 2.4±0.4 0.58±0.07 -0.07±0.07 8 .5±0.7

5 13:04:23.50 -49:23:18.6 2.09 0.9±0.5 2.1±0.5 3.8±0.8 - - - 0.41 ± 0.25 0.30±0.15 4 .3± 0 .8

6 13:04:24.48 -49:34:51.2 2.31 3.1 ±0.7 1.5±0.5 1.2±0.7 - - - -0.35±0.19 -0.10±0.35 2.1 ± 0 .7  ‘

7 13:04:29.04 -49:36:56.6 1.60 6.2± 1.0 7.7±1.0 5.1±1.0 1.8±0.4 4.0±0.6 0 .9± 0 .4 0.22±0.08 -0.39±0.09 7.2±0 .7

8 13:04:30.41 -49:26:45.6 2.10 3.2±0.6 0.0±0.2 0.0± 0 .4 - - - -1 .00±0.14 0.00±0.00 0 .6± 0 .4

9 13:04:32.88 -49:31:39.7 1.61 13.1±0.9 2.0±0.4 0.0±0.2 2.3±0.3 0.8± 0.2 0.2±0.2 -0.68±0.05 -0.84±0.15 3 .0±0.2

10 13:04:33.43 -49:34:18.8 2.23 1.4±0.5 1.6±0.5 1.9±0.6 - - - 0.08±0.22 0.08±0.21 2.5±0 .6

11 13:04:33.67 -49:15:27.7 1.64 11.4±1.3 10.7±1.3 7.5±1.3 - - - -0 .03±0.08 -0.17 ± 0 .10 12.1 ±  1.3

12 13:04:40.54 -49:33:13.3 1.86 1.0±0.4 2.3±0.5 0.7±0.5 0.4±0.1 0.8± 0.2 0.4±0.1 0.36±0.13 -0.42±0.15 1.7±0.3

13* 13:04:42.62 -49:34:51.6 1.52 3.2±0.6 29.7±1.4 32.2±1.6 0.8± 0.2 10.8± 0.6 12.6±0.7 0.84±0.02 0.06±0.03 38.6±1.1 632.3

14 13:04:43.78 -49:22:14.9 2.17 0 .5± 0 .4 1.9±0.4 1.4±0.5 - - - 0.59±0.26 -0.14±0.21 1.9±0.5

15 13:04:52.87 -49:39:33.1 1.71 0 .7± 0 .5 3.4±0.7 3.3±0.8 0.0±0.1 1.7±0.3 1.3±0.3 0.91 ± 0 .09 -0 .0 9 ± 0 .11 4 ,2± 0 .5

16* 13:04:56.83 -49:33:42.5 1.88 0.4±0.3 1.7±0.4 1.6±0.5 0.1 ±0.1 0.8± 0.2 0.9±0.2 0.72±0.15 0.01±0.12 2.4±0.3 38.8

17 13:05:05.47 -49:18:56.5 2.42 6.3±1 .3 7.8±1.2 7.9±1.6 0 .3 ± 0 .1 0.5±0.2 0.5±0 .2 0 .1 5 ± 0 .1 1 0.00±0.11 2 .4± 0 .4

18 13:05:07.58 -49:33:59.4 1.56 2.2± 0.8 2.3±0 .7 4.1±1.0 1.7±0.2 5.3±0.3 4.4±0.3 0.49±0.05 -0.07±0.05 10.7±0.6

19* 13:05:10.01 -49:31:43.3 1.70 - - - 0.4±0.1 1.8± 0.2 1.1± 0.2 0.6 8 ± 0 .1 1 -0.26±0.09 4 .2± 0 .4 68.6
20* 13.05:10.94 -49:31:27.5 1.76 4.2±0.5 3.6±0.5 0.0±0 .3 - - - -0.07 ± 0 .09 -1.0 0 ± 0 .17 1.8±0.3 29.3

21 13:05:11.64 -49:25:37.6 2.02 0.4±0 .3 1.9±0.3 0.9±0 .3 - - - 0.64±0.19 -0.35±0.17 1.5±0.3

22 13:05:12.50 -49:21:20.5 1.94 1.7±0.4 0.8±0 .3 0.2±0 .3 0.4±0.1 0.6± 0.1 0.4±0.1 -0.04±0.13 -0.31 ± 0 .18 1.1 ± 0 .2

23 13:05:14.59 -49:19:01.2 1.59 11.1±0.9 2.9±0.5 1.1 ±0.3 1.8± 0.2 1.0± 0.2 0.2±0.1 -0.50±0.05 -0 .5 6 ± 0 .1 1 3.1 ± 0 .3

24* 13:05:14.59 -49:30:46.1 2.02 2.2±0.5 1.5±0.4 0.0±0.1 0.6± 0 .2 0.7±0.1 0.1 ±0.1 -0.07±0.12 -0 .9 3 ± 0 .12 0.9±0.1 15.1

25* 13:05:18.55 -49:28:26.0 1.51 10.6±0.7 19.0±0.9 18.4±0.9 2.1± 0.2 6.4±0.3 7.3±0.4 0.38±0.03 0.02±0.02 23.8±0.6 390.6

26 13:05:20.83 -49:34:09.8 1.59 1.8±0.4 4.0±0.5 3.9±0.5 0.5±0.1 1.5±0.2 1.5±0.2 0.45 ± 0 .07 -0.01 ± 0 .06 5 .0± 0 .4

27* 13:05:21.34 -49:27:40.0 1.52 6.1 ± 0.6 11.4±0.7 9.1 ±0.7 1.1± 0.2 4.3±0.3 4.0±0.3 0.43±0.04 -0.08±0.03 13.0±0.5 213.7
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SRC RA DEC ri a pn cts ks 1 MOS cts ks ■1 HR1 HR2 fx L x

ID (hh:mm:ss) (° :' :" ) ( " ) S M H S M H ( x l O - 14) (x lO 36)

( 1) (2) (3) (4) (5) (6) (7) (8) (9) GO) ( 11) (12) (13) (14)

55 13:05:54.55 -49:27:53.6 2.30 1.8±0.3 0.3±0 .2 0.0±0.1 - - - -0.71 ±0.17 -1.00±0.36 0.4±0.1

56 13:05:55.61 -49:34:07.7 2.28 0 .5±0.3 1.3±0.3 0 .7± 0 .4 - - - 0.41 ±0.25 -0.27±0.25 1.2±0.4

57 13:05:58.49 -49:35:29.0 1.58 4.5 ±0.5 5.8±0.6 6.2±0.7 0.8± 0.2 1.6± 0.2 1.7±0.2 0.20±0.06 0.02±0.06 6 .8± 0 .4

58 13:06:01.59 -49:33:41.4 1.87 - - - 0.5±0.1 0.9±0.2 0.8± 0.2 0.27±0.15 -0 .03±0.14 2 .9± 0 .4

59 13:06:07.77 -49:34:25.7 2.33 2.3±0.5 0.6±0.3 0.0±0.1 - - - -0.57±0.17 -1.00±0.33 0.6±0.1

60 13:06:08.47 -49:32:04.6 1.62 2.3±0.4 2.4±0.4 1.4±0.4 0.8± 0.1 0.7±0.1 0.6± 0.2 -0 .00±0.09 -0 .1 8 ± 0 .11 2 .5±0.3

61 13:06:09.74 -49:26:30.8 1.55 10.5±0.8 6.2± 0.6 3.6±0.5 1.5±0.2 2.4±0.2 1.5±0.2 -0 .09±0.04 -0.25±0.06 6 .7± 0 .4

62 13:06:12.70 -49:21:07.6 2.27 2.1±0.5 1.0±0.3 0.0±0 .3 - - - -0.39±0.17 -1.00±0.59 0.6±0.1

63 13:06:15.51 -49:36:07.9 2.80 0 .8± 0 .4 1.5±0.4 0.6±0.5 - - - 0.30±0.27 -0 .43±0.34 2 .4± 0 .4

64 13:06:16.46 -49:30:54.4 1.57 3.6±0.5 5.6±0.6 4.8±0.6 0.6± 0.2 2.5±0.3 2.0±0.3 0.41 ± 0 .06 -0.10±0.06 6 .8± 0 .4

65 13:06:17.69 -49:34:34.7 2.42 - - - 0.2±0.1 0.4±0.1 0.7±0.2 0.31 ±0 .28 0.25±0.21 2.1 ± 0 .5

66 13:06:18.91 -49:33:41.4 1.63 5.7±0.6 1.7±0.4 0.1 ± 0 .2 1.1± 0.2 1.0± 0.2 0.4±0.1 -0.39±0.07 -0 .54±0.14 1.9±0.2

67 13:06:25.44 -49:28:26.0 1.55 18.1±1.0 4.4±0.6 1.2±0.4 3.9±0.3 1.4±0.2 0.2±0.1 -0.57±0.04 -0 .66±0.10 4.9±0 .3

68 13:06:28.58 -49:29:56.8 1.84 0.1 ± 0 .2 0.0 ± 0 .1 4.0±0.6 0.0±0.1 0.1 ±0.1 1.2± 0.2 0.57±1.57 0.96±0.06 3.2± 0 .4

69 13:06:32.52 -49:27:22.7 1.67 1.7±0.5 4.3±0.6 1.9±0.5 0.9±0.2 1.1± 0.2 1.0± 0.2 0.29±0.09 -0.25±0.09 3.5± 0 .4

N o t e s :  (1) source number (objects within the D 2 5  ellipse are marked by *); (2) RA in hh.mm.ss (J2000 coordinates); (3) DEC in 0 (J2000 coordinates); (4) la  error radius

including a 1.5" systematic error added in quadrature; (5,6 &7) and (8,9 & 10) source count rates in the soft (0.3-1 keV), medium (1-2  keV) & hard (2-6  keV) bands for the pn and 

MOS cameras respectively, with significant source detections (>  Aa) highlighted in bold; (11 & 12) soft (HR1) and hard (HR2) hardness ratios (as defined in the text); (13) source 

X-ray flux (0.3-6 keV) in units o f 10” 14 erg cm - 2  s - 1 ; (14) source X-ray luminosity (0.3-6 keV) in units of 1038 erg s -1  (assuming a distance to NGC 4945 of 3.7 Mpc).
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5.3.2 X-ray sources associated with NGC 4945

A breakdown of the total number of detected sources as a function of instrument and energy band is 

shown in Table 5.3. An estimate of the number of detected sources that may be background AGN 

was made using the Giacconi et al. (2001) hard band (2-10 keV) log N-\ogS relationship. Sources at 

the detection threshold (4a) in the medium (1-2 keV) band of this work correspond to ~  30 counts 

in pn and 22 counts in MOS, compared to the hard (2-6 keV) band values of ~  38 counts for pn 

and 28 counts for MOS. These counts were folded through the corresponding exposure map in each 

case (to correct for sensitivity changes across the EPIC FOV), providing a minimum count rate for a 

detected source at each point across the image, specific to each detector and energy band. These were 

then converted into a 2-10 keV flux per pixel based on the spectrum for a typical faint AGN (r=1.4, 

N jj=3 x l 0 20 cm-2 ). This flux was then used with the log AMog S relationship mentioned above and 

normalised to the detector area to give an estimated contamination of background sources in each of the 

pn and MOS datasets, as shown in Table 5.4. These calculations predict a medium band contamination 

of ~38 background AGN in the pn data and ~37 in the MOS, and a hard band contamination of ~24 

background AGN for both pn and MOS. Scaling this to the area on the detector occupied by NGC 4945 

(based on the size of the D25 ellipse), predicts a contamination of ~3 background AGN in the medium 

band and ~ 2  background AGN in the hard band for each detector.

Table 5.3: The number of significant sources detected in each energy band in the pn and MOS images.

Camera S M H S/M/H

pn 16 [42] 21 [51] 17 [40] 21 [62]

MOS 10[29] 20[47] 19[38] 20[50]

pn/MOS 16[44] 24[59] 21 [47] 24 [69]

N o t e s  : T h e  n u m bers q u oted  are for the D 2 5  e ll ip se  w ith  the  

fu ll-f ie ld  v a lu es  g iv e n  in square brackets. T h e  total num ber  

o f  in d iv id u a l so u rces d etected  in various instrum ent and e n 

erg y  band co m b in a tio n s  is a lso  ind icated .
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Table 5.4: Predicted number of background sources

Camera M H

pn 3[38] 2[24]

MOS 3[37] 2 [24]

N o t e s :  The numbers quoted are for D 2 5  ellipse (with the full-held values given in square 

brackets) in the medium and hard energy bands of the pn and MOS images, based on the 

log N-\og S relationship of Giacconi et al. (2001). The D25 values were estimated by 

scaling the full-held numbers to the NGC 4945 area.

5.3.3 Cross correlation

Following the procedure described in Chapter 4, the XMM-Newton source list was cross-correlated 

with other sources in the NED and SIMBAD databases, using a 3cr error search radius (including a 

1" systematic error) of each XMM  source position. The results are summarised in Table 5.5. While 

there are 25 sources with other possible identihcations, 21 of these lie within the conhnes of the D25 

ellipse of NGC 4945 and all simply correspond to previously detected X-ray sources. The remaining 4 

identihed sources consist of a foreground star, a radio source, a ROSATX-ray source and a background 

galaxy (sources 1, 4, 9 and 54 respectively). Importantly, source 37 corresponds to the hard nuclear 

source, while source 35 is consistent with the soft X-ray plume reported by Schurch et al. (2002), rather 

than a true discrete X-ray source.
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Table 5.5: Previous identifications of the XMM-Newton sources.

XMM ID ROSAT ID 

PSPC[P]/HRI[H]

Chandra ID Other ID Source type

1 CD-487895 Star

4 SUMSS J130416-492550 Radio source

9 1 WGA J1304.5-4931 X-ray source

19* [CHP2004] J 130509.7-493143 X-ray source

20* [GMB2000] 4 [P] [CHP2004] J 130511.0-493126 X-ray source

25* [CHP2004] J 130518.5-492824 X-ray source

27* [CHP2004] J 130521.2-492741 X-ray source

[CHP2004] J 130521.7-492737 X-ray source

29* [CHP2004] J130521.9-492827 X-ray source

[SGT2004] J130521.94-492826.6 X-ray source

31* [CHP2004] J 130522.4-492657 X-ray source

32* [CHP2004] J 130522.7-492753 X-ray source

[CHP2004] J 130523.2-492755 X-ray source

33* NGC 4945: [R97] 05 [P] [CHP2004] J 130522.5-492935 X-ray source

34* NGC 4945: [BIR96] X -l [P+H] [CHP2004] J 130522.8-492901 X-ray source

[CHP2004] J130523.3-492910 X-ray source

35* [GMB2000] 1 [P] [SRW2002] J 130525.5-492754 X-ray source (plume)

36* [CHP2004] J 130525.4-492824 X-ray source

[CHP2004] J 130525.5-492832 X-ray source

37* [SRW2002] J 130527.5-492805 NGC 4945 Sy-2 nucleus

38* [CHP2004] J 130528.9-492945 X-ray source

39* [CHP2004] J 130529.0-492705 X-ray source

40* [CHP2004] J 130529.8-492643 X-ray source

44* [GMB2000] 2 [P] [SGT2004] J 130532.89-492734.1 X-ray source

45* [CHP2004] J 130535.5-492912 X-ray source

46* NGC 4945: [R97] 03 [P] [CHP2004] J130538.1-492545 X-ray source

[GMB2000] 3 [P] X-ray source

47* [CHP2004] J 130539.0-492530 X-ray source

49* [CHP2004] J 130540.8-492604 X-ray source

50* [CHP2004] J130543.4-492431 X-ray source

54 ESO 2 1 9 -G 025 Galaxy

N o t e s : ROSAT ID numbers correspond to PSPC [P] and HRI [H] detections; [GMB2000] Guainazzi et al. (2000); [BIR96] Brandt 

et al. (1996); [R97] Radecke (1997). Chandra ID numbers from [CHP2004] Colbert et al. (2004); [SGT2004] Swartz et al. (2004) and 

[SRW2002] Schurch et al. (2002). Other ID references: SUMSS - (Sydney University Molonglo Sky Survey) Mauch et al. (2003); CD - 

Hog et al. (1998); 1WGA - White et al. (2000); ESO - Lauberts (1982).
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5.4 The brightest discrete X-ray sources

The bright variable source detected by Brandt et al. (1996) corresponds to source 34 of this work and 

on the basis of the XMM-Newton observation, is the 7th brightest source in this galaxy with an observed 

0.3-6 keV luminosity of ~  4 x 1038 erg s-1 . However, this source, as well as the 6th brightest source 

within the D25 ellipse (source 25), lies on a pn chip gap in this observation. Therefore temporal and 

spectral analyses have been restricted to the 4 brightest sources within the D25 ellipse (excluding the 

AGN). These sources are labelled 13, 29, 44, and 46 in Table 5.2, and have observed fluxes (0.3-6 keV) 

in excess of 10“ 13 erg cm-2 s~1 (L x  > 6 x 1038 erg s-1 ).

In the analysis, the extraction regions were chosen to minimise contamination by neighbouring point 

sources or underlying diffuse emission. However, only the data for source 13 could be extracted without 

strict limitations as this source is located near the edge of the D25 ellipse, away from the central region 

which hosts the strongest diffuse emission and other detected sources. Source 29 is located very near 

to the centre of the galaxy in a densely populated source region and as such is likely to suffer the most 

contamination. Source 44 lies further away from the centre of the galaxy and nearby sources but may 

still be contaminated by the underlying emission from the galaxy. Source 46 is located far enough from 

the centre of the galaxy such that the diffuse emission component will not be as significant but it lies 

very close to two other catalogued sources. Therefore smaller extraction regions have been employed 

than otherwise would have been, to limit the amount of contamination in each case.

5.4.1 Light curves

Background-subtracted light curves were extracted for each source based on the combined 0.3-6 keV 

data from the three EPIC cameras. In each case the background data were extracted from the nearest 

source-free regions to the source, visible in all three detectors. The size of the circular source and 

background extraction apertures are listed in Table 5.6. Before subtracting the background data from 

each source, an area scaling factor was applied to the background counts to account for the different 

extraction sizes. As previously mentioned, it was necessary to use quite small extraction regions for 

the three brightest sources (29, 44, 46), to avoid contamination from neighbouring point sources and 

the underlying galaxy emission. The light curves were binned to provide at least 20 counts per bin, 

ensuring Gaussian statistics are valid.
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Table 5.6: Light curve and spectral extraction apertures

Extraction radius

ID Source Background

(1) (2) (3)

13 20 40

29 12 17.5

44 15 22.5

46 12 30

N o t e s :  (1 )  S o u rce  d esig n a tio n ; (2 )—(3 ) A perture radii in " .

The resulting light curves with 500 s time binning for source 13 and 250 s time binning for sources 29, 

44 and 46 are shown in Fig. 5.2. The short-term X-ray variability of each source was investigated using 

the methods described in Chapter 4, namely, a x 2 test on the raw light curves with the aforementioned 

binning and K-S test on the pn light curves with 1 s time bins. However, no evidence of such variability 

was found for any source using either method.

5.4.2 X-ray Spectra

The SAS task e s p e c g e t  was used to produce a source and background spectrum together with the 

necessary ARF and RMF files for four bright sources in NGC 4945. The X-ray spectra were extracted 

in the 0.3-10 keV band, using circular source and background extraction apertures as listed in Ta

ble 5.6. Although care has been taken to avoid contamination by the underlying diffuse emission and 

nearby sources, it is possible that some of this emission still remains. As previously mentioned, this is 

especially true for source 29 which lies in the central region where the diffuse emission is strongest.

For sources 13 and 46, the background regions were taken from regions relatively free of diffuse emis

sion from the galaxy. However, as sources 29 and 44 are located closer to the centre of the galaxy in 

a region of intense diffuse emission, the background regions for these sources were taken from nearby 

regions containing some of this emission. Fig. 5.3 show the positions of the bright sources in the galaxy 

and the size of the extraction regions. As previously mentioned, the extraction regions are relatively 

small in most cases in an attempt to limit the contamination.
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Figure 5.2: The background-subtracted 0.3-6 keV light curves of four bright sources, displayed in 

500 s (13) and 250 s (29, 44, 46) time bins. The light curves are based on the combined data from the 

MOS-1, MOS-2 and pn cameras. The error bars correspond to ±lcr.

A close up of the central region of the galaxy in the soft, medium, hard and broad bands is shown in 

Fig. 5.4. This clearly shows that source 35 is dominant in the soft X-ray band, whereas the nuclear 

source emerges at harder X-ray energies.

The spectral analysis was performed using X S P E C  (v.l 1.3.0) and spectral channels were grouped so as 

to give a minimum of 20 counts per bin. The pn, MOS-1 and MOS-2 spectra were fitted simultaneously, 

using constant multiplicative factors in each model to allow for calibration differences between the 

cameras. This value was frozen at unity for the pn data and allowed to vary for the MOS detectors, 

with the values typically agreeing within 15%.
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Figure 5.3: The XMM-Newton image of the NGC 4945 field in a broad (0.3-6 keV) bandpass. The 

ellipse marks the optical extent of the galaxy as measured by the D25 isophote. The four bright X-ray 

sources studied here are highlighted with black circles denoting the spectral extraction radius used. The 

blue circles highlight the position of the Seyfert 2 nucleus (37) and the position of the X-ray plume (35) 

as reported in Schurch et al. (2002).
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Figure 5.4: Close up of the central region of NGC 4945 in the soft (top left), medium (top right), hard 

(bottom left) and broad (bottom right) X-ray bands. Again, the blue circles highlight the position of the 

Seyfert 2 nucleus (37) and the position of the X-ray plume (35). As expected, the Sy-2 nucleus emerges 

at harder X-ray energies while source 35 is dominant in the softest band.

Initial fits to the X-ray spectra were made using the single component models of a power-law (po), 

blackbody (bbody), multi-colour disc blackbody (d isk b b ) and solar-abundance optically-thin ther

mal plasma (m ekal) spectral forms. Each model was modified for absorption using the tb a b s  model 

with abundances and absorption cross-sections tabulated by Wilms et al. (2000). Typically, the best 

fits were obtained with either the po or the d is k b b  models. These results are summarised in Ta

ble 5.7, which also lists the observed 0.3-10 keV fluxes and the observed and intrinsic (unabsorbed) 

luminosities for the best fitting model2.

2These fluxes are an average of those measured in the three detectors
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Table 5.7: Single component spectral fitting results

Source Model NHa r /  kTin X2/dof f x i  obs)b Lx (obs)c Lx ( int)d

13 po 15.76 t U i 2 74+0-18 —0.17 94/93 - - -

d isk b b 9 .5 9 t\f3 1 21+0-11 KZ1- 0.10 78/93 2.55 4.18 6.23

29 po 10-68 ±g;S 2.64±0.08 387/254 - - -

d isk b b 5 01 +°-40 1.05 ±0.04 222/254 4.02 6.58 9.23

44 po q qq+0.75 —0.62 206/204 4.00 6.56 10.22

d isk b b 4 32+0'44•'3Z—0.41 222/204 - - -
46 po 7 49+0-64 1.87±0.07 282/221 - - -

d isk b b 2 QQ+0-39 — 0.36 1.59±0.08 248/221 4.56 7.47 9.00

N o t e s : The best fitting model for each source is highlighted by showing the x2/dof values in 

bold face. a Column density including Galactic (xlO21 cm-2); b Observed 0.3-10 keV X-ray 

flux (x 10-13 erg cm-2 s-1) for the best fitting model; c Observed 0.3-10 keV X-ray luminosity 

(xlO38 erg s-1) for the best fitting model. d Intrinsic 0.3-10 keV X-ray luminosity (xlO38 erg 

s-1) for the best fitting model.

The spectra of sources 13, 29 and 46 all prefer the d is k b b  model with 1.1 < kTin < 1.6, while 

source 44 is best fitted by the power-law model with T ~  2. The b b o d y  and m e k a l models are not 

shown in this table as they did not provide better fits than the best fitting po  or d i s k b b  model. Fig. 5.5 

shows the spectra and best fitting single component model in each case.

Two component modelling was unnecessary in each case as the X-ray spectra are adequately described 

by the single component models. As confirmation of this, attempts to model the X-ray spectra with 

two component models {i.e., a power-law plus either a d is k b b ,  b b o d y  or m ek a l component) did 

not provide a significant improvement over the single model fits in any case.
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Figure 5.5: EPIC pn count rate spectra and Ax residuals with respect to the best-fitting single compo

nent model specified in Table 5.7, for sources 13, 29, 44 and 46.
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5.5 X-ray colours

The D25 sources in this galaxy were plotted on an X-ray colour diagram, using the same method as 

described in Chapter 4. All of the sources fall into either the absorbed source category or the XRB 

regime using these classification boundaries (see Fig. 5.6). This is most likely a consequence of the 

high column density towards NGC 4945, which absorbs most of the soft X-ray emission resulting in 

larger HR1 values than expected. This colour classification is intended to be a general scheme that 

can be applied to any galaxy regardless of the Galactic column density, with the absorption increasing 

in the Y-direction on the powerlaw grid (see model grid in the top panel of Fig 4.7). Most nearby 

galaxies chosen for point source studies are selected against such high absorption for this very reason. 

Therefore, in the case of NGC 4945, this X-ray colour scheme cannot accurately be used to derive 

information on the types of sources present.

Absorbed sources

Background
sources

increasing hardness

-1 -0 .5 0 0.5 1 1.5

HR2

Figure 5.6: Classification of the NGC 4945 D25 sources detected by either MOS or pn based on the classification 
scheme described in Chapter 4.
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5.6 Residual disc emission

Following the procedure from Chapter 4, the X-ray images were flat-fielded by subtracting a particle 

component and then dividing by the appropriate exposure map. As before, bad pixels, a hot column 

(for the pn detector) and spurious data along chip gaps were excised. Fig. 5.7 shows a close up of the 

flat-fielded pn soft band data with blanked out regions around the catalogued discrete sources listed in 

Table 5.2. A few additional regions with emission thought to originate from point sources have also 

been removed in an attempt to limit contamination of the underlying diffuse emission. The size of the 

circular exclusion regions were 25", 30" and 35" depending on the brightness of the sources. Unfortu

nately the bulk of the diffuse emission is concentrated in the centre of the galaxy which also harbours 

the majority of the point sources; it follows that in removing contamination from point sources, much 

of the diffuse flux is also excluded. However, it is apparent from Fig. 5.7 that some regions of enhanced 

diffuse brightness remain, which can be used to sample the spectrum of the extended emission.

Representative spectra of the residual disc emission (excluding the blanked out regions), were extracted 

from the region represented by the ellipse in Fig. 5.7. Background spectra were obtained with exactly 

the same extraction region using blank-sky background maps. The diffuse spectra were grouped to give 

a minimum of 30 counts per bin and the pn, MOS-1 and MOS-2 data were fitted simultaneously, but 

with the relative normalisations untied so as to allow for calibration differences between the cameras. 

The spectral analysis was confined to the 0.3-6 keV energy range for which there was a reasonable 

signal to noise ratio.

Following the NGC 55 analysis, the X-ray spectra were initially modelled with an absorbed m ek a l 

component, with the abundance free to vary. This model yielded the following fit parameters:

1.4 x 1021 cm-2 , k T  ~  0.5 keV, Z ~  0.07 Z q and x 2/dof=551/362. However, this absorption is 

less than the Galactic column density towards NGC 4945 and the very low abundance is unrealisitic. 

As before, improved fits to the data were achieved using a power-law or higher temperature m ek a l 

component to fit the harder X-ray energies. The results of the spectral fitting are shown in Table 5.8 

and the best-fitting m e k a l plus power-law model fit to the data is shown in Fig 5.8.
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13h5m50* 13h5m40* 13h5m30* 13h5m20* 13h5m10* 13h5m00*
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Figure 5.7: Close up of the composite flat-fielded pn image in the soft (0.3-1.0 keV) bandpass. Regions 

around catalogued sources have been blanked out so as to reduce the contamination of the diffuse signal 

by relatively bright resolved point sources. A few additional regions thought to be contaminated by 

relatively bright point sources were also removed. The ellipse, excluding the blanked out sections, 

corresponds to the region used to estimate the diffuse luminosity of the disc of NGC 4945 and from 

which the diffuse spectrum was extracted.
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Table 5.8: Spectral modelling results for the residual disc emission

Model N Ha kT\ kT2b z ( z Qy r X 2/d o f f x d

Obs Obs

L x e

Unabs

m e k a l <1.70 a  C l  +0.05 
u -:)1 -0 .04 - 0.07±0.01 - 551/362 2.33 3.8 7.4

m e k a l + p o 2 36+1‘98 Z-JO -0 .59 0  24+0 02 
u - z ^ - 0 . 0 1

- n  4 1 + 5.53 
—0.13

9 aa+ 0 .30  
—0.34 398/360 3.17 5.2 12.2

m e k a l + m e k a l 7 8Q+4-93 z -6 y -2 .05 0  ?4+0'02 o  t q + S . 2 0
1.44

0  1 1 +0.13U>1 J-o.oe - 403/360 3.15 5.2 16.0

Notes: a Column density (including Galactic, xlO21 cm-2). b Temperatures of the cool (kT\ ) and hot (fcTh) thermal 

components in keV. c Relative metal abundance of the thermal plasma component. d Observed 0.3—6 keV X-ray flux 

(xlO-13 erg cm-2 s-1). e Observed and intrinsic (absorption-corrected)0.3-6 keV X-ray luminosity (xlO38 erg s-1).
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Figure 5.8: EPIC pn count rate spectra for the residual disc emission in NGC 4945. The best-fit m ekal 

plus power-law model is shown along with the corresponding Ax residuals (lower panel).

The m ekal plus power-law model (Nh ~  2.4 x 1021 cm-2 , kT  ~  0.2 keV, Z ~  0.4 Z@, T ~  

2 and x2/dof=398/360) yields an observed X-ray flux of ~  3 x 10“ 13 erg cm-2 s-1 (0.3-6 keV), 

corresponding to an absorbed luminosity of 5 x 1038 erg s_1. About 40% of this luminosity originates 

in the soft thermal emission. After correcting for absorption, the luminosity of this soft component 

increases to ~  7 x 1038 erg s-1 and contributes about 60% of the total. While it is likely that this 

soft m ekal component represents real diffuse emission in the galaxy, the harder emission modelled 

with the power-law component may be due to a contamination of unresolved point sources and/or the 

possible scattering of the primary nuclear continuum into our line of sight (e.g., Iwasawa et al. 1993, 

Guainazzi et al. 2000).

The soft diffuse emission has a temperature of ~  0.2 keV (Table 5.8), which as stated in the previous 

chapter is fairly typical for the softest emission in star forming galaxies (e.g., Pietsch et al. 2001, 

Fabbiano et al. 2003). The observed X-ray flux of the residual disc emission is only ~  10% of that of 

the resolved sources in the broad 0.3-6 keV band but contributes approximately the same amount of 

flux in the soft band. This supports the argument that a bright soft X-ray disc in this galaxy is being 

detected. The full extent of the soft diffuse component is ~  12' x 5' (which roughly corresponds 

to the area encompassed by the lowest contour in Fig. 5.7) albeit with a concentration in the central 

~  3' x 2 '. Allowing for the fraction of the bright disc region which is masked in Fig. 5.7, the true 

luminosity of the disc is estimated to be a factor 1.7 larger than determined on the basis of the spectral
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extraction region.

The physical properties of the soft residual disc component (0.3-6 keV) have been derived based on 

the m ek a l component of the best fit m e k a l + po  model to the diffuse emission, and are tabu

lated in Table 5.9. The soft component has a similar temperature to that calculated for NGC 55 and 

NGC 4449. However, the luminosity, thermal energy, gas mass and cooling time are noticeably larger 

for NGC 4945, while the electron density and pressure are up to ~  6 times smaller.

Table 5.9: Physical parameters of the soft residual disc component (0.3-6 keV).

Physical property Value

Temperature, T 2.8 x 106 K

Intrinsic L x 1.2 x 1039 erg s-1

Electron density, n e 0.0054 cm-3

Thermal energy, E th 4.8 x 1055 erg

Mass of hot gas, M 3.5 x 107 M q

Pressure, P 4.2 x 10-12 dyn cm-3

Cooling time, tcooi 12.8 x 108 yr

A s s u m p tio n s :  V  = 8 x 1066 cm3 (cylindrical volume 

subtending 12' x 5' when projected on the sky); D — 

3.7 Mpc; filling factor, f  — 1; the intrinsic L x  is scaled by 

a factor of 1.7 as described in the text; n e = (E l /V f ) 1' 2, 

where E l  is the emission integral (norm  x  4itD2)/1 0 -1 4 , 

and n orm  is the m e k a l normalisation obtained from the 

spectral fitting (also scaled by a factor of 1.7); Eth = 

3nek T V ; M  — n em p V /; P  = 2n ekT  and tcooi ~  

(:3 k T ) / {A n e), where A = LX /E I.
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Finally, there is evidence from the soft band X-ray images (see Fig. 5.9) that the diffuse component is 

extended as far as ~  3' (~  3 kpc) along the minor axis to the South-East (with a width along the major 

axis direction of ~  2 '). This extended emission (a possible outflow?) is orientated in the opposite 

direction to that of the soft X-ray plume, which is extended to the North-West by ~  30" (Schurch et al., 

2002). It is at least a plausible hypothesis that this South-East to North-West axis defines the normal to 

an accretion disc in the nucleus of the galaxy, and hence is the natural axis for an outflow to occur.
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Figure 5.9: Adaptively smoothed soft band (0.3-1 keV) EPIC image of the NGC 4945 field. Evidence 

of an outflow extending up to ~  3 ' in the South-East direction can be clearly seen.
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5.7 Discussion

5.7.1 The bright sources

The most luminous X-ray source in the NGC 4945 field (source 37) is coincident with the Seyfert 

nucleus. The galaxy’s nuclear region has been the subject of many previous analyses (e.g., Done et al. 

1996, Schurch et al. 2002, Done et al. 2003), and as such is not re-analysed here. Instead, this work 

concentrates on the four next brightest sources which have not been as well studied. These sources 

have high observed X-ray luminosities (~  4 — 7 x 1038 erg s_1) and are best described by power- 

law continuum or accretion disc dominated X-ray spectral shapes (see § 5.4.2). It is possible that 

these sources are accreting XRBs, however they do not show any variability over the course of this 

observation. As such, future observations would be necessary to confirm their accreting nature.

The two brightest of these sources (29 and 44 from Table 5.2) have previously been classified as ULXs 

(Colbert et al. 2004, Swartz et al. 2004). However, Colbert et al. (2004) use a distance to NGC 4945 of 

5.2 Mpc compared to 3.7 Mpc throughout this work, which resulted in higher luminosity estimates for 

these sources. If the authors had used 3.7 Mpc then these sources would not have X-ray luminosities 

> 1039 erg s-1 . While Swartz et al. (2004) do use a 3.7 Mpc distance, they classify ULXs as sources 

possessing intrinsic X-ray luminosities > 1039 erg s-1 , rather than observed X-ray luminosities which 

have been used to define ULXs in this thesis.

Swartz et al. (2004) and Feng & Kaaret (2005) also presented spectral characteristics of sources 29 

and 44. In both analyses, source 29 was best fitted using a MCD model with N h ~  4 x 1021 cm-2 , 

kTin ~  1 keV (Swartz et al., 2004) and N h ~  4 x 1021 cm-2 , kTin ~  0.9 keV (Feng & Kaaret, 

2005). Whereas, source 44 was best fitted using a power-law continuum in the work of Swartz et al. 

(2004) with N jj~  8 x 1021 cm-2 , T ~  1.8, but preferred a MCD model with N jj~  4 x 1021 cm-2 , 

kTin ~  1.7 keV according to Feng & Kaaret (2005).

Modelling of source 29 presented in this work agrees with the MCD interpretation and produced a 

similar disc temperature to those of Swartz et al. (2004) and Feng & Kaaret (2005) (i.e., kTin ~  1 keV), 

but a slightly higher absorption component (i.e., 5 x 1021 c m '2). Modelling of source 44 in

this work agrees with the power-law interpretation of Swartz et al. (2004), with almost identical fit 

parameters (i.e., 7V//~ 8 x 1021 cm-2 , T ~  1.8).
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Table 5.10: The components of the integrated X-ray luminosity of NGC 4945.

Component L x  (0.3-6 keV)

AGN 12 x 1038 erg s-1

Discrete sources 58 x 1038 erg s-1

Residual soft disca 12 x 1038 erg s-1

Residual hard disc0 9 x 1038 erg s-1

° Corresponding to the 12' x 5' ellipsoidal inner disc region. Corrected 

for absorption intrinsic to NGC 4945 and including the area scaling fac

tor.

5.7.2 Comparison with NGC 55

In addition to the Seyfert 2/starburst nucleus, ~  20 of the detected discrete X-ray sources are likely to 

be associated with NGC 4945, the majority of which are located in the central region. Unfortunately 

not much can be said about the nature of these sources based on their X-ray colours, as the high intrinsic 

absorption tends to suppress the soft X-ray emission, causing all the sources to lie in the XRB/absorbed 

source categories. However, based on their relatively high luminosities (> 6 x 1038 erg s-1 ), it is 

likely that most of the discrete sources are XRBs. The integrated X-ray luminosity of the nucleus and 

the discrete sources together with the luminosity inferred for the residual disc emission is summarised 

in Table 5.10 (the discrete source luminosities are from the source catalogue given in Table 5.2 and are 

therefore observed luminosities, i.e., uncorrected for absorption intrinsic to NGC 4945). The quoted 

values for the residual disc emission are scaled-up values based on the area scaling factor determined 

earlier.

A comparison of the integrated luminosity of NGC 4945 with NGC 55 reveals that the 23 discrete 

sources in NGC 4945 (excluding the AGN) are ~  3.5 times more luminous than the 21 brightest sources 

in NGC 55 (including the ULX). In other words NGC 4945 has a somewhat more luminous discrete 

source population than NGC 55. Also, as the majority of the discrete sources in NGC 55 were classified 

as accreting binaries based on their X-ray colour classification, then based on a luminosity argument, 

the majority of sources in NGC 4945 are also likely to be accreting binaries.

The diffuse X-ray emission detected in NGC 4945 has been shown to cover a region of ~  12' x 5'. A

133



Chapter 5. The X-ray properties of NGC 4945 5.7. Discussion

previous study of the diffuse emission in NGC 4945 using high resolution Chandra X-ray and ground- 

based optical Ha imaging, revealed a total (i.e., halo+disc+nuclear regions) observed flux (0.3-2 keV) 

for the galaxy of ~  4 x 10" 13 erg cm-2 s-1 (Strickland, 2004). The estimated observed flux of the 

diffuse emission based on this XMM-Newton spectral analysis in the same energy band (i.e., 0.3-2 keV) 

is similarly ~  4 x 10-13 erg cm-2 s-1 after applying the 1.7 scaling factor discussed earlier. This is 

entirely consistent with that derived by Strickland (2004), and corresponds to an observed luminosity 

of ~  7 x 1038 erg s-1 (0.3-2 keV).

A comparison of the properties of NGC 4945 with those of NGC 55 is given in Table 5.11. While 

NGC 55 and NGC 4945 are both edge-on galaxies (which makes it difficult to study their detailed 

morphologies) the key difference is that NGC 4945 is a much more massive and actively star forming 

than NGC 55. Also, it is believed that the origin of the diffuse X-ray emission differs between normal 

galaxies like NGC 55 and galaxies with both starburst/Seyfert contributions like NGC 4945. In normal 

galaxies the diffuse emission tends to trace the optical disc, which largely agrees with the NGC 55 

results, which show that the diffuse emission is concentrated in the central disc at sites of current star 

formation. X-ray studies of edge-on galaxies with both starburst/Seyfert contributions, (e.g., Levenson 

et al. 2001) have shown that the soft X-rays extend perpendicular to the plane and are not confined to 

the disc. Indeed, this analysis (as well as other X-ray studies e.g., Guainazzi et al. 2000) shows the 

presence of diffuse emission along the plane of NGC 4945, as well as possible evidence of a ~  3 kpc 

outflow perpendicular to the disc. Comparing the properties in Table 5.11, the most important point 

to notice is that NGC 4945 is ~  7 times more massive than NGC 55, and this difference is generally 

reflected in the X-ray luminosities, which are ~  5 times larger for NGC 4945. On the other hand, the 

difference in the diffuse X-ray luminosities between the two systems does not seem to fully scale with 

the star formation rate (SFR), which is a factor ~  14 larger for NGC 4945. However, this may be due 

to the fact that the nuclear starburst region of NGC 4945 was unfortunately largely excluded in this 

analysis due to the bright source confusion.

A number of studies have argued that the X-ray luminosity can be used as an estimate of the SFR of 

the galaxy (e.g., Gilfanov et al. 2004). Looking at this in more detail for NGC 55 and NGC 4945, by 

considering the L x~ S FR relation plotted in Fig. 4 of Gilfanov et al. (2004), the predicted luminosity 

band for the given SFR of each galaxy is ~  6 x 1037 — 1039 erg s_1 for NGC 55 and ~  9 x  1039 — 3 x 

104° erg s-1 for NGC 4945. These luminosities are consistent with those derived in this analysis.
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Table 5.11: A comparison of the properties of NGC 4945 with NGC 55(0.3-6 keV).

Property NGC 55 NGC 4945

Assumed Distant (Mpc) 1.78 3.7

L x  (AGN)a (1038 e rg s -1 ) - 16

L x  (sources)0 (1038 erg s " 1) 17 77

L x  (diffuse)0 (1038 erg s_1) 4 21

M256 (109 M0 ) 8.5 61.7

M Hf  (109 MQ) 2.0 1.3

SFRd (M© y r - 1) 0.22 3.1

N o t e s : aX-ray luminosities from Chapter 4, this chapter respectively.

Quoted values are corrected for absorption, and in the case of the diffuse 

emission, are scaled using the 1.7 factor derived earlier (NGC 4945).

Also, for NGC 4945, the source luminosity includes source 35, previ

ously identified as a soft X-ray plume, which has an intrinsic luminosity 

of 1 x 1038 erg s_1 b ‘Indicative’ mass of the galaxy within its D25 di

ameter from Karachentsev et al. (2004). c HI mass of the galaxy from 

Karachentsev et al. (2004). d Star formation rates from Grimm et al.

(2003). Quoted values are scaled to the assumed distant.

5.8 Summary

The X-ray properties of the spiral galaxy NGC 4945 have been investigated using recent XMM-Newton EPIC 

observations. These data revealed a total of 69 X-ray sources in the FOV, of which 24 were located 

within the D25 ellipse of the galaxy. Source detection covered a flux range of ~  9 x 10“ 15 — 7 x 

10~13 erg cm-2 s-1 (0.3-6 keV) for sources within the D25 ellipse, corresponding to a luminosity 

range of ~  2 x 1035 — 1 x 1039 erg s-1 assuming a distance to NGC 4945 of 3.7 Mpc 3. Estimates 

of background AGN contamination of the D25 sources leads to a prediction of ~  20 actual members 

of the galaxy. Their high luminosities coupled with their high density in the central starburst region 

suggests the majority of these sources may be accreting XRBs.

X-ray spectral and timing analyses were performed on four of the brightest X-ray sources (excluding

3The faintest source detected in the field had an observed X-ray flux of ~  4 x 10-15 erg cm -2 s_1
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the AGN) in the galaxy. While the timing studies did not reveal evidence of an accreting nature, 

the spectra of three of the four sources were best described by an accretion disc model (MCD) with 

1.1 < kTin < 1.6. The remaining source preferred a simple absorbed power-law spectral fit with 

T ~  1.8. Additional observations of NGC 4945 are needed to monitor the bright X-ray sources and 

search for variability, to support the binary interpretation.

The galaxy shows evidence for diffuse emission along the disc with an extent of 12' x 5', as well as 

a possible outflow perpendicular to the plane extending up to ~  3'. This apparent outflow is aligned 

in the opposite direction to the soft X-ray plume which emanates from the nucleus, suggesting that 

both are linked to nuclear activity. The diffuse emission is best described by a soft thermal component 

with kT  ~  0.2 keV plus a hard power-law contribution with Y ~  2, which may be due to unresolved 

binaries or reflection from the nuclear continuum. After correcting for absorption and an area scaling 

factor, the X-ray luminosity of this soft emission is ~  12 x 1038 erg s_1 (0.3-6 keV). However, as 

noted by Guainazzi et al. (2000), there may be substantial contribution to the emission above 1 keV 

due to unresolved binaries.

A comparison of the properties of NGC 4945 with NGC 55 show that the X-ray luminosities from the 

source and diffuse components appear to scale with the total mass of the system. In addition to this, 

the expected luminosities based on the SFR of each system are entirely consistent to those calculated 

in this analysis.
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Chapter

XMM-NEWTON observations of the 

brightest ultraluminous X-ray sources

6.1 Introduction

Einstein X-ray observations were the first to reveal point-like, extranuclear sources in some nearby 

galaxies with luminosities in excess of 1039 e rg s-1 (Fabbiano, 1989). Subsequently, many of these 

so-called ultraluminous X-ray sources (ULXs) have displayed short and long term variability, which 

suggests they are predominantly accreting objects (see Miller & Colbert 2004 and references therein). 

However, the observed luminosities of most ULXs exceed the Eddington limit for spherical accretion 

onto a stellar-mass (~10-M©) black-hole. In fact, their luminosites are intermediate between those of 

normal stellar mass BHBs and AGN. Therefore, the accretion of matter onto IMBHs of ~102-104 M© 

provides an attractive explanation for ULXs, and could represent the long sought-after ‘missing link’ 

between stellar mass black-holes and the supermassive black-holes in the nuclei of galaxies. However, 

the large populations of ULXs associated with sites of active star formation (e.g., in the Cartwheel 

galaxy, Gao et al. 2003) demand rather too high formation rates of IMBHs if they are to explain the ULX 

class as a whole (King, 2004). An alternative to accreting IMBHs is that ULXs may be a type of stellar- 

mass BHB with geometrically (King et al., 2001) or relativistically (Kording et al., 2002) beamed 

emission, such that their intrinsic X-ray luminosity does not exceed the Eddington limit. Another 

possibility is that they are stellar-mass BHBs that can achieve truly super Eddington luminosities via
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slim (Ebisawa et al., 2003) or radiation pressure dominated (Begelman, 2002) accretion discs.

As ULXs are probably the brightest class of XRB fueled by the accretion of matter onto a black-hole1, 

a knowledge of the properties of Galactic BHBs could be vital in interpreting their characteristics. 

Traditionally the X-ray spectra of BHBs have been fitted empirically with two components, namely 

a power-law continuum and a MCD component (Mitsuda et al. 1984; Makishima et al. 1986). In 

the standard picture, the power-law component is thought to represent inverse-Compton scattering of 

thermal photons from the accretion disc by hot electrons in a surrounding corona. As such, the power- 

law represents the hard tail of the X-ray emission while the MCD component models the soft X-ray 

emission from the accretion disc. The MCD model itself has been formulated based on the best known 

model for accretion onto black-holes (i.e., the thin accretion disc model, Shakura & Sunyaev 1973).

As previously mentioned (§ 1.3.4), BHBs exhibit thermal and non-thermal components of X-ray emis

sion, typically modelled by a MCD and power-law respectively, both of which can vary widely in 

intensity. It has long been recognised that BHBs undergo transitions between various X-ray spectral 

states when one or the other of these emission components dominates the X-ray luminosity: the LH 

state where the emission is dominated by a power-law, the HS state which is dominated by MCD 

emission and the VH state where the emission is usually dominated by steep power-law emission.

The idea of ULXs as analogues to Galactic BHBs in the HS state was supported by ASCA observa

tions, which revealed that their 0.5-10 keV spectra were successfully fitted with the MCD model with 

relatively high disc temperatures (1.0-1.8 keV, Makishima et al. 2000). As such, the ULXs were con

sidered to be mass-accreting BHs with the X-ray emission originating in an optically-thick accretion 

disc. In fact, the use of the MCD model to describe these spectra permits an ‘X-ray-estimated’ black- 

hole mass, M x r, to be calculated from the following equation (c.f. Makishima et al. 2000 equations

Where D  is the distance to the X-ray source, which has an inclination i, a full bolometric luminosity 

(from the MCD model) of /boi and an observed maximum disc colour temperature Tm. In addition

(5M8)).

cosz
(6 . 1)

Although the most likely reservoir o f  fuel for a ULX is a companion star, others have been suggested, for example the 

direct accretion o f  matter from molecular clouds (Krolik, 2004).
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a is the Stefan-Boltzmann constant, k is the ratio of the colour temperature to the effective temper

ature (‘spectral hardening factor’), and £ is a correction factor reflecting the fact that T-m occurs at a 

radius somewhat larger than R m (one assumption here is that R m is at the last stable Keplerian orbit). 

Makishima et al. (2000) use values of £ =  0.412 and k = 1.7, though other work has found different 

values for the spectral hardening factor (e.g. n =  2.6 for GRO J1655-40, Shrader & Titarchuk 2003). 

Finally, a  is a positive parameter with a = 1 corresponding to a Schwarzschild black-hole. How

ever, the masses inferred from the ASCA data and Equation (6.1) are far too low to be compatible with 

the large black-hole masses suggested by their luminosities (assuming Eddington-limited accretion), 

for standard accretion discs around Schwarzchild black-holes. Makishima et al. (2000) suggested that 

this incompatibility could be explained if the black-holes were in the Kerr metric (i.e., rapidly rotating 

objects), allowing smaller inner disc radii and hence higher disc temperatures.

Chandra observations have provided some support for the Makishima et al. (2000) results, with some 

ULX spectra being consistent with the MCD model (e.g., Roberts et al. 2002). However, Chandra also 

revealed that some ULX spectra showed a preference for a power-law continuum rather than the MCD 

model (e.g., Strickland et al. 2001; Roberts et al. 2004; Terashima & Wilson 2004). It has been sug

gested that this preference for a power-law spectrum could be interpreted in terms of the LH state seen 

in Galactic BHB candidates, relativistically beamed jets or emission from a Comptonised accretion 

disc in the VH state. As well as these single component models, ASCA and Chandra spectroscopy 

have also suggested the presence of two component spectra for some ULXs, comprising a MCD with a 

power-law component. For example, previous ASCA analyses hinted at evidence for IMBHs, i.e., cool 

accretion disc components (see below), but these observations were not sensitive enough to statisti

cally require two component modelling (e.g., Colbert & Mushotzky 1999). Similar results have been 

obtained by Chandra, e.g., ULXs in NGC 5408 (Kaaret et al., 2003) and NGC 6946 (Roberts & Col

bert, 2003). Conversely, Chandra spectra of the Antennae ULXs (Zezas et al. 2002a; Zezas et al. 

2002b) revealed an accretion disc (MCD) component consistent with the high temperature ASCA re

sults (i.e., A:Tin~ l  keV), together with a hard power-law component (r~1.2).

It is only recently, using high quality XMM-Newton/EPIC spectroscopy of ULXs, that it has been 

demonstrated that the addition of a soft thermal disc component to a power-law continuum spectrum 

provides a strong statistical improvement to the best fitting models to ULX data (e.g., Miller et al. 2003; 

Miller et al. 2004b). These particular observations have provided strong support for the IMBH hypoth

esis by revealing disc temperatures in these sources up to 10 times lower than commonly measured in
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stellar mass BHBs, consistent with the expectation for the accretion disc around a ^1000 M . IMBH2 

(c.f. Equation (6.1)). However, in a few cases, XMM-Newton/EP\C observations have revealed a more 

unusual two-component X-ray spectrum. A detailed analysis of such a source is presented in Chapter 

3. In this case, the ULX is the brightest X-ray source in the nearby (1.78 Mpc) Magellanic-type galaxy 

NGC 53 and, although its X-ray luminosity only marginally exceeds 1039 e rg s -1 , it represents one 

of the highest quality ULX datasets obtained to date. The initial low flux state data were best fitted 

with an absorbed power-law continuum (T~4), while a subsequent flux increase was almost entirely 

due to an additional contribution at energies > 1 keV, adequately modelled by a MCD component 

(A-Ym-0 .6  keV).

Whilst this accretion disc component is reasonable for stellar-mass black-holes, the dominance of the 

power-law continuum at soft X-ray energies is problematic. Such a soft power-law cannot represent 

Comptonised emission from a hot corona, as the coronal component is not expected to extend down 

below the peak emissivity of the accretion disc, where there would be insufficient photons to seed the 

corona. Alternative sources of seed photons for the corona are unlikely; for example, the incident 

photon flux of the secondary star at the inner regions of the accretion disc is too low to provide the 

seeding (c.f Roberts et al. 2005). It also seems unlikely that the power-law emission could arise from 

processes at the base of a jet, as these are ty pically represented by much harder photon indices than 

measured here (I'~~ 1.5-2; Markoff et al. 2005 and references therein). Indeed, w ith the possible excep

tion of NGC 5408 X -1 (Kaaret et al., 2003), there is no evidence that ULXs do display bright radio jets, 

though this cannot be excluded by current observations (Kording et al., 2005). The possibility of the 

soft component resulting from an outflow of material from the accretion disc may also be discounted 

as this would produce a thermal spectrum rather than a power-law continuum.

Although this spectral description has not been seen in Galactic systems, a second case has been re

ported independently for the nearest persistent extragalactic ULX (M33 X-8 ) by Foschini et al. (2004). 

The non-standard model provided the best fit to this ULX w ith 1 ^2 .5  and 1.2 keV. However, this

source is also at the low luminosity end of the ULX regime with L \~ 2 x  1()39 erg s -1 . A further possi-

‘ II is c o m m o n  tor the gen er ic  range o f  m a sses for IM B H s to be quoted  as 2 0 - 1 0 ' ’ M . . T he low er lim it c o m e s  trom  a 

co n sid er a tio n  o f  the m easured  m a sses  o f  b la ck -h o les  in our ow n  G alaxy  (M cC lin to ck  & R em illard . 2(XXd, and a theoretical 

lim it for the m ass o f  a b la ck -h o le  form ed from  a sin g le  m assiv e  star (Fryer & K alogera. 2(H) 1). H ow ever, m ore recent p op u 

lation  sy n th e s is  a n a ly ses  sh ow  that b la ck -h o le s  o f  up to SO A /. may be form ed in you n g  stellar p op u lation s (B e lc /y n s k i  

et a l.. 2(XM). H en ce , w hen  referring to IM B H s in this chapter, it is a referen ce sp ec ifica lly  to the larger — l(XX) A / .  IM B H s  

im p lied  by the ax>l accretion  d isc  m easu rem en ts.
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ble case, in a more luminous ULX, has arisen from the XMM-Newton data analysis of NGC 5204 X -1 

(Roberts et al., 2005). In this case the authors show that there is spectral ambiguity between the non

standard fit (T~3.3, kT[n~  2.2 keV) and the IMBH model (T~2.0, kT[n~  0.2 keV), with both provid

ing statistically acceptable fits to the data. Even more recently, two additional examples of this spectral 

form have been uncovered in an XMM-Newton survey of ULXs by Feng & Kaaret (2005).

Although it is difficult to derive a literal physical interpretation from the non-standard model, it does 

provide an accurate empirical description of ULX spectra in some cases, and as such it has the potential 

to provide new insights into the nature of these sources. Therefore in this chapter, current XMM- 

Newton data has been re-evaluated in an attempt to determine the best spectral description for the shape 

of high quality ULX spectra, and to ask what consequences this has for the idea of ULXs as accreting 

IMBHs. The chapter is structured as follows: § 6.2 -  introduction to the ULX sample; § 6.3 -  details 

of the observations and data reduction; § 6.4 -  description of the spectral analysis; § 6.5 -  a comment 

on the luminosity and inner disc temperature relationship of these ULXs; § 6.6 -  a discussion of the 

results; and finally § 6.7 -  the conclusions.

6.2 The Sample

As the primary goal of this analysis is to find the best description(s) of the shape of ULX spectra, 

only the highest quality datasets were chosen. The ULXs were initially selected from the ROSAT cata

logues of Roberts & Warwick (2000) and Colbert & Ptak (2002) to provide a list of historically-bright 

ULXs that are resolved at a spatial resolution similar to XMM-Newton2,. A source selection criteria 

of observed count rates of >  10 counts ks-1 in the ROSAT HRI camera, combined with > 10 ks of 

XMM-Newton/EPIC data available in the archive by December 2004, was applied to select ten ULXs 

with potentially sufficient counts for very detailed spectral analysis. In addition, three more high qual

ity ULX datasets were included: proprietary data for Holmberg II X-l (hereafter Ho II X-l), and two 

sources not quite bright enough in the ROSAT bandpass to be classified as ULXs, namely the ULX in 

NGC 55 and M33 X-8. Whilst some of the sources in this sample have been observed more than once, 

only the longest individual exposure in each case was selected to provide the clearest single view of 

their spectra. The final sample of 13 sources from 12 different galaxies is listed in Table 6.1.

3This was deemed appropriate as most bright ULXs are persistent and vary by factors of no more than 2-3  in flux over a 

baseline of years, c .f  Roberts et al. (2004).
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Table 6.1: The sample

N h d L x

Source Alternate name(s) R.A. (J2000) DEC (J2000) ( 102°c m ~ 2) (Mpc) ( 1039 erg s _ 1 )

( 1) (2) (3) (4) (5) (6) (7)

NGC 55 ULX 1 XMMU J001528.9—391319 

NGC 55 6 c 

Source 7 d

a 00 15 28.9 - 3 9  13 19.1 a 1.74 1.78 6 1.3

M33 X -8 2 - 01 33 50.9 + 3 0  39 37.2 e 5.69 0.70 f 1.0

NGC 1313 X -l 3 Source 6 9 

IXO 7 i

03 18 20.0 - 6 6  29 11.0 ^ 3.96 3.70 * 4.7

NGC 1313 X-2 3 Source 4 9 

IXO 8 i

03 18 22.3 -6 6  36 03.8 fc 3.94 3.70 i 1.7

NGC 2403 X -l 4 Source 21 1 07 36 25.5 + 6 5  35 40.0 1 4.17 4.20 * 2.7

Ho II X -l 5 1X0 31 3 08 19 29.0 + 7 0  42 19.3 m 3.41 4.50 i 17

M81 X-9 6 Holmberg IX X -l n 

IXO 34 3 

NGC 3031 10 9 

H 44 r

09 57 53.2 + 6 9  03 48.3 ° 4.25 3.55 p 12

NGC 3628 X -l 4 IXO 39 3 11 20 15.8 +  13 35 13.6 s 2.22 1.10* 5.2

NGC 4395 X -l 4 NGC 4395 X2 4 

IXO 53 3

12 26 01.5 + 3 3  31 30.5 u 1.36 3 .6 0 / 0.6

NGC 4559 X -l 4 X -l v 

IXO 65 3

12 35 51.7 + 2 7  56 04.1 w 0.82 9 .7 0 / 9.1

NGC 4861 ULX 1 IXO 73 i 

XI v

12 59 01.9 + 3 4  51 13.5 x 1.21 17.80 i 0° bo

NGC 5204 X -l 4 IXO 77 3 

HST 3 2 

U1 00

13 29 38.6 + 5 8  25 05.7 2 1.38 4.80 * 4.4

M83 ULX 1 Source 13 bb 

IXO 82 3

H30 dd 

H2 ee

13 37 19.8 - 2 9  53 48.9 cc 3.69 4.70 i 1.0

N o te s :  (1) Source designation; (2) Alternative name(s); (3-4) X-ray source position from XMM-Newton and Chandra data, or position of 

possible optical counterpart; (5) Galactic absorption column density from the ‘n h ’ f t o o l s  program (based on the measurements o f Dickey 

& Lockman 1990); (6) Distance to the host galaxy; (7) Observed X-ray luminosity (0.3-10 keV) based on the results o f the physically 

self-consistent modelling (see later). R e fe r e n c e s :  1 This chapter, 2 Markert & Rallis (1983), 3 Colbert et al. (1995), 4 Roberts & Warwick 

(2000), 5 Dewangan et al. (2004), 6 Fabbiano (1988a), a Chapter 3, 6 Karachentsev et al. (2003), c Read et al. (1997), d Schlegel et al. 

(1997), e Foschini et al. (2004), * Ho et al. (1997a), 9 Schlegel et al. (2000),h Miller et al. (20 0 3 ),i Tully (1988), * Colbert & Ptak (2002), 

k Zampieri et al. (2004), 1 Schlegel & Pannuti (2003), m Kaaret et al. (2004), n Miller et al. (2004b), 0 Ramsey et al. (2006), p Paturel 

et al. (2002), 9 Radecke (1997), r Immler & Wang (2001),s Strickland et al. (2001), 1 Lira et al. (2000), u Source list (Obs.ld 5302) via 

Chandra X-ray Centre: http://cxc.harvard.edu/chaser, v Vogler et al. (1997), w Cropper et al. (2004), x Source list (Obs.ld 014115010) 

via XMM-Newton Science Archive: http://xmm.vilspa.esa.es/external/xmm-data_acc/xsa/index.shtml, y Liu & Bregman (2005), 2 Goad 

et al. (2002), aa Liu et al. (2004), bb Ehle et al. (1998), cc Soria & Wu ( 2 0 0 2 ) , Immler et al. (1999), ee Trinchieri et al. (1985).
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The selected ULXs are located at distances of between 800 kpc and 17.8 Mpc, possess XMM-Newton count 

rates between 0.1 count s_1 and 8.9 count s-1 and cover the full range of ULX luminosities (~1039 erg s-1 -  

few xlO40 erg s-1 ). Hereafter the sources are referred to by their names as given in column (1) of 

Table 6.1.

6.3 Observations and data analysis

This work has utilised EPIC data obtained through the XMM-Newton public data archive (excluding 

proprietary Ho II X-l data), with details of the observations shown in Table 6.2. The data were pro

cessed and reduced using the standard tools of x m m - s a s  software v.6.0.0. In some cases the obser

vations were affected by soft proton flaring for which preliminary cleaning was necessary. For these 

observations, full field X-ray (0.3-10 keV) lightcurves were extracted and screened for flaring using 

GTI files based on either a time or count rate criterion. The NGC 55 ULX and NGC 5204 X-l obser

vations were not affected by flaring episodes. The NGC 2403 X-l observation was only affected by 

flaring at the end of the exposure (the last ~20 ks), therefore a time selection was used to exclude this 

flaring event. For the remaining sources, a count rate cut-off criterion was used to produce a GTI file.

The exact value of the cut-off was allowed to vary from field-to-field, to provide the best compromise 

in each case between excluding high background periods and facilitating the longest available exposure 

on the ULX. In practise the actual cut-off values varied in the 6.5-17.5 count s_1 (0.3-10 keV) range.

In all cases, only those data recorded when the MOS and pn cameras were in simultaneous operation 

were used (see Table 6.2 for the net good exposure times).

For each ULX, events were extracted in a circular aperture centred on the source position given in 

Table 6.1. The background was taken from a circular region, near to the source in the pn camera and 

at the same distance from the readout node. The chosen background regions were the same in all 

three detectors where observations were taken using the full-frame observing mode. However, in three 

cases the MOS cameras were operated in either the large-window or small-window mode, so here a 

background region closest to the one used for the pn extraction was used. The size of the source and 

background spectral extraction regions are listed in Table 6.3.
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Table 6.2: XMM-Newton Observation Log

Source Obs.ID Date Duration (s) Net exp. (s) Rate (ct s *) MOS-1 MOS-2 pn Position Ref

( 1) (2) (3) (4) (5) (6) (7) (8) (9) ( 10) ( 11)

NGC 55 ULX 0028740201 2001-11-14 34025 30410 2.08 FF FF FF on-axis 1

M33 X-8 0102640101 2000-08-04 18672 6850 8.55 SW SW FF on-axis 2,3,4

NGC 1313 X-l 0106860101 2000-10-17 42769 18490 1.15 FF FF FF on-axis 4,5,6

NGC 1313 X-2 0106860101 2000-10-17 42769 18490 0.39 FF FF FF off-axisa 4,5,6

NGC 2403 X-l 0164560901 2004-09-12 84600 57063 0.47 FF FF FF on-axis 4

Ho II X-l 0200470101 2004-04-15 111999 47260 4.52 LW LW FF on-axis 7

M81 X-9 0112521101 2002-04-16 11935 8440 3.25 FF FF FF on-axis 4,5

NGC 3628 X-l 0110980101 2000-11-27 60745 45260 0.20 FF FF FF on-axis 4,5

NGC 4395 X-l 0142830101 2003-11-30 118900 98900 0.18 FF FF FF on-axis 4,8

NGC 4559 X-l 0152170501 2003-05-27 43290 37660 0.48 SW SW FF on-axis 4,9

NGC 4861 ULX 0141150101 2003-06-14 29600 14590 0.11 FF FF FF on-axis -

NGC 5204 X-l 0142770101 2003-01-06 32999 17048 0.87 FF FF FF on-axis 4,10

M83 ULX 0110910201 2003-01-27 31722 21130 0.21 FF FF EFF off-axis6 4

NOTES: (1) Source designation; (2) Observation identifier, (3) Observation date (yyyy-mm-dd); (4) Observation duration (NB. this does include calibration observations 

in some cases); (5) Useful exposure after correcting for flaring episodes and ensuring simultaneous operation o f  the EPIC cameras; (6) Combined EPIC count rates 

derived from the combined X-ray light curves (0 .3 -1 0  keV); (7 -9 ) Observing mode o f each EPIC detector (SW  : Small Window, LW : Large Window, FF : Full Frame, 

E F F : Extended Full Frame); (10) Source position with respect to the centre o f the pn field o f view: ° ~ 7  ' o ffse t ,6 ~ 6 .5  ' offset; (11) References for previous analyses 

o f these datasets (although not all references contain a complete analysis o f the ULX): 1-Chapter 3, 2-Foschini et al. (2004), 3-Pietsch et al. (2004), 4-F eng & Kaaret 

(2005), 5-W ang et al. (2004), 6-M iller et al. (2003), 7-G oad et al. (2006), 8-Vaughan et al. (2005), 9-Cropper et al. (2004), 10-Roberts et al. (2005).
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Table 6.3: Spectral extraction apertures

Extraction radius

ULX Source Background

(1) (2) (3)

NGC 55 ULX 60 75

M33 X-8 35 120

NGC 1313 X-l 35 70

NGC 1313 X-2 35 70

NGC 2403 X-l 45 45

Ho II X-l 45 60

M81 X-9 30 45

NGC 3628 X-l 35 70

NGC 4395 X-l 40 40

NGC 4559 X-l 40 80

NGC 4861 ULX 15 45

NGC 5204 X-l 40 50

M83ULX 35 50

Notes: (1) Source designation; (2)-(3) Aperture radii in " .

The data were filtered and spectra were extracted as described in § 2.3.1 & § 2.3.3. Also, ‘FLAG=0’ 

was used for the pn data to exclude all events at the edge of the CCD and events from bad pixels, while 

a less conservative screening criterion for the MOS data was employed by using the flag expression 

# x m m e a _e m  to exclude hot pixels and events outside of the FOV. Model spectra were fitted to the data 

using X S P E C  (v.l 1.3.0). The pn, MOS-1 and MOS-2 spectra for each object were fitted simultaneously, 

but constant multiplicative factors were included in each model to allow for calibration differences 

between the cameras. This value was frozen at unity for the pn data and allowed to vary for the MOS 

detectors, with the values typically agreeing within 20%. Quoted fluxes are an average of the three 

measurements.

Spectra were initially fitted in the 0.3-10 keV band. However, in several cases, the data below 0.5 keV 

did not agree with any of the models that were tried, leaving large residuals (particularly with respect 

to the pn data) to the best fits. The datasets with this problem (NGC 55 ULX, NGC 1313 X-l & X-2 

and NGC 3628 X -l) were all obtained in the years 2000-2001 (in fact M33 X-8 is the only observation
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from this epoch without these fitting residuals). This would appear to be a problem with the calibration 

at early mission times; however the pn calibration at least has remained remarkably static in orbit (EPIC 

team, priv. comm.). As this variation could not be explained, these data were conservatively excluded 

in all EPIC cameras, such that spectral fitting was restricted to the 0.5-10 keV range in these four cases. 

Also, in the case of Ho II X-l there is a possible pn calibration feature that is particularly prominent at 

low energies (Goad et al., 2006), therefore this work followed the method of these authors and excluded 

the pn data below 0.7 keV to account for this, whilst retaining MOS data down to 0.3 keV.

The X-ray spectra were modified for absorption following Balucinska-Church & McCammon (1992), 

assuming the solar abundances of Anders & Grevesse (1989) {i.e., the w a b s  component in XSPEC). 

Two absorption components were used , one of which was fixed for each source to represent the ap

propriate foreground column density through our Galaxy (Dickey & Lockman 1990 -  see Table 6.1), 

and the second component was left free to fit the data to represent additional absorption within the 

host galaxy and/or intrinsic to the ULX. The errors quoted in this work are at the 90% confidence level 

for one interesting parameter. Throughout this analysis, statistically acceptable fits are distinguished 

from unacceptable fits using a fixed criterion of P rej <  9 5 % , where P rej is the probability of rejection 

derived directly from the \ 2 statistic for the spectral fit.

6.4 Spectral properties

6.4.1 Sim ple models

The X-ray spectra appeared relatively smooth and featureless in each case, hence simple continuum 

models were initially fitted to the data. The two models most often used in the past as single-component 

descriptions of ULX spectra were used, namely a power-law continuum model and the canonical MCD 

model. The details of these fits are given in Table 6.4 and the quality of the X-ray spectra is illustrated 

using the power-law fits in Figure 6.1. Due to the excellent spectral quality, the power-law model could 

be rejected for 8 out of the 13 cases at > 95% confidence. Interestingly, the five ULXs for which a 

power-law is an adequate description of the data (NGC 1313 X-l & X-2, M83 ULX, NGC 4861 ULX, 

NGC 5204 X -l) include the three poorest quality datasets. Even more notably, the MCD model does 

not provide an acceptable fit to any of the spectra.
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Table 6.4: Single component spectral fits

wa*wa*po NHa r  b APC X2/d o f

NGC 55 ULX 3.50±0.08 3.38L0.03 3.09±0.08 1128.9/830

M33 X-8 1.94±0.06 2.28±0.02 6.02± 0.12 1790.1/1115

NGC 1313 X-l 1.05±0.11

 ̂
CO 

O
O

o o+ 
1

OO 0.55±0.02 723.0/675

NGC 1313 X-2 1.68± 0.02 ^7+0.08
z*z /-0.07 0.31 ± 0.02 261.7/257

NGC 2403 X-l 3.78±0.13 2.40±0.03 0.65±0.02 1130.2/851

Ho II X-l 1.53L0.04 2.76±0.02 3.23±0.04 1690.6/1314

M81 X-9 1.57L0.08 1.89±0.03 i Q7+0.06—0.05 938.1/864

NGC 3628 X-l 2.77±0.03 1.45±0.05 0.10± 0.01 459.8/406

NGC 4395 X-l 9 7'a+0.17 z-/:>-0.16
4 37+0.12 0.09±0.01 540.8/368

NGC 4559 X-l 1.15±0.08 o0 + 0 .05 z-:)O-0.04 0.27±0.01 752/599

NGC 4861 ULX i 24+0-31 i -z'^-0.30 2 4Q+0-17 0.09±0.01 94.0/74

NGC 5204 X-l 0.50±0.08 2 in+0-05z-lu_0.04 0 39+0 02 572.3/529

M83 ULX i O O + 0 . 2 1  
1 -z z - 0 . 2 0 2 s i+011 

*■ — 0.10 0.14±0.01 199.2/207

wa*wa*diskbb N Hb kT-J A m c d 6 X2/d o f

NGC 55 ULX 0.37 0.60 1.62 1796.3/830

M33 X-8 0 1.08±0.01 0.62+g;gf 1538.7/1115

NGC 1313 X-l 0 1.32 0.04 1409.6/675

NGC 1313 X-2 < 0.02 0.93±0.04 0.05±0.01 443.3/257

NGC 2403 X-l 1 20+0'08 1-z,u-0.07 1.04±0.02 0.06±0.01 923.7/851

Ho II X-l 0 0.59 2.74 8646.7/131

M81 X-9 0 1.42 0.09 1758.6/864

NGC 3628 X-l 1.04±0.02 /■}'7 + 0.13 
z -z / - 0 . 1 2 (1.38i°;28) x 10-3 466.6/406

NGC 4395 X-l 0.13±0.09 0.32±0.01 0.81±g;ll 693.0/368

NGC 4559 X-l 0 0.69 0.15 1651.4/599

NGC 4861 ULX 0 0.64 0.06 166.9/74

NGC 5204 X-l 0 0.66 0.33 1650.1/529

M83 ULX < 0.01 0.64±0.03 0.11 ± 0.02 310.7/207

N o t e s : a External absorption column (1021 atoms cm-2), 6 po photon index, c po nor

malisation (10-3 photon cm-2 s-1 keV-1 at 1 keV ), d Inner disc temperature (keV), 

e d isk b b  normalisation (((Rin/km)/(D/10 kpc))2 cos0; where Rin-inner disc radius, D- 

distance to source, ©-inclination angle of the disc). Errors are not shown for fits where 

x l  > 2. Statistically acceptable fits are highlighted in bold.
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Figure 6.1: EPIC pn count rate spectra and Ax residuals for a simple power-law continuum model fit 

for each of the ULXs in the sample.
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6.4.2 Power-law + MCD model

As simple spectral models were inadequate, the data were fitted with the two component model gen

erally employed for BHB systems, namely the combination of a power-law plus a MCD component. 

More specifically, the standard IMBH model was initially tested, i.e., a cool accretion disc plus power- 

law continuum model. This spectral description improved on the simple models by providing accept

able fits to 8 sources (NGC 1313 X-l & X-2, M81 X-9, NGC 3628 X-l, NGC 4559 X-l, NGC 4861 

ULX, NGC 5204 X-l, M83 ULX), with 0.1 keV < kTm < 0.3 keV and 1.6 < T < 2.5 (Table 6.5). As 

with previously published work, these disc temperatures are broadly consistent with IMBHs of around 

~1000 M q in size, though the power-law slopes are puzzlingly shallow for what are supposed HS (or 

VH) state sources (see Roberts et al. 2005 for further discussion). In all cases the 0.3-10 keV flux is 

dominated by the power-law component.

Attempts were then made to fit the X-ray spectra with the non-standard model i.e., with the power-law 

component dominant at soft energies. This also provided statistically-acceptable fits to 8 ULXs (M33 

X-8, NGC 1313 X-2, NGC 2403 X-l, NGC 3628 X-l, NGC 4559 X-l, NGC 4861 ULX, NGC 5204 

X-l, M83 ULX), with disc temperatures of 1.2 keV < kTm < 2.2 keV (excluding M 83 for which the 

temperature is unconstrained below ~4  keV) and 2.5 < T < 4.5 (except NGC 3628 X-l, for which V 

is unconstrained below ~1.2) (Table 6.5).
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Table 6.5: Two component spectral fits
w a * w a * (p o + d isk b b ) 1 NHa r 6 A PC kTind Am cd6( x 102) X2/dof fx f iXpo fx 9* X M C D

NGC 55 ULX 3 50+0'42J,JU-0.09 3.38±0.03 3 09+0 0 7  J-w - 0 .08 < 0.16 <  9.71 x 104 1128.8/828 99.9 0 . 1

M33 X - 8
4 43+0.25 7 7̂ + 0 . 0 2  

— 0 . 0 1
q c 1 + 0 . 2 0
O.Jl_o.i2 0.09±0.002 3312^]q55 1527.0/1113 92.7 7.3

NGC 1313 X-l 0 -27+0.52
/"->/-0.48 1.77±0.06 0.51 ± 0 .04 0.19±0.02 o .s i iJ : S 664.5/673 90.9 9.1

NGC 1313 X-2 l.s o ij™ 7 1 1 +0-15 LA 1 -0.17 0  2 5 + 0 0 5  u-z -’-o.o 6
0 27+0 1 0u>z/-0.09 0 .0 3 ^ ;27 255.0/255 91.7 8.3

NGC 2403 X-l 7 1C+0.04 
'• 0 — 0.05 2 .6 8 + g ° i 0.98±0.03 O OQ+0 . 0 0 2  — 0.004

C7 7 + 6 4 4  
— 224 1028.5/849 93.6 6.4

Ho II X-l 1 74+ ° - 1 0  • —0.09 2.63±0.03 2.81±0.09 0.19±0.01 71 1+1.23 
Z 1  1 -0.78 1453.1/1312 89.7 10.3

M81 X-9 7 17+0-43 
—0.23

1 81+0-05
1-Ol_o.o4 1 74+a 1 4  *-/H-o.io 0.20±0.03 1 05+278 l.OJ-o.61 877.2/862 94.0 6 . 0

NGC 3628 X-l 4 26+0-77‘++O-0.70
1 cq+0.07 
1 . JO-o .04 0 . 1 2 ± 0 . 0 1 0.08±0.01 1 7 7 + 4 0 2  

-96 424.6/404 98.1 1.9

NGC4395 X-l 1 96+0,26— 0.40
•2 ^o+0.18
-*• —0.27 0.05±0.01 0.18±0.02 0  1 1 + 0 0 9

U - 1 1-0.05 492.2/366 71.6 28.4

NGC 4559 X-l 7 77+0.70 — 0.20 7 77+0 07 
— 0.05 0 24+003 u-z^ - o.oi 0.14±0.01 2 74+ 5 -6 4  ' —0.96 597.2/597 81.5 18.5

NGC 4861 ULX 1-75 t 'd l 2 24+0-23— 0.24 0.07±0.02 o.i8lS:85
0  1 3 + 0 0 3  o. 0 , 1 2 84.4/72 82.4 17.6

NGC 5204 X-l 0 .6 8 lg;?^ i qi +0.07 
1.7l_o.08 0.31 ± 0 .03 0.2218:5; 0  1 2 + 0 ' 2 1  u- lz -0.07 529.9/527 8 8 . 2 1 1 . 8

M83 ULX 1 78+0-54 
* 0  — 0.37 7 47 + 0  1 4  ' —0.17

Q 1 4 + 0 . 0 2  V. 17-0.03 [~  0 .2 ] k <  0.98 198.6/205 96.6 3.4

w a * w a * (p o + d isk b b ) 2 NHa r b A p ° kT-J AMCDe(X lO - 3 ) X2/dof fx f i X p o fx 9 ‘XmCD

NGC 55 ULX 4 77+0 - 2 4  — 0.34
4  3 1 + 0 . 1 9  
“•J 1 —0.27

3 7Q+0-21
7.2.7_o 2 7 0.86±0.03 !70.47iJS;S 957.6/828 67.6 32.4

M33 X - 8 1 42+0-21 — 0.18 7 4Q+0- 1 8  z-*y-0.14 7  1 c+0.31 
->-, -’-0.32 1.18±0.06 264.55ig;?^ 1187.0/1113 48.8 51.2

NGC 1313 X -l - - - - - - - -

NGC 1313 X-2 7 C7+0.97 
+ -’+_0.62

7 Q3+0.75 +-7J-0.47 0 .3 6 l“;“ 2 65+1 0 6Z.U-)_o.78 <2.19 255.9/255 64.4 35.6

NGC 2403 X -l 4 77+1 01 
' —0.99 4.05±g:;g 0-55l°;f° 1 16+0-04 1.1O—0.05 3 6 .9 3 1 S J 4 847.7/849 27.3 72.7

Ho II X-l 2  34+0 - 1 3  — 0 . 1 2
3-45±°;“ 7 78+0-11■L / 8 - 0 . 1 0

1 7Q+0-10 
• —0.09 1 0.3312.70 1508.8/1312 74.5 25.5

M81 X-9 - - - - - - - -

NGC 3628 X -l 1 43+ 0 -4 7  J —0.26 <  1.18 <  0.04 1.40±0.21 4.68155? 439.5/404 53.4 46.6

NGC 4395 X -l - - - - - - - -

NGC 4559 X-l 7  tc+0.46 
-’•-’-’-0.41

4  4 7 + 0 - 3 7  7- 0 . 3 4
n 4 1 + 0 . 0 5
'4.71—0.04 1 61+013 1 .O1 - 0 . 1 2 4-04 t \ f 9 637.0/597 47.3 52.7

NGC 4861 ULX 7  7 7  + 1 - 7 5  
- ’ • - ’ - ’ - 1 . 3 0

4 36+1‘34+ - J O - 1  o s 0  1 3 + 0 0 8
u - 1 J - 0 . 0 4

I 60+0'60l . O U _ 0  32 1-09 85.6/72 51.9 48.1
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w a * w a * ( p o + d i s k b b ) 2 N Ha r 6 A p c kTind A m c d c( x 10  3 ) X 2/ d o f fx  f  ‘Xpo fx  9 ‘XmCD

N G C  5 204  X -l  

M 83 U L X

1 A4+°-37 -j o t+0.34  
J-^t_0.33 — 0.32

1 97+0-92  ̂ ^c+0.94  
1-->/-0 .45  —0.45

0  4 4 + 0-05 u '^ - 0 .0 3

0 .1 4 ± 0 .0 2

9 99+0-32  
• 9  — 0.26

<  4 .0 3

1 9 6 + 117  

< 4 .5 3

525.5/527

198.1/205

50.3

82.9

49 .7

17.1

w a * w a * ( b b + d i s k b b ) N Ha k T h A Bi kTind A m c d 6( x  1 0 - 3 ) X 2/ d o f fx  j ‘ab b fx  9 ‘ A M C D

NGC 55 ULX l-4 3 ± g ;i| 0 .2 0 ± 0 .0 1 9  - j c + 0 . 3 3  
J-JJ-0.31 0.81 ± 0 . 0 1 343 I 4 3 884.1/828 36.4 63.6

M33 X - 8 0-161 q.o9 0 .2 7 ± 0 .0 2 3.091™ 1 26+002  *•■4-0-0 .03 3 0 3 t 37 1216.7/1113 11.7 88.3

NGC 1313 X -l 0 60+ ° 1 4  0 25+0'02O .O O —0 .2 5  U -Z'J - 0 . 0 1 0.86±g;“ 2 .2 0 ± 0 . 1 0 5 07+ 0,31 9 - 0 ' —0 . I 6
666.5/673 17.7 82.3

NGC 1313 X-2 <  0 .54 0 .2 7 i™ 4 o-4i±S:S?
1 7 1 + 0 . 1 5  

—0 .1 6 4 0 2 + 0 '49^ • u z - 1 . 3 6 257.1/255 27.7 72.3

NGC 2403 X -l 2 .0 2 ± 0 .3 0  0 .2 llo Q 2 0 .3 8 1 ™ 1 i - } + 0 . 0 4  
l l l z , - 0 . 0 3 4 6 .6 3 ± 3 .4 2 830.0/849 8.7 91.3

Ho II X -l <  0.01 0 .2 3 ± 0 .0 0 2 4  9 7 + 0 . 0 6  
“ •9 '  —0 .0 7 1 .28±0 .02 77.691®;“ 1677.9/1312 41.4 58.6

M81 X-9 0.64-Iq; jo 0 .2 7 ± 0 .0 1 2 .5 6 ± 0 .1 6 7  7  1 + 0 . 1 2  
4" 1 —0 . 1 1 15.93±|;g| 922.3/862 17.5 82.5

NGC 3628 X -l q -7 1 + 0 . 2 8  0  60+ ° 05 
u / 1 - 0 . 2 4  w u u - 0 . 0 6 0.16±g;SJ 4 32+a74-•^2-—0 .87 0-131oq7 429.4/404 17.7 82.3

NGC 4395 X -l 0 .3 4 lg ;j9 0 .1 7 ± 0 .0 1 0 .1 5 ± 0 .0 2 0.61 ± 0 .0 5 17.66±|;1S 464.5/366 65.5 34.5

NGC 4559 X -l 0 .80+°;j7 0 .1 7 ± 0 .0 1 0  61+ o n  u -o l - 0 . 0 8
, - j - j + 0 . 0 7  
1 - 9 0 - 0 . 0 6 9.94 iUl 604.9/597 30.6 69.4

NGC 4861 ULX °-4 6 ^o:o3  0 .2 0 ± 0 .0 3 0  1 5 + 0 0 9w - 1 -’- 0 . 0 4
1 7 7 +O.2 O 1 -9  / —0 .0 8 2.381!;?® 77.7/72 34.1 65.9

NGC 5204 X -l <  0.03 0 .2 0 ± 0 .0 1 0 .6 7 ± 0 .0 3 1 69+ 0 1 °*-o y -0.09
7  7 7 + 1 . 6 9  
' • 9  ' —1.4 0 527.8/527 28.0 72.0

M83 ULX <  0 .37  0 .2 U 9;°3 0-16±g;g| 1 1 0 + ° - 13 K l u - 0 . 0 5
Q 9 0 + 2 . 7 6  
v -z o - 3 . 5 5 193.2/205 27.8 72.2

NOTES: Model fitted with a coo l1 or hot2 d i s k b b  component. ° External absorption column (1021 a tom s cm  ), p o  photon index, p o  

normalisation (1 0 - 3  p h oton  cm - 2  s - 1  k eV - 1  at 1 keV), d inner disc temperature (keV), e d i s k b b  normalisation as before (((Rin/km )/(D /10  

kpc) ) 2 cos 0 ) ,  * fraction o f the total flux (0 .3 -1 0  keV) in the p o  component, 9 fraction o f the total flux (0 .3 -1 0  keV) in the d i s k b b  component, 

h blackbody temperature (keV ) , 1 blackbody normalisation, (1 0 ~ 5 L3 g/D20; where L3 9 -source luminosity in 10 9 erg s , D io-source distance 

in 10 kpc). j  Fraction o f the total flux (0 .3 -1 0  keV) in the b b  component. k Unconstrained at the 90% confidence level. In the three cases in 

the central portion o f the table where no fit is shown, the ^ -m in im isation  always found the minimum describing the IMBH model. Statistically 

acceptable fits are highlighted in bold. (NB. In cases where the spectral fitting was not performed over the 0 .3 -1 0  keV energy range, a dummy 

response matrix was created in x s p e c  (see §4.5), to determine the fraction o f the total flux in each spectral component over 0 .3 -1 0  keV, consistent 

with the other datasets).
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The balance in 0.3-10 keV flux between the two components was much more varied for this model, 

though most sources showed a relatively equitable balance (ratios of no more than 3:1 in either direc

tion, and ~  1:1 in five cases).

In total, the power-law + MCD combination could not be rejected at >  95% confidence for 10/13 

sources in the sample. Two of these sources were unambiguously best fitted with the IMBH model 

(NGC 1313 X-l, M81 X-9) while two more were best fitted by the non-standard model (M33 X-8, 

NGC 2403 X-l). Statistically acceptable fits existed for both models for the remaining six sources. 

Three sources in this sample (NGC 55 ULX, Ho II X-l and NGC 4395) rejected both models at >  95% 

confidence, although a comparison of the fits show that the spectrum of the NGC 55 ULX appeared 

to fit much better to the non-standard model, whilst Ho II X-l and NGC 4395 X-l much preferred the 

IMBH model.

This sample of high quality ULX datasets demonstrates spectral ambiguity for six sources (NGC 1313 X- 

2, NGC 3628 X -l, NGC 4559 X -l, NGC 4861 ULX, NGC 5204 X -l, M83 ULX). As Roberts et al. 

(2005) suggest, a key discriminator between the models could be a test for spectral curvature at high 

energies (> 2 keV). Curvature is not expected in the IMBH model where the power-law component is 

dominant above 2 keV, whereas sources best-fitted by the non-standard model have the curved MCD 

component dominant at these hard X-ray energies. Therefore attempts were then made to fit the high 

energy (2-10 keV) ULX spectra with a broken power-law model (i.e., the b k n p o  model in XSPEC). For 

comparison, the 2-10 keV ULX spectra were also fitted with a single power-law component, as shown 

in Table 6.6. Absorption was not included in the fitting in either case, as single- and two-component 

fits generally limit absorption to <  4 x  1021 a t o m s  c m - 2 , which should not strongly affect the data 

above 2 keV. When absorption is included in these fits, far higher columns are measured in several 

cases, which is physically unrealistic (and may be a result of the absorption compensating for intrinsic 

curvature). The results of the broken power-law spectral fits, together with the statistical probability of 

the fit improvement over the single power-law fits (using the F-test) are shown in Table 6.7.

157



Chapter 6. XMM  observations of the brightest ULXs 6.4. Spectral properties

Table 6.6: Power-law spectral fits (2-10 keV)

w a * w a * p o r a APb X2/d o f

NGC 55 ULX 9 ^ e + 0 0 6
J .JO _0 .07 3.57±0.25 459.3/326

M33 X-8 2.59±0.04 8 QO+0,41O<yu-0 .39 663.1/548

NGC 1313 X-l 1 7O+005 / u -0 .07 0 44+0 03 u - ^ - 0 .0 4 263.7/259

NGC 1313 X-2 o 10+0.12 
Z -1V-0 .16 0 2 7 + 0 -04 u , z / -0 .05 60.2/70

NGC 2403 X-l 9 fi9+4-95 ^ .O J_0 .07
n  Q9+0.05 
U-° Z-0 .06 467.3/340

Ho II X-l 2.61±0.03 2.65±0.10 805.7/824

M81 X-9 1.78±0.05 1.59dt0.10 360.4/355

NGC 3628 X-l 1 <\O+006i . J U —o 08 0.10± 0.01 219.5/211

NGC 4395 X-l 4 48+0-3! 
^ • ^ 5 -0 .45 0.12db0.04 33.1/28

NGC 4559 X-l t q +0.08
z -z o -0 .1 0 0 24+0 02u -z ^ -0 .0 3 171.3/155

NGC 4861 ULX 2.50±0.38 0 O9+0 06 —0.04 12.3/8

NGC 5204 X-l 1.89±0.09 o  9 0 + 0  04 
u *z y -0 .03 160.8/133

M83 ULX 2 67+0'21 z -o / -0 .2 8 0.17±0.05 45.5/39

N o te s :  a p o  photon index, b p o  normalisation

(10-3 photon c m '2 s -1  keV-1 at 1 keV). Statistically 

acceptable fits are highlighted in bold.

To demonstrate the validity of this method, the two sources with unambiguous non-standard fits (M33 

X-8 and NGC 2403 X-l), plus NGC 55 ULX which clearly prefers this model, show unacceptable 

power-law fits that are made acceptable by the inclusion of a break. In these cases the improvement 

is highly statistically significant (> 9a improvement over a simple power-law fit according to the F- 

test). However, these were the clearest-cut cases. Of the ambiguous spectra, three out of six showed 

evidence for curvature. This was marginal in the case of M83 ULX (> 2a level), but more significant 

for NGC 4559 X-l and NGC 5204 X-l (>  3cr), with the latter case having an unacceptable power- 

law fit. Most interestingly, though, one of the IMBH-fit sources (NGC 1313 X-l) shows evidence for 

curvature (> 3a  improvement), whilst Ho II X-l also shows a significant break (> 4a improvement). 

In total 8/13 sources show at least marginal evidence for curvature at the high energy end of their 

XMM-Newton spectrum. This is strongly suggestive that the majority of sources are not dominated by 

a power-law continuum at these energies, such as one might expect to see if the X-ray emission arises
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Table 6.7: Broken power-law spectral fits (2-10 keV)

wa*wa*bknpo T i a -^break i y A e p d X2/d o f A x 2e l-P (F -te s t ) /

N G C  55  U L X 3 .0 8 ± 0 .1 1 T Qfl+0 - 2 0  J-VU_ 0  !g S 74+0-53  
J-J+_o.41

7  7 7 + 0 . 2 6  
Z*JZ —0.24 341.0/324 1 1 8 .3 > 9 9 .9

M 33 X - 8 2 .1 7 ± 0 .0 9 T Q4+0-26
J .V + _o .2 l

7  7 7 +O.I9  
—0.15 6 . 0 7 « ; |1 516.1/546 1 4 7 .0 > 9 9 .9

N G C  1313 X - l 1 5 5 + 0 ’10 4  9 3 + 1 '3 7  —0.53 2  16+ 0 '66 z - * ° -0 .2 5
a  7 7 + 0 . 0 5  
u,:’ ' -0 .0 4 250.9/257 12 .9 9 9 .8

N G C  1313 X -2 - - - - - - -
N G C  2 4 0 3  X - l 2 0 7 +0-1°  z -u / - 0 . 1 1 4  0 0 + 0 1 7—0.15 4 . 0 5 i g ; g 0 .4 9 L 0 .0 5 325.4/338 1 4 1 .9 > 9 9 .9

Ho II X - l 2 .5 5 ± 0 .0 4 c 7  1 +0.43 
-, "->1-0 .5 6 3.08lg;|| 2 5 0 +0 11 Z.J>U_ 0 - 1 2 786.1/822 1 9 .6 > 9 9 .9

M 81 X -9 - - - - - - -

N G C  3 6 2 8  X - l - - - - - - -

N G C  4 3 9 5  X - l 7  7 7 + I .3 I 
z - ' ' —2.58

7 4«+ 0 .93 4  9 2 + 0 -77 
^•^z -0 .6 0 < 0 .0 9 30.0/26 3.1 72 .1

N G C  4 5 5 9  X - l 2  0 7 + 0 ’12z *u / -0 .1 4
4  77+0.65  
+•' ' —0.41

3 14+0-62 
->•1^-0.43 0.20L 0.03 157.7/153 1 3 .6 9 9 .8

N G C  4 8 6 1  U L X - - - - - - -

N G C  5 2 0 4  X - l 1 6 6 + 0 - 10  1-o:5-0 .1 5 4 9 2 + 0 -46 —0.41
2 qq+ 0-65 
z -y y -0 .4 5

a  77+0.03  
V-^J_o.04 138.3/131 2 2 .5 >99.9

M 8 3 U L X < 1 .7 9 2  41+0-31  
z - —0.15

7  i i +0.46  
J . l  1 -0 .4 0 <  0 .0 8 37.5/37 8.0 9 7 .2

N o t e s : a Photon index below the break energy, b location of the break point (keV), c photon index above 

the break energy, d bknpo normalisation (10-3 photon cm-2 s-1 keV-1 at 1 keV), e X2 improvement over 

a single po fit, for two extra degrees of freedom, 7 statistical probability (%) of the fit improvement over a 

single po fit. Results are only shown for constrained fits that showed the requisite behaviour, i.e., T2 > IT 

and L'break constrained in the 2-10 keV range. Statistically acceptable fits are highlighted in bold.

from the optically thin, hot corona assumed in the IMBH model.

6.4.3 Dual thermal models

The above analysis shows there is (at least marginal) evidence of curvature above 2 keV in the majority 

of these sources, arguing that a power-law continuum is not an adequate description of this emission, 

while the hotter accretion disc present in the alternate model may be more appropriate. The situation 

below 2 keV is less clear cut. Though the alternate model uses a power-law continuum to describe 

the soft component, this is modified to appear curved by absorption. As this power-law emission is 

difficult to understand physically, a new variation of the alternate model was explored in which the soft 

component is also intrinsically curved {i.e., it does not rely solely on absorption to produce the observed
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curvature). In this model a cool blackbody (bbody) continuum was fitted to the soft component, 

and a MCD to the hard component. The physical motivation for the soft component comes from the 

suggestion that optically-thick outflowing winds from black-holes accreting at or above the Eddington 

limit could explain ultrasoft components in ULXs (King & Pounds, 2003). Such winds would appear 

as blackbody continua with temperatures of ~ 0 .1-0.3 keV. Emission may then be observed from both 

the accretion disc and the wind given a favourable accretion disc geometry and viewing angle (A. King, 

priv. comm.)4.

The results of applying this new model to the data are shown in Table 6.5. It proved to be the most 

successful empirical description of the data, providing statistically acceptable fits to 10 out of the 13 

sources, with 0.15 keV < k T  <  0.3 keV and 0.8 keV < kTm < 2.2 keV (excluding NGC 3628 X-l 

for which the temperatures are much higher than shown in the other sources, i.e., /cT~0.6 keV and 

fcTin~4.3 keV). This model provided the only acceptable empirical fit to the ULX in NGC 55, and 

all six ambiguous sources are adequately described by this model. Curiously, this is also true for both 

IMBH sources (though it does provide a notably worse fit than the IMBH model for M 81 X-9), and for 

one of the two non-standard model sources (NGC 2403 X-l). However, this model could not provide 

statistically acceptable fits to the other non-standard source (M 33 X-8) or to the final two ULXs (Ho II 

X-l & NGC 4395 X-l, which also do not fit well with the power-law + MCD combination).

6.4.4 Why do Ho II X -l and NG C 4395 X -l not conform?

As shown in the previous sections, statistically acceptable fits for Ho II X-l and NGC 4395 X-l cannot 

be found using the chosen two-component models. Interestingly, these are two of the softest sources in 

the sample which means that their X-ray spectra are relatively dominated by < 1 keV emission, where 

it is most sensitive to absorption characteristics (c.f. Fig. 6.1). The analysis of an RGS spectrum of Ho 

II X-l by Goad et al. (2006) revealed that its X-ray emission is subject to absorption by a medium with a 

sub-solar oxygen abundance. The mis-modelling of absorption, in combination with the exceptionally 

high signal to noise EPIC spectrum of Ho II X -l, may be responsible for the lack of a good fit to this

4Miller et al. (2004b) argue that cool, optically-thick outflows cannot explain the soft excess in ULXs as it would be 

impossible to form powerful enough shocks to produce a luminous non-thermal power-law continuum component in such 

systems. If the hard component is not a power-law, but instead originates directly from the accretion disc, then the requirement 

for shocks to be present is removed and their argument is circumvented.
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ULX in the present analysis. However, even after correcting for the sub-solar abundance absorption 

acting on Ho II X-l, Goad et al. (2006) still did not find acceptable fits using the canonical power-law 

+ MCD model. Instead, a statistically acceptable solution to the spectrum was found through using a 

more physical model, namely the d i s k p n  + c o m p tt combination. The utility of a similar model in 

describing the whole dataset of this Chapter is explored in the next section.

In the case of NGC 4395 X-l, a further inspection of the residuals to a simple power-law fit does suggest 

some structure, notably including a smooth ‘hump’ at ~1 keV, which is unlike the featureless X-ray 

spectra of the other ULXs. Therefore a fit including a m ek a l component (nominally representing the 

emission spectrum from hot, collisionally-ionised gas) was tried in addition to a power-law continuum 

to model this spectrum. The result is shown in Table 6.8. This model does indeed provide the best (and 

only statistically accceptable) fit to NGC 4395 X-l with x 2/dof = 397.5/366. The model fit to the pn 

count rate spectrum is shown in Fig. 6.2, as well as the individual additive model components. From 

this figure, one can clearly see how the m e k a l component effectively models the emission hump at ~

1 keV. Using a fixed solar-abundance absorber, the temperature of the m ek a l component was found to 

be ~0.75 keV, while the photon index is quite steep at T ~  4.

Such m e k a l components have been reported in the spectral fits of a small number of ULXs. In fact, 

two other ULXs within this sample have been described thus in previous analyses, namely Ho II X- 

1 based on joint ROSAT - ASCA fits (Miyaji et al., 2001), and NGC 4559 X-l based on one of two 

Chandra observations (Roberts et al., 2004). Whether such m ek a l + power-law models could be 

successfully applied to the current data for these sources has been investigated, and the results are 

shown in Table 6.8. This model is again rejected for Ho II X-l, though it is notable that the quality of 

the fit is very close to that of the best empirical description of the source (cool MCD plus power-law). 

In this case the temperature of the m e k a l is again relatively high at ~  0.66 keV, but the contribution of 

this component is minimal (~  3% of the 0.3-10 keV flux)5. This is both far hotter and far fainter than 

the ~  0.3 keV thermal plasma that composed 20%-30% of the 0.5-2 keV emission modelled by Miyaji 

et al. (2001). On the other hand, the temperature of the best-fitting m ek a l to NGC 4559 X-l is lower, 

at ~  0.25 keV, but it does constitute part of a statistically-acceptable fit to the data. This temperature is 

similar to the ~  0.18 keV plasma inferred by Roberts et al. (2004).

5The contribution o f  the m e k a l  is so small that its parameterisation is relatively insensitive to changes in metallicity. For 

example, setting a low abundance (as found by Miyaji et al. 2001) leaves the temperature o f  the m e k a l  unchanged at ~  

0.66 keV.
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Table 6.8: m ek a l + power-law spectral fits

w a*w a*(m ekal+po) N Ha k T b Amc r d Ape %2/dof fx f*APO fx 9

Ho II X-l 1.42±0.04 0.66±0.03 15.731!;“ 2.67±0.02 2.90±0.05 1463.9/1312 96.7 3.3

NGC 4395 X-l 1.73±0.13 0.75±0.04 1.32±0.15 0 qq+0.08 c  o o + 0 .4 6o.Jo_0 14 397.5/366 84.4 15.6

NGC 4559 X-l 1 26+010 i.Z O -Q  n 0.25±0.02 7 70 + I .56 7 7C+0.05 
Z'ZD-0.04 0.24±0.01 612.1/597 92.8 7.2

Notes: a External absorption column (1021 atoms cm-2), 6 plasma temperature (keV), c mekal normalisation ((10-19/(47r[.D(l + 

z ))2)) f  nenndV, where D is the distance to the source (cm), ne is the electron density (cm-3), nn is the hydrogen density (cm 3)), 

d po photon index, e po normalisation (10-5 photon cm-2 s-1 keV-1 at 1 keV), ^ fraction of the total flux (0.3—10 keV) in the po 

component, 9 fraction of the total flux (0.3-10 keV) in the mekal component. Statistically acceptable fits are highlighted in bold. (NB 

For Ho II X-l a dummy response matrix was created over the 0.3—10 keV energy range, to determine the fractional flux in each spectral 

component (see § 6.4.5)).
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NGC 4 3 9 5  X - l

TW
•*>o

I<a

X

0 .5 1 2 5 10
E nergy  (keV)

Figure 6.2: EPIC pn count rate spectra and A x residuals for the m ekal + po model fit to 

NGC 4395 X-l. Also shown are the individual additive model components: power-law-blue solid 

line, meka 1-red dotted line.

It seems that this latter result just adds to the spectral ambiguity already seen in the case of this ULX.

Finally, if NGC 4395 X-l really does possess an X-ray line-emitting component, what is its physical 

origin? Several ideas have been put forward to explain such a component in the spectrum of a ULX. 

Miyaji et al. (2001) suggest the presence of a young SNR coincident with Ho II X-l, a theme expanded 

on by Feng & Kaaret (2005). Indeed, these authors independently confirm the presence of the m ekal 

component in the spectrum of NGC 4395 X-l, and find two further ULXs with similar characteristics. 

Alternately, as Roberts et al. (2004) find the m ekal component in NGC 4559 X-l to switch on between 

two Chandra observations separated by ~  5 months, they suggest that the plasma may originate in the 

collision of a jet or outflow from the ULX with a denser medium in the close proximity of the system. 

A second alternative is offered by Terashima & Wilson (2004), who suggest that emission lines in the 

spectrum of a ULX in M51 may originate from a photoionised stellar wind, similar to what is seen in 

some HMXBs in our own Galaxy. A final point of interest is that a broad ~  1 keV feature, similar to that 

driving the m ekal fit in NGC 4395 X-l, has recently been seen in the XMM-Newton spectrum of GRS 

1915+105 by Martocchia et al. (2005) (although see their paper for caveats). One intriguing possibility 

is that this feature could originate in a disc wind. Clearly ULXs possessing m ekal components in their
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spectra are an interesting subject in their own right, and should be the subject of future attention.

6.4.5 Physical models

The success of the c o m p tt model in describing the spectra of some ULXs (e.g. Miller et al. 2 0 0 3 ,  

Goad et al. 2 0 0 6 )  shows that a Comptonised spectrum is in principle another viable alternative. The 

c o m p tt model however, is not fully self-consistent e.g., it allows spectra to have temperatures higher 

than expected when Compton cooling is taken into account. Therefore, attempts were made to fit a more 

physical model to the ULX spectra, namely the e q p a i r  model (Coppi, 1999), which allows thermal 

and non thermal electron distributions. This modelling assumes a purely thermal electron distribution, 

the temperature of which is computed self-consistently by balancing heating and cooling (the latter of 

which is mainly due to Compton cooling). A key parameter of this model is the ratio l^/ls, where Ih 

and Zs represent the compactness of the electrons and the compactness of the seed photon distribution 

respectively. This ratio depends on the geometry of the source as well as the internal mechanisms, and it 

provides the dominant influence on the spectral shape. The source geometry assumed is either spherical 

or a disc-corona (slab) geometry. Low energy (UV or X-ray) thermal photons from the accretion disc 

are assumed to be emitted uniformly inside the source region for the spherical models and enter from 

the base of the corona in the slab geometry. The seed photons are assumed to have an accretion disc 

spectrum as described with the d i s k p n  model of Gierlinski et al. (1999), with the inner edge of the 

disc at QGM/c2. This model assumes a proper general relativistic potential and has a characteristic 

temperature k T ^ .  To allow for a patchy Compton corona, a second d i s k p n  component was added to 

the model, with the temperature coupled to that of the e q p a i r  seed photons.

This model ultimately proved the best description of the ULX spectra in this sample, with statistically 

acceptable fits to 1 1 / 1 3  datasets, all with similar or improved goodness of fits compared to the best 

empirical modelling, for only one extra degree of freedom. Only Ho II X-l and NGC 4 3 9 5  X-l were 

rejected at > 95% confidence (see Table 6 . 9 ) ,  although in the case of Ho II X-l it does provide clearly 

the best fit of all that were attempted to the data, and is only marginally rejected ( P rej 9 7 .7 % ) .  Again 

the fit to NGC 4 3 9 5  X-l is poor, for reasons explained in the previous section.
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Table 6.9: d is k p n + e q p a i r  spectral fits

w a * w a * (d isk p n + e q p a ir ) N Ha kT  b Adc lh/lsd TP e Ae^ X 2/d o f

NGC 55 ULX 9  1 9 + 0 . 1 2  
—0 . 1 1 0.24±0.01 1 9 9 +O.5 O 

^ '- o . s e
4  <:4+l-90  
'+ .0+_2.44 > 37.2 0 Q6+3-94 u -y o -0 .2 4 889.3/827

M33 X-8 1 O3+009 1>U:,-0 .1 3 0-08lo:o7 < 4.37 x 10~10 t  9 9 + 0 .4 8  
—0 . 2 1 18.7lg;f 1083l^859 1188.0/1112

NGC 1313 X-l 2 OQ"1"0-21 z *u y -0 .3 9 0-2118:81 < 0.44 9  9 9 + 2 . 4 8  
z , z  —0.46 0-2lg;f Q q q + 8 - 7 2  

v-yy-2.59 658.7/672

NGC 1313 X-2 1 /I/I+ 030  
1 / f 4 -0 .5 4

O 9/C+0.09 
0-26-0.08 < 0.27 1 OO+0.95 

1 .0 7 -0 .4 0
Q 9+ 1 0 .7  y.z_7 7 O 9 9 + 2 .8 O 

U- /Z -0 .3 4 254.1/254

NGC 2403 X-l 9  co + 0 .2 3  Z.OJ_o 28 H 7 7 + 0  05 
u -z / -0 .0 4

0 1 1 +0.21 
U>1 A-0 .0 6 4 .50 ll;g > 33.3 0.361J;1J 831.7/848

Ho II X-l 1 1 1  +0.05  
l u - 0 . 0 7

0 7O+0 02 u-zu-o.oi 2 01 +0-27 Z-U1 —0.19 1.01 ±0.03 0 c + 0 . 6  
° <:>- 0 .7 26.7 H i 1414.8/1311

M81 X-9 1 QO+014 1>yu-0 .1 9 0 234001 
u - z "3 - 0 . 0 3

< 2.08 9 9C +2.09
'5*z:)—0.47 0 5+0-3 u -:)- 0 . 1 18.9±^6q2 873.8/861

NGC 3628 X-l A 9 0 + 0 .3 6  
4>Z° - 0 .4 2 0 O7+0 02 u-u /-o.oi 1674972 — 112 26.9lJ246 < 7.4 47.8±?1;5 424.9/403

NGC 4395 X-l 1 oo+012 r.UU_o 08 0.20L0.01 n 1 c+ 0 .08  
u - i:>-0 .0 5 5.97±°;f7 > 30.4 0.03^0 01 467.0/365

NGC 4559 X-l 1 Q7+ 0 1 5  —0.08 0 16+001 u-lo -0.02
9  91 +3.57  
z -z l -0 .7 6

9  9 9 +O.5 I 
z -z ^ —0.71

1 9  q + 3 . 4  

1 J *y - 0 . 6 4 .i2 il ;g 577.5/596

NGC 4861 ULX 1 OQ+ 0 -8 1  1*u y -0 .4 2 0.24±0.06 0.06±g;g| 5  9 0 + 8 -6 5 > 15.8 0-06l9;^ 78.7/71

NGC 5204 X-l 0.24±0.08 0  9Q +0.03  
u -z y -0 .0 5 0 .0 9 1 ^ 4 99+3.274.7Z_1 25 26.3^™ 0 25+0'60 u ,z ^ —0.13 505.8/526

M83 ULX 0 65+0-34u -o :)-0 .3 3
H 9 9 + 0  08 
u -Z J -0 .0 7 0-05l8:o4 1 Q6+7'63 l .W _ 0 .8 5 > 15.8 O 9 9 + 3 .9 8  

U-;)Z-0 .1 9 193.2/204

N o t e s: a External absorption column (1021 atoms cm _2), b maximum temperature in the accretion disc (keV), c d i s k p n  normalisation 

(10~ 3(M 2 cos(i))/ (D2p4)\ where M—central mass (M q ), D-distance to the source (kpc), i-inclination angle of the disc, /?—colour/effective 

temperature ratio), d ratio between the compactness of the electrons and the compactness of the seed photon distribution, optical depth, 

f  e q p a i r  normalisation (corresponding to the disc component) i.e., (f cM 2 cos(i))/(D2f34), where f c is the covering factor. Statistically 

acceptable fits are highlighted in bold.
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The fits provide a uniformly low measurement of the disc temperature across the sample, in the range 

0.07 keV < kTmax < 0.29 keV6. Taken in isolation, this might be interpreted as strong support for 

the presence of IMBHs in ULXs. However, many of the fits show a second remakable characteristic, 

which is that the optical depth of the coronae appear to be very high, ranging from r  ~  8 for Ho II 

X-l up to depths well in excess of 30 (NGC 55 ULX, NGC 2403 X -l)7. Importantly, this result gives 

a physical explanation for the curvature noted to be present in the spectra in previous sections. This 

second characteristic appears irreconcilable with the main assumption behind the IMBH model, which 

is that they operate as simple scaled-up BHBs (see also Goad et al. 2006), as such sources typically 

do not possess very optically-thick coronae. This result must therefore strongly challenge the IMBH 

interpretation for the 9 ULXs (including Ho II X-l) well-described by this model. However, 3 ULXs 

- NGC 1313 X-l, M81 X-9 and (possibly) NGC 3628 X-l - may still possess optically-thin coronae, 

and as such remain viable IMBH candidates.

As this spectral model provides at least the same goodness of fit as the empirical models in all but one 

case, these fits were used to determine the observed X-ray flux. Due to uncertainties in the low energy 

spectrum of some ULXs, the spectral fitting was restricted to 0.5-10 keV (and in the case of Ho II X- 

1 the pn data was restricted to 0.7-10 keV) instead of the 0.3-10 keV range adopted for the other 

sources. Therefore to determine the absorbed X-ray flux of each ULX over the same energy range, a 

dummy response matrix was created in XSPEC over the 0.3-10 keV energy range for those cases with 

calibration uncertainties. This dummy response temporarily supercedes the response matrix used in the 

spectral fitting of those sources, allowing an examination of the behaviour of the d i s k p n + e q p a i r  

model over this energy range. The three EPIC cameras are consistent to within 20% in 12/13 cases, 

therefore the derived absorbed flux (0.3-10 keV) for each of these ULXs are based on an average of 

the three measurements. These fluxes were converted to an observed X-ray luminosity for each source 

in the 0.3-10 keV band (assuming the appropriate distance) and the results are tabulated in Table 6.18.

6However, the derived inner disc temperatures using d is k p n  are slightly lower than would be derived using the standard 

d is k b b  model
7 Indeed, the optical depth for four sources hit the artificial upper limit of r  =  100 during spectral fitting, therefore values

are quoted as >  ‘lower limit’ in these cases.
8Although the power-law + m ek a l spectral model statistically provided the best fit to NGC 4395 X-l ,  the measured

source flux derived from this model and the d is k p n + e q p a ir  model were in very close agreement. For consistency, the 

value from the d is k p n + e q p a ir  model is quoted. However, as the ULX lay on a hot column in the pn data, the average of 

the two MOS flux measurements was used to estimate its luminosity.

166



Chapter 6. XMM  observations of the brightest ULXs 6.5. Lx ~ k T  relationship

6.5 Lx -k T  relationship

Perhaps the most visually striking evidence for ULXs containing IMBHs was presented by Miller et al. 

(2004a) (their Figures 1 & 2). These authors selected a sample of ULXs with published estimates of 

L x  > 1040 erg s_1, that require a soft excess component (at least at the 3a confidence level) in the low 

energy part of a two component X-ray spectrum. They then compared the inferred disc temperatures 

(taken from the soft component) and unabsorbed luminosities (0.5-10 keV) of their ULXs to those of a 

number of Galactic BHBs, and found that these ULXs and stellar mass BHBs occupy distinct regions 

of a L x ~  k T  diagram. More specifically, the ULXs are more luminous but have cooler thermal disc 

components than standard stellar-mass BHBs, consistent with the ULXs harbouring IMBHs.

Following on from this work, L x ~  k T  diagrams have been reproduced based on the inferred unab

sorbed 0.5-10 keV X-ray luminosities for ULXs in this sample (Fig. 6.3). However, this is done for 

two cases: (i) disc temperatures measured from the IMBH (cool disc + hard power-law) fits; and (ii) 

disc temperatures taken from the dual thermal (cool blackbody + warm disc) fits9. In both cases, 

sources are only shown where the spectral fits are statistically acceptable, and the fit parameters are 

well constrained. For this reason, the values from the IMBH fit to M83 ULX are excluded, as the disc 

temperature is unconstrained in this case. Additionally, NGC 3628 X-l does not appear on either plot 

as its unusual disc temperatures place it outside the range displayed in both cases. In each case the 

luminosity was derived from an average of the unabsorbed flux (0.5-10 keV) from each detector. The 

errors on the disc temperature are 90% confidence errors, likewise the luminosity errors are based on 

the 90% confidence errors in the average measured flux, as calculated by XSPEC. Finally, the regions of 

parameter space occupied by the BHBs and ULXs in Miller et al. (2004a) are illustrated using ellipses, 

with the ellipse representing IMBH-candidate ULXs at the upper-left.

The two L x ~  k T  diagrams in Fig. 6.3 tell very different stories. As would be expected, the IMBH 

model results of this work reproduce those of Miller et al. (2004a), i.e., the ULXs occupy a very differ

ent region of parameter space to the stellar-mass BHBs, consistent with larger black-holes and hence 

more luminous, cooler accretion discs. However, the dual thermal model disc temperatures suggest 

an alternative interpretation. In this case, the ULXs appear to be a direct, high luminosity extension 

of the BHB class, and follow the L x  oc T 4 trend expected from standard accretion discs. Obviously,

9N.B. The d is k b b  component in this figure has artificially high temperatures if the optically thick corona idea is correct.
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NGC 5204 X -l

0.1 0.2 0.5 1 2

Disc temperature, kT (keV)

NGC 55 ULX 
NGC 1313 X - l  
NGC 1313 X—2 
NGC 2403 X - l  
M 81 X—9  
NGC 4559  X - l
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Disc temperature, kT (keV)

Figure 6.3: Unabsorbed X-ray luminosity (0.5-10 keV) plotted against accretion disc temperatures inferred from 

the X-ray spectral fits (as per Miller et al. 2004a). The ellipses represent the regions occupied by ULXs (small 

ellipse) and Galactic BHCs (large ellipse) presented in Figure 2 of Miller et al. (2004a). The values of the data 

points displayed in these figures are derived from the IMBH spectral fits (top panel) or the dual thermal model 

fits (bottom panel), for sources with statistically acceptable and well constrained fits for that model. (Note: 
IMBH data points neglect M83 ULX, which has an unconstrained temperature, and NGC 3628 X-1 which has a 

lower temperature than the other sources [~80 eV]; dual thermal data points also neglect NGC 3628 X-l which 
has a much higher temperature than the other sources [~4 keV]).
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which is the correct interpretation cannot be concluded on the basis of these plots. However, it does 

demonstrate very clearly that it is the choice of empirical model used to determine the characteristics 

of ULX spectra that governs whether some ULXs are concluded to contain IMBHs, or whether they 

are more similar to stellar-mass BHBs.

6.6 Discussion

This chapter presents an X-ray spectral analysis of a small sample of 13 ULXs, that constituted the 

highest quality (i.e., most photon-rich) datasets in the XMM-Newton data holdings as of December 

2004. This work demonstrates that the superior collecting area of XMM-Newton over its rivals leads to 

better spectral definition, primarily through the rejection of simple single-component spectral models 

(power-law, MCD) that have adequately described previous spectra of many of these ULXs. However, 

many of these spectra are still photon-limited, to the extent that in 6 cases, it is not possible to tell 

whether a combination of a MCD plus a power-law uniquely fits the data with the MCD component at 

the low or the high energy end of the X-ray spectrum. In each of these six ambiguous spectra, no more 

than ~  18000 EPIC counts (pn and MOS combined) were accumulated. For each spectrum where this 

ambiguity was resolved, or where both cases were excluded as unacceptable fits, had > 20000 EPIC 

counts (excluding NGC 4395 X -l, as this had both an atypical spectrum and an underestimated pn 

count rate due to its location on a hot column). Even then, the introduction of a model composed of 

two thermal components adds an extra layer of ambiguity to many of the datasets. This suggests that 

very photon-rich datasets are required to make progress in descriptive empirical XMM-Newton ULX 

spectroscopy, equivalent to at least 100 ks of flare-free data for a 0.2 count s-1 on-axis ULX observed 

by the EPIC cameras, and spectral results from poorer quality data should be regarded with caution.

Issues of spectral ambiguity aside, perhaps the most interesting result is the detection of curvature in 

the high-energy part of the XMM-Newton EPIC spectrum in more than half of the sample. Though 

this has previously been detected in individual ULXs (Chapter 3; Foschini et al. 2004), or as minority 

populations in ULX samples (Feng & Kaaret, 2005), this is the first suggestion that the majority of 

ULXs, across the whole range of ULX luminosity, might appear thus. Indeed, the most successful 

empirical modelling of this sample is achieved using a model in which the high-energy portion of the 

spectrum is described by the MCD model, with a soft excess modelled as a cool blackbody emitter.
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This obviously adds to the challenges in modelling ULXs as IMBHs. Indeed, though 8/13 ULXs 

present acceptable fits to the simple IMBH model of a cool disc plus a hard power-law continuum, 

the problem noted by Roberts et al. (2005) occurs again. Namely, if the inner-disc temperature can 

provide an estimate of the black-hole mass, then the very dominant power-law component detected here 

(> 80% of the observed 0.3-10 keV flux) appears too hard for what should be a HS (or perhaps VH) 

state source i.e., 1.6 < T < 2 . 5  for the IMBH candidates in this sample, compared to approximately 

2.1 < T < 4.8 for the HS, and T > 2.5 for the VH state - McClintock & Remillard 2006. Curvature 

above 2 keV compounds these problems further, as the IMBH model assumes that whilst the bigger 

black-hole results in a cooler accretion disc, the corona remains similar to that observed in Galactic 

BHBs, i.e., optically-thin and hence modelled with a power-law. In fact, there is no reason to suppose 

that increasing the mass of the black-hole should alter the state of the corona-timing measurements 

at least appear to scale linearly with black-hole mass for given spectral states, implying the properties 

of the states themselves are invariant with mass (c.f Done & Gierlinski 2005). But the detection 

of curvature implies that either the state of the coronae is changing as the black-hole becomes more 

massive, or a different physical process is responsible for the emission above 2 keV.

The dual thermal model uses a MCD to model this curvature, with inner disc temperatures in the range 

1.1-2.2 keV. As Fig 6.3 shows, this provides a natural explanation of ULXs as a simple extension of 

the behaviour of Galactic BHBs, with more luminous and slightly hotter discs. In this case, assuming 

the Eddington limit can be exceeded, there is no obvious requirement for IMBHs. However, even 

this simple empirical model has limitations; for instance, in order to see both the inner regions of the 

accretion disc and an optically-thick outflow simultaneously, requires a very specific geometry and 

viewing angle. Therefore further explanations for the origin of the soft excess component may have 

to be considered; one interesting suggestion, that has recently been found to work in some AGN X- 

ray spectra, is that the soft excess could arise in relativistically-blurred atomic features found in the 

reflection spectrum of a photoionised accretion disc (Crummy, 2005). A further concern for this model 

is that similar spectral shapes have not been commonly found in Galactic BHBs, with the exception 

of slight soft excesses (modelled by the extension of the power-law component below the MCD) seen 

in the spectra in LMC X-l and LMC X-3 (Haardt et al., 2001). One explanation could be that soft 

excesses, below the MCD component in Galactic BHB spectra, are not seen due to a combination of 

high absorption columns and lack of detector sensitivity at low X-ray energies. However, the columns 

to a significant minority of BHBs are not much in excess of the ~  1021 cm-2 columns inferred for
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these ULXs (McClintock & Remillard, 2006), and many have now been observed by XMM-Newton and 

Chandra without such soft excesses being reported. Perhaps this is simply suggesting that this spectral 

shape is unique to the very high accretion rates required if ULXs contain stellar-mass black-holes.

The model that did best in terms of providing acceptable fits to the data was also the only physically 

self-consistent model used in the analysis, namely the d i s k p n + e q p a i r  spectral model. The best 

fits provided by this model show, without exception, that the accretion disc photons seeding the corona 

are cool. In fact they are cool enough, at < 0.3 keV, to be consistent with the accretion disc around 

an IMBH. However, this model also provides a physical explanation for the curvature above 2 keV: 

unlike in conventional BHBs, it originates in an optically-thick corona. This combination of a cool 

disc and optically-thick corona has already been observed in Ho II X-l; Goad et al. (2006) note the 

cosmetic similarities between this spectral model and the model of Zhang et al. (2000) of a three-layered 

atmospheric structure in the accretion discs around BHBs. More specifically, their model includes a 

warm layer (k T ~  1-1.5 keV, r~ 10) between the cool optically-thick accretion disc (k T ~ 0.2-0.5 keV) 

and the hot optically-thin corona (fcT~ 100 keV, r ~ l )  of BHBs, which is responsible for the dominant 

component below ~10 keV (see also Nayakshin & Melia 1997, Misra et al. 1998). The warm layer 

appears relatively stable and hence unconnected to the hot corona, which can be highly dynamic and 

even disappear completely (Misra et al., 1998). In this picture, the cool disc seeds the warm optically 

thick scattering medium, and as such may explain both components seen in the modelling presented 

here.

This model has been successful in describing the X-ray spectrum of GRS 1915+105 (Zhang et al., 

2000), and so Goad et al. (2006) speculate that this modelling, combined with an upper limit on the 

mass of the black-hole in Ho II X-l of ~  100 M© derived from timing properties, implies that Ho 

II X-l behaves in an analogous manner to GRS 1915+105 in its x _class- Therefore by extension, 

perhaps many of the ULXs in this sample that are well fitted by this spectral model could also be GRS 

1915+105 analogues, i.e., stellar-mass black-holes accreting at around and in excess of the Eddington 

limit. If individual black-holes with mass up to 80-M© can form from stellar processes as suggested 

by Belczynski et al. (2004), and these larger stellar-mass black-holes exist in ULXs, then the factors by 

which the Eddington limit are exceeded need not be large for even the brighter ULXs (factors ~  2 — 3 

only). One piece of additional, encouraging evidence in this respect is that, similarly to Ho II X-l and 

GRS 1915+105 in its analogous x-class of behaviour, the light curves of the ULXs in this sample show 

little or no intrinsic variability on timescales of minutes to hours, with the fractional variability (in
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excess of counting noise) limited to < 10% in all cases10.

Recently a second, very plausible explanation for the physically self-consistent spectral modelling 

presented here has come to light. Done & Kubota (2005) describe spectral modelling of the Galactic 

BHB XTE J 1550-564 in its high-luminosity VH state, using a model in which the energetics of the inner 

regions of the accretion disc are coupled to a surrounding corona. This results in a cooler apparent disc 

temperature, as the corona drains energy from the inner disc, and an optically-thick corona, that are 

both part of the accretion flow. Done & Kubota (2005) note that this may provide an explanation for 

the low disc temperatures observed in ULXs not reliant upon the presence of an IMBH. As the spectral 

modelling presented in this chapter also provides evidence that the corona itself is indeed optically- 

thick in such sources, this model must constitute a very serious physical alternative to IMBHs for the 

majority of ULXs. However, even here there are caveats, for instance Feng & Kaaret (2005) note that 

optically-thick coronae should show deep Fe K absorption edges, unless the accreting material has a 

very low metallicity. Such features are not detected in this analysis.

In this chapter, the empirical spectral fitting has posed new challenges for the IMBH model fits to ULX 

spectra, and the physical modelling describes scenarios in which the bulk of ULXs could be stellar- 

mass black-holes accreting at around the Eddington limit. This is perhaps not surprising, as many 

strands of recent evidence have pointed away from an IMBH model for most ULXs. In fact, excepting 

the somewhat unique case for M82 X-l as an IMBH, possibly formed in the dense MGG-11 cluster or 

captured as the nucleus of an accreted dwarf galaxy (e.g., Strohmayer & Mushotzky 2003; Portegies 

Zwart et al. 2004; King & Dehnen 2005; Mucciarelli et al. 2005), and the cool disc detections (shown 

to be somewhat ambiguous in this chapter), observational results have tended to argue in the opposite 

sense. For example, the probable breaking of the Eddington limit seen in some - perhaps most (see 

Jonker & Nelemans 2004) - Galactic BHBs, and especially GRS 1915+105, argues that stellar-mass 

black-holes cannot be excluded from producing ULXs on this basis (McClintock & Remillard, 2006). 

Also, the shape of the universal XLF for HMXBs, derived by Grimm et al. (2003), is somewhat puzzling 

if IMBHs constitute a significant part of the ULX population. In particular, why does the XLF appear 

to cut-off at ~  2 x 1040 erg s-1 ?11 Surely no such cut-off would be present if ~  1000 M© IMBHs 

constitute a large fraction of the ULX population (no other source population is known to cut off at

10Excepting the NGC 55 ULX, which shows prominent dips in its XM M -Newton  light curve (Chapter 3).

“ independent support for this cut-off com es from the empirical L x - S FR relationship o f  Grimm et al. (2003), which can

only have its linear form above ~  10M © yr-1  if  the cut-off is real.
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~  0.1 Eddington rate). Therefore, on current evidence, it is unlikely that accreting IMBHs constitute a 

large proportion of the total ULX population.

6.7 Conclusions

A detailed examination has been conducted of the X-ray spectral shapes in a sample of the highest 

quality XMM-Newton EPIC ULX datasets currently available. Most notably, more than half of the 

ULXs show at least marginal evidence for curvature in their 2-10 keV spectra, which is somewhat 

unexpected if they are to be interpreted as the accreting ~  1000 M© IMBHs suggested by modelling 

the soft spectral components as accretion discs. Physical modelling shows that this curvature is likely 

to originate in optically-thick coronae, which in turn leads to interpretations of the ULXs in terms of 

high accretion-rate stellar-mass (or slightly larger) black-holes operating at around the Eddington limit. 

However, while it is likely that the general ULX population does not have a large contribution from 

IMBHs, the possibility that some ULXs do possess IMBHs obviously cannot be ruled out. Perhaps 

the best candidate on the basis of spectral fitting is M81 X-9, which is well fitted by cool disc plus 

power-law/optically-thin corona models, and does not show explicit curvature in its 2-10 keV spec

trum. However, even this ULX may be fitted using a hot (~  2.2 keV) accretion disc plus soft excess 

model. Clearly, it is difficult to find unique solutions for these sources even with high quality XMM- 

Newton EPIC data. Ultimately, astronomers may have to wait for radial velocity measurements from 

the optical counterpart of a ULX, leading to dynamical mass measurements of the compact accretor, 

before there is conclusive evidence whether any individual ULX does harbour an IMBH.
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Conclusions

7.1 Overview

The analysis in this thesis is based on X-ray data from the EPIC CCD cameras on board the XMM- 

Newton Observatory. This chapter discusses the main highlights of this work and provides a brief 

summary of the results that are presented in previous chapters. Following on from this, this chapter 

describes further work that can be performed with improved high-energy observations, both with the 

present complement of telescopes and with future X-ray missions.
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7.2 Thesis highlights

The work in this thesis is based on XMM-Newton observations of nearby (<20  Mpc) galaxies, focusing 

on bright individual discrete sources (ULXs) as well as the global X-ray properties for two systems; 

NGC 55 and NGC 4945. The XMM-Newton observations of these galaxies revealed an underlying 

diffuse component in each case, which is most likely due to hot gas associated with current sites of 

star formation. In addition, a number of discrete X-ray sources have been discovered in these galaxies, 

the majority of which are consistent with accreting XRBs. NGC 55 also harbours a ULX which was 

studied in more detail to reveal interesting dips in its X-ray light curve and an unusual X-ray spectrum 

which shows curvature at high energies.

A more detailed analysis was performed on a sample of ULXs from a number of different galaxies using 

the best quality available datasets. Although detailed analyses of ULXs are revealing more information 

about these sources, one of the important results from this thesis is that even for high quality ULX 

datasets, it is not possible to gain a clear physical insight into their true nature, particularly for low 

count rate sources, using empirical models. Interestingly though, there is evidence for a break at the 

high energy end (> 2 keV) of the X-ray spectra, as reported for the NGC 55 ULX, in a number of 

cases. Such a break is inconsistent with the IMBH model, if IMBHs are thought to be scaled-up XRBs, 

where the high energy emission is thought to arise in a hot optically thin corona. Instead, such breaks 

may be better described by an optically thick corona together with a cool accretion disc. More detailed 

summaries of each data chapter are given in the following sections.

7.2.1 A dipping black-hole X-ray binary candidate in NGC 55

Chapter 3 presented XMM-Newton EPIC observations of a bright pcint-like X-ray source in the nearby 

Magellanic-type galaxy NGC 55. At the distance of NGC 55, the maximum observed X-ray luminosity 

of the source, designated as XMMU J001528.9-391319, is L x  ~  1-6 x 1039 e rg s -1 , placing the 

object in the ULX regime. The X-ray lightcurve was shown to exhibit a variety of features including 

a significant upward drift over the 60 ks observation. Most notably a series of X-ray dips are apparent 

with individual dips lasting for typically 100-300 s. Some of these dips reach almost 100% diminution 

of the source flux in the 2.0-4.5 keV band. The EPIC CCD spectra can be modelled with two spectral 

components, a very soft power-law continuum (T ~  4) dominant below 2 keV, plus a MCD component
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with an inner-disc temperature k T  ~  0.8 keV. The observed upperward drift in the X-ray flux can be 

attributed to an increase in the level of the MCD component, whilst the normalisation of the power-law 

continuum remains unchanged. The dipping episodes correspond to a loss of signal from both spectral 

components, although the blocking factor is at least a factor two higher for the MCD component. 

XMMU J001528.9-391319 can be considered as a candidate BHB system. A plausible explanation of 

the observed temporal and spectral behaviour is that the accretion disc is viewed close to edge-on and 

that, during dips, orbiting clumps of obscuring material enter the line of sight and cause significant 

blocking or scattering of the hard thermal X-rays emitted from the inner disc. In contrast, the more 

extended source of the soft power-law flux is only partially covered by the obscuring matter during the 

dips.

7.2.2 The X-ray properties o f the dwarf M agellanic-type galaxy NGC 55

This chapter presented an analysis of the X-ray properties of the Magellanic-type galaxy NGC 55 

based on two contiguous XMM-Newton observations. A total of 137 X-ray sources were detected in 

the FOV, down to a flux of ~  5 x 10“ 15 erg cm-2 s_1 (0.3-6 keV), 42 of which are located within 

the optical confines of the galaxy. On the basis of X-ray colour classification and after correcting 

for background objects, this source sample includes ~  4 absorbed sources, 16 XRBs, 5 SNRs and 7 

VSSs (including 2 good candidate SSSs) associated with NGC 55. In addition, one detected X-ray 

source is coincident with a previously identified globular cluster in NGC 55. Detailed spectral and 

timing analyses were carried out on 4 of the brightest X-ray sources (excluding the brightest source, 

which was the subject of Chapter 3). One of these objects is identified with a Galactic foreground 

star and is a possible new RS CVn system. The other three are persistent X-ray sources with X-ray 

spectra well described by either a single absorbed power-law (T ~  2) or a MCD (kTin ~  1 keV) 

model. While the observed luminosities of these sources (L x  ~  1 -  2 x 1038 erg s-1 ) and their X- 

ray spectra are consistent with accreting XRBs, further evidence of short term variability is required 

to confirm this. Although the observed X-ray emission from NGC 55 is dominated by point sources, 

there is also evidence of an underlying component, which is concentrated on the bar region but has 

an extent of at least 6' (3 kpc) in the plane of the galaxy and ±1 ' (±500 pc) perpendicular to it. This 

emission is best fitted by a m e k a l thermal plasma (kT  ~  0.2 keV) plus power-law (T ~  2) model 

but with high intrinsic absorption consistent with its location in the central disc of the galaxy. This soft 

component is interpreted as diffuse thermal emission linked to regions of current star formation, whilst
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the hard power-law component may originate in unresolved XRB sources. The intrinsic luminosity 

of this residual disc emission may exceed L x  ~  4 x 1038 erg s-1 (0.3-6 keV). A comparison with 

other Magellanic systems confirms that, in terms of both its discrete X-ray source population and its 

extended emission, NGC 55 has X-ray properties which are typical of its class.

7.2.3 The X-ray properties o f the spiral galaxy NGC 4945

Chapter 5 presented an investigation of the X-ray properties of the spiral galaxy NGC 4945 based on 

XMM-Newton EPIC data. At the centre of this galaxy there is both a heavily absorbed Seyfert nucleus 

and a starburst region which drives an outflow in the form of a superwind. However, this chapter 

focused on the less well studied extended galaxy, including the point source population and galactic 

diffuse emission. A total of 69 X-ray sources have been detected in the EPIC FOV, of which ~  20 

are probably associated with the galaxy. The sources lying within the D25 region encompass a flux 

range of ~  9 x 10-15 — 7 x 10-13 erg cm-2 s-1 (0.3-6 keV), corresponding to a luminosity range of 

~  2 x 1035 — 1 x 1039 erg s_1 at the distance of NGC 4945. Temporal analyses were performed on four 

of the brightest X-ray sources (excluding the nuclear source), but no sources appeared to be variable 

on timescales monitored by this observation. The X-ray spectra were well fitted, in three cases, with 

absorbed single component MCD models, whereas a power-law provided the best fit in the remaining 

case. Their high luminosities and X-ray spectra are consistent with XRBs, but further observations 

are necessary to confirm their accreting nature. In addition to the point source population, the XMM- 

Newton observations have also shown clear evidence for diffuse X-ray emission, with an approximate 

extent of 12' x 5 '.  This extended emission is best fitted spectrally by a soft thermal plasma component 

plus a hard power-law continuum. The soft plasma emission is likely to be associated with recent 

starburst activity throughout the inner region of the galaxy, and has an intrinsic luminosity of at least 

7 x 1038 erg s-1 (0.3-6 keV), while the hard emission is perhaps due to unresolved X-ray sources.

7.2.4 XMM-Newton observations o f the brightest ULXs

Chapter 6 presented an analysis of 13 of the best quality ULX datasets available from XMM-Newton EPIC 

observations. The high signal-to-noise in these ULX spectra was utilised to investigate the best de

scriptions of their spectral shape in the 0.3-10 keV range. Simple models of an absorbed power-law
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or MCD proved to be inadequate at describing the spectra. Better fits were found using a combination 

of these two components, with both variants of this model - a cool (~  0.2 keV) disc blackbody plus 

hard power-law continuum, and a soft power-law continuum (dominant at low energies) plus a warm 

(~  1.7 keV) disc blackbody - providing good fits to 8/13 ULX spectra. However, by examining the 

data above 2 keV, there is evidence for curvature in the majority of datasets (8/13 with at least marginal 

detections), inconsistent with the dominance of a power-law in this regime. In fact, the most successful 

empirical description of the spectra proved to be a combination of a cool (~  0.2 keV) classic blackbody 

spectrum plus a warm disc blackbody, which fitted acceptably to 10/13 ULXs. The best overall fits were 

provided by a physically self-consistent accretion disc plus Comptonised corona model ( d is k p n  + 

e q p a i r ) ,  which fitted acceptably to 11/13 ULXs. This model provides a physical explanation for 

the spectral curvature, namely that it originates in an opticaliy-thick corona, though the accretion disc 

photons seeding this corona still originate in an apparently cool disc. Similarities exist between this 

fit and models of Galactic BHBs at high accretion rates, most notably the model of Done & Kubota 

(2005). In this scenario the inner-disc and corona become energetically-coupled at high accretion rates, 

resulting in a cooled accretion disc and optically-thick corona. In conclusion, this analysis of the best 

spectral data for ULXs shows it to be plausible that the majority of the population are high accretion 

rate stellar-mass (perhaps up to 80 M©) black-holes, though the presence of larger, ~  1000 M0 IMBHs 

in individual sources cannot categorically be ruled out with the current X-ray data.

7.3 Future Work

One obvious way in which further progress can be made in the field of ULX research is by performing 

observations with longer exposures, thus providing more detailed X-ray spectra. On the basis of the 

study presented in Chapter 6, such datasets should possess > 20000 counts in order to avoid ambiguity 

and thus make further progress in ULX spectroscopy. Such progress with more detailed EPIC data 

(in particular, so-called ‘large projects’ with exposures > 300 ks) should be aimed at constraining the 

shape of the X-ray spectra and investigating the details of the high energy break if present. Another 

area of interest is whether a significant number of ULXs show evidence for broad Fe K lines. This Fe 

fluorescence line is believed to be generated by the irradiation of the ‘cold’ accretion disc by a source 

of hard X-rays (perhaps a corona of hot electrons) and therefore probes the immediate vicinity of the 

black-hole. Broad Fe lines have been observed in AGNs (e.g., MCG-6-30-15; Wilms et al. 2001) and
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Galactic systems (e.g., XTE J1650-500; Miller et al. 2002) but only one questionable claim for a ULX 

has so far been made (Strohmayer & Mushotzky, 2003). More detailed X-ray spectra will obviously 

enable better use of more physical models, which could then provide further insights into the physics 

at work in these systems. Longer observations (> 300 ks) with XMM-Newton would also provide 

excellent RGS data and provide further clues to the temperature and chemical composition of ULXs 

and their surrounding environments.

Another approach to study the nature of ULXs and perhaps the best method for determining the mass 

of the central black-hole, is through short timescale variability measurements via comparisons of their 

Power Spectral Density (PSD) with those of XRBs and AGN. In particular, the location of the char- 

actersitic break frequency in the slope of the PSD scales inversely with the mass of the black-hole 

(e.g., Uttley et al. 2002, Markowitz et al. 2003, Vaughan et al. 2005) and therefore can be used to infer 

black-hole masses (assuming a direct scaling of properties between Galactic black-holes and AGN). 

However, ULXs as a class do not tend to show much short term variability (e.g., Swartz et al. 2004) 

and so such calculations are not practical in all cases (though see Goad et al. 2006 for an example of 

the limits that can be placed using data lacking significant variability). An additional way of distin

guishing between the IMBH or the stellar mass black-hole model is via the detection of a 3:2 ratio twin 

peak QPO. The expected frequency for IMBHs is ~  1 Hz compared to the observed value for Galactic 

microquasars of ~  100 Hz (Abramowicz et al., 2004). However the detection of such a signature will 

require far superior capabilities to those of current X-ray missions.

Many of the ideas regarding the nature of ULXs cannot be confirmed without supportive evidence from 

multiwavelength observations. In particular, optical/UV observations can provide crucial diagnostics 

of the nature of ULXs through the identification of optical counterparts. The study of such counterparts 

can reveal the type of the mass donor star and, with sufficient data quality, enable radial velocity 

measurements to be made. These measurements would allow the determination of the mass function 

which would provide constraints on the mass of the black-hole, thus revealing whether the compact 

objects in ULXs are IMBHs or stellar mass black-holes. Various studies focussing on nearby spiral 

galaxies (< 10 Mpc) using the excellent capabilities of Chandra and the Hubble Space Telescope have 

resulted in a number of possible ULX counterparts (e.g., Goad et al. 2002; Liu et al. 2002, 2004; Kuntz 

et al. 2005; Terashima et al. 2006). Frequently, the counterparts have magnitudes m y  ~  22-26 and 

possess blue colours, consistent with the interpretation of ULXs as HMXBs which possess massive 

(OB) companions. However, current observations have so far lacked the required quality in the optical
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spectra for radial velocity searches.

In addition to optical searches, surveys are currently underway to search for radio counterparts to 

ULXs. Such a detection has implications for whether ULXs have relativistically beamed jets and are 

therefore analogues to Galactic microquasars, but perhaps with their jet directed towards the observer 

(i.e., so-called microblazars). However, radio counterparts are also relatively scarce, with the first 

detection reported only a few years ago in the dwarf irregular galaxy NGC 5408 (Kaaret et al., 2003). 

This particular ULX displayed a radio spectrum consistent with optically thin synchrotron emission, 

interpreted as core radio emission from a ULX jet (Kaaret et al., 2003) or from radio lobes inflated 

by a relativistic jet from the ULX (Soria et al., 2006). Understanding this radio source is crucial 

for constraining the nature of ULXs, especially as very few ULXs have a detected radio counterpart 

(e.g., Kording et al. 2005).

While there may be difficulties in identifying unique counterparts to ULXs, studies of the local stellar 

population can still yield important information about the nature of the sources. For example, a popu

lation of early type stars support the HMXB origin (e.g., Roberts et al. 2001, Liu et al. 2004, Soria et al. 

2005). Other interesting results from studies of ULX environments include the discovery that the ULX 

Holmberg II X-l is the ionising source which powers the line emission from the surrounding optical 

nebula (Pakull & Mirioni 2002, Kaaret et al. 2004). Some ULXs have also been shown to be associated 

with larger (~  100s pc) SNR-like structures (e.g., IC 342 X -l; Roberts & Colbert 2003, NGC 1313 

X-2; Pakull & Mirioni 2002). Further progress needs to be made in the study of ULX environments in 

order to improve current understanding of how ULXs are formed and fuelled.

ULXs are critically important in the study of X-ray emission from star-forming galaxies as they may 

dominate the point-source X-ray luminosity of, e.g., spiral galaxies (Colbert et al., 2004). Although 

some studies have been made on the relationship between ULXs and their host galaxies (e.g., Colbert 

et al. 2004, Swartz et al. 2004), there is still a lot more to be done in this area, particularly in extending 

the studies to higher redshifts via deep surveys. Advances have been made using the Great Observa

tories Origins Deep Survey (GOODS), which revealed that the fraction of optically luminous galaxies 

exhibiting ULXs with L x  > 2 x 1039 e rg s -1 is ~  8% locally and ~  36% at z ~  0.1, suggesting 

that the frequency of ULXs may evolve similarly to the SFR (Homschemeier et al., 2004). Further 

progress in this field requires better measurements of the 2-10 keV X-ray luminosity for many galaxies 

with known high SFRs. This will help to calibrate the L x  (2-10 keV)-SFR relation which will be an
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important tool for the next generation X-ray missions that will probe star-forming galaxies out to z~  1. 

7.3.1 Future X-ray m issions

In addition to ‘pointed’ instruments like Chandra and XMM-Newton, ‘wide angle’ telescopes are also 

needed to enable large areas of sky to be monitored at a particular time in the search for interesting 

events. In this way, such instruments can providing the information needed to point the highly sensitive, 

narrow field instruments at these targets. The Leicester-led mission which plans to fulfill this criteria is 

the Lobster All-Sky X-ray Monitor. The Lobster instrument will image almost the complete X-ray sky 

every 90 minutes, permitting real-time monitoring of vast numbers of astronomical objects within our 

Galaxy and far beyond. Therefore one of the key strengths of this mission is that it will provide, for the 

first time, a complete census of the time variability of all classes of X-ray sources. Thus, for ULXs (as 

well as many other objects), Lobster will enable the analysis of day by day light curves over a period 

of months to years, thus providing further insight into their physical nature through a measure of their 

long term behaviour.

There is also a need for improved sensitivity in the hard X-ray (>  10 keV) and soft 7 -ray (~  several 

MeV) bands. This will be satisfied with the Japanese New X-ray Telescope (NeXT) mission which 

plans to be launched in the next ~  5 yrs or so. The NeXT project has been proposed as a successor 

of the joint Japanese-American Suzaku (formerly Astro-E2) mission which was launched on 10th July

2005. Suzaku covers the energy range 0.2-600 keV with two instruments; the X-ray Imaging Spec

trometer (XIS; 0.2-10 keV) and the Hard X-ray Detector (HXD; 10-600 keV). There are 4 co-aligned 

XIS instruments (which are X-ray CCD cameras) and one HXD which is a non-imaging detector. A 

non-dispersive X-ray spectrometer (XRS) is also onboard and was intended to provide high energy res

olution spectroscopy in the 0.3-12 keV energy band but was rendered inoperable due to a failure in the 

cryogenic system. The NeXT project plans to recover the science lost due to the XRS failure and extend 

the science with wide-band spectroscopy. NeXT will carry multiple instruments covering 0.5-300 keV, 

namely, two hard X-ray telescopes (HXTs) for an X-ray imager which will concentrate hard X-rays 

up to ~  80 keV; two soft X-ray telescopes (SXT)-one for a soft X-ray spectrometer (SXS) and the 

other for a soft X-ray imager (SXI); and a soft 7 -ray detector (SGD). NeXT will therefore provide the 

first hard X-ray imaging spectroscopy, enabling spatial studies of non-thermal emission above 10 keV. 

This will permit mapping of the hard X-ray emission in diffuse sources in e.g., clusters of galaxies and
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SNRs. In addition, it would provide images and spectra from a large number of hard X-ray sources 

which are currently too faint to be studied, including ULXs. Such observations are important for im

proving current understanding of powerful accretion flows, and in the case of ULXs, will provide a 

definitive measure of the ~  few keV spectral turnover if present.

Two major future X-ray missions planned for launch in ~  10 yrs or so, are NASA’s Constellation-X and 

ESA’s X-ray Evolving Universe Spectroscopy (XEUS) missions. The Constellation-X observatory is a 

combination of four X-ray telescopes working in unison to generate the observing power of one giant 

telescope. The four telescopes will combine to provide a sensitivity ~  100 times greater than any past 

or current X-ray satellite mission. Each of the four Constellation-X satellites are expected to carry 3 

hard X-ray telescope (HXT) systems and one Spectroscopy X-ray Telescope (SXT) which would be 

shared by a Reflection Grating Assembly (RGA) and an X-ray Microcalorimeter Spectrometer (XMS). 

XEUS is the potential follow-on to ESA’s XMM-Newton mission and will consist of two spacecraft 

(one carrying the mirror, the other carrying the detectors) flying in formation 50 metres apart. Novel 

light weight X-ray optics and advanced imaging detectors will provide an improvement in sensitivity 

of ~  200 times better than XMM-Newton as well as much improved spatial resolution, high energy 

coverage and spectral performance. XEUS will carry three scientific instruments in the focal plane 

of the X-ray telescope: a Wide-Field Imager (WFI) for deep-survey pointed observations (FOV of 

~  5 ') , and two Narrow-Field Instruments (NFI1 and 2) for follow-up observations with high spectral 

resolution (Wilson & Xeus Instrument Working Group, 2003)1 .

Both observatories emphasise large collecting area, high spectral resolution and a broad energy band

pass (Constellation-X: 0.25^4-0 keV, XEUS: 0.05-30 keV) thereby providing high quality spectra for 

many classes of X-ray sources over a wide range of luminosity and redshift. As previously mentioned, 

such broad energy bandpasses are essential for sources whose energy output peaks above 10 keV. The 

Seyfert 2 galaxy NGC 4945 is an example of such a source (e.g., see Fig. 7.1). The highly absorbed 

continuum X-ray emission from the AGN, which is probably obscured by an optically-thick torus, is 

visible only above 10 keV. Therefore, at lower X-ray energies (<10 keV), for which Chandra and 

XMM-Newton are sensitive, only the X-rays that are scattered around the torus are seen. However, 

Constellation-X and XEUS will be able to measure the underlying continuum and the scattering com

ponent simultaneously, thus enabling the total energy output to be determined. These missions will 

permit the study of AGN with the highest X-ray absorbing column densities and will go to much

‘There are also discussions for an Extended Wide-Field Imager (E-WFI) with a 15' -30 ' FOV
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Figure 7.1: A combined ASCA and Ginga spectrum (the observations were not simultaneous) of NGC 

4945, which illustrates the need for a hard X-ray telescope. Figure taken from http://constellation- 

x.nasa.govVmission/overview/spectraLresolution.html.

deeper flux levels than before, thus revealing the overall accretion geometry and obtaining spectra for 

thousands of such objects.

Constellation-X and XEUS will have unique capabilities for studying stellar-mass black-holes in Galac

tic BHBs and in nearby galaxies. For Galactic systems, these missions will be able to study spectro

scopic and timing signatures of matter moving near the black-hole event horizon. In the case of ULXs, 

these observatories will be able to spectroscopically confirm the presence of cool accretion discs in 

IMBH candidates and detect relativisitic Fe-K emission lines if present.

One of the key questions arising from this thesis is whether ULX X-ray spectra typically show a hard

energy break. This break can only be constrained for a few of the brightest cases with long XMM-

Newton exposures but Constellation-X and XEUS observations should be able to provide much clearer

constraints on such breaks if they are present. For example, Fig. 7.2 shows a comparison between the

spectral quality expected from a 100 ks XMM-Newton EPIC-pn observation and a 100 ks XEUS WFI

observation of a ULX2. The data were simulated based on the d is k p n  + e q p a i r  spectral fit to the

2As ULXs are smooth continuum sources, simulations have not been performed for the NFI instruments which are mainly 

suitable for identifying emission lines.
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ULX NGC 4559 X -1, whose X-ray spectra displayed one of the more moderate examples of a break 

(lower r ,  higher Ebreak) than several of the more pronounced examples like NGC 55 ULX and M33 

X-8. It is clear from Fig. 7.2 that the X-ray data are far superior for XEUS with typical parameter errors 

of ~  1% vs. ~  10% for pn and a count rate of ~  17 counts s-1 vs. ~  0.3 counts s-1 for pn.

Also, broken power-law fits to the simulated XMM-Newton and XEUS data in the 2-10 keV band 

show much better constraints with XEUS (errors of ~  few % vs ~  few 10s % for pn). To graphically 

demonstrate the fall-off due to the optical thickness of the e q p a i r  model, the simulated X-ray spectra 

from 2 keV up to the break energy (Ebreak keV) were fitted with a single power-law component, with 

the slope fixed to that given before the break in the broken power-law model {i.e., fixed T, variable 

normalisation) in each case. Then the data from Ebreak~10 keV were included, without refitting, and 

the A x residuals were plotted as shown in Fig. 7.2. As can be seen, the residuals for the simulated 

XEUS data show a more noticeable fall-off above the break than for the XMM-Newton data.

Finally, the unprecedented high signal-to-noise of the XEUS ULX spectra will permit the detection of 

faint lines {i.e., Fe K if present) and/or absorption features, for example those possibly originating in 

an outflowing wind expected to be present round near-Eddington accretors {e.g., Pounds et al. 2003).

While Chandra and XMM-Newton have enabled huge strides to be made in X-ray astronomy, the pro

posed X-ray missions of the future are promising to be even more spectacular and should lead to a 

deeper understanding of the physics in extreme environments in general, and of the nature and proper

ties of the extraordinary X-ray sources discussed in this thesis in particular.

184



Chapter 7. Conclusions 7.3. Future Work

XMM EPIC-pn lOOks XEUS WFI lOOks

o

oo

*3Io

0.5 1 2 5

o

o

oo

0.5 1 2 5
Energy (keV) Energy (keV)

XMM EPIC-pn lOOks XEUS WFI lOOks

ll'H

Energy (keV) Energy (keV)

Figure 7.2: Top panel: A simulated 100 ks XMM-Newton EPIC-pn spectrum (left) compared to a 

simulated 100 ks XEUS WFI spectrum (right) of a ULX based on a d is k p n + e q p a ir  spectral model 

(0.3-10 keV). Bottom panel: Ax residuals for a single power-law fit to the 2-£break keV regime of the 

simulated XMM-Newton EPIC-pn (left) and XEUS WFI (right) spectra (see text for details).
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