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ABSTRACT

LONG TERM OPTICAL AND X-RAY MONITORING OF BLACK HOLE
CANDIDATES IN EXTRAGALACTIC GLOBULAR CLUSTERS

By

Kristen C. Dage

The question of whether globular clusters (GCs) host black holes (BHs) has been a long-

standing question in astronomy. Because of the dynamics of the crowded globular cluster

environment, they should be extremely efficient at forming black hole-black hole binaries

(BBHs), such as those detected merging by LIGO. LIGO is detecting many more (and more

massive!) BBHs than was ever expected, and a first step to understanding the formation

of these binaries is to understand BHs in GCs. However, very few ways exist to study BHs

in GCs observationally, and there is only one effective method to study BH candidates in

extragalactic GCs: by studying ultraluminous X-ray sources (ULXs) that are associated with

GCs. Because their X-ray luminosities far exceed the Eddington limit for a stellar mass BH,

ULXs in GCs are good BH candidates. However, they are very rare, with only a few per

galaxy (with only 10 currently known sources among 3 galaxies).

In this thesis, we study a total of 9 ULX sources that are associated with globular clusters

in both X-ray and optical. One of these, RZ2109, shows extreme variability across more than

15 years of monitoring in X-ray, with changes of almost an order of magnitude on the order

of days. Typically any variability in flux is expected to be correlated with a change in the

spectral properties of the source (i.e. some physical change in the system), however, the

shape of the X-ray spectrum of RZ2109 remains the same across all observations. X-ray and

optical studies of all 9 GC ULXs indicate a potential correlation between the X-ray spectrum

and presence of optical emission beyond the cluster continuum–one of the few X-ray-optical



correlations known for astronomical objects. Lastly, we present long-term monitoring in

optical of RZ2109 shows a broad [OIII] emission line which declines long-term over almost

ten years, and then re-brightens.



”Life is a space voyage, and not a short one, either, but one that’ll last for billions of
years.” (Kurt Vonnegut)

In loving memory of John Howkins and Gary Dage
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Chapter 1

Introduction

One of the long-standing questions in astronomy is “Do globular clusters host black holes?”

This question has been under debate since 1969 (Spitzer, 1969). Currently, the only method

to probe the number of black holes in extragalactic globular clusters is by searching for

ultraluminous X-ray sources (ULXs) which are coincident with the globular clusters of other

galaxies.

Ultraluminous X-ray sources are an exotic class of objects which are much brighter in the

X-ray than what is physically expected for a stellar mass compact object, as they typically

exceed the Eddington limit, which predicts luminosity limits based on the object’s mass (See

Section 1.2.1 for more detail). These signatures are produced by accretion onto a compact

object, although the exact physical processes behind the high luminosities are still not well

understood.

Younger populations of ULXs have been well studied in the star-forming regions of spiral

galaxies, which may be due to accretion onto highly magnetized NSs or BHs. However, ULXs

also exist in older populations: globular clusters (GCs) associated with elliptical galaxies.

Studying this class of ULXs in GCs has implications both for properties of ULXs as a whole,

as well as for understanding the question regarding the nature of black holes in globular

clusters. Because these sources are so rare, understanding their accretion processes and

signatures can provide clues to their formation histories, which in turn may one day explain

why these sources are so rare. Therefore, a brief overview of accretion processes in X-ray
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binaries is required before delving deeper into the subject.

1.1 Overview of Accretion Processes in X-Ray Binaries

X-ray binaries are a class of binary systems which emit X-ray radiation. The binary contains

two objects: a compact object (i.e. a neutron star or black hole), which feeds off of the

companion star (the “donor”) and accretes material off the star. The angular momentum

in the accreted plasma is conserved and thus forms an accretion disk around the compact

object1.

Figure 1.1 shows a classic representation of such a system. For a persistently accreting

source, the star will fill its Roche lobe2 and become pear shaped, with the material exiting

through the L1 Lagrangian point and forming the accretion disk.

Viscous stress that is thought to originate in magentorotational instability (Balbus &

Hawley, 1998, e.g.) causes matter to lose angular momentum and fall in towards the surface

of the compact object. This releases gravitational potential energy, (GMṀ
R ). The compact

object implies that the radius will be very small, which implies the temperature is high,

thereby producing X-rays. Because the compact object is so massive, the emission is highly

energetic and luminous.

The observed X-ray emission from X-ray binaries can have several separate sources. The

accretion disk itself emits in X-rays at lower X-ray energies (Shakura & Sunyaev, 1973;

Hanawa, 1989). This emission is thermal, multi-color blackbody emission and influenced by

the geometry of the disk. Non-thermal X-ray emission can also be observed in higher X-ray

1Some high-mass X-ray binaries do not always have accretion disks, they can be fed solely by winds
emanating from a massive donor star, which do not produce a stable accretion disk.

2Roche lobe: a teardrop shaped region that represents the smallest equipotential surface that can exist
around a binary system. See http://astronomy.swin.edu.au/cosmos/R/Roche-lobe for more.
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Figure 1.1: Artist’s representation of an X-ray binary. Because the compact object (in this
case a black hole) is so much more massive than the companion star, it accretes material
from the star, which forms an accretion disk around the central object. Image from Rob
Hynes.

energies, and is produced by Comptonization (Titarchuk, 1994) or bremsstrahlung radiation.

X-ray reprocessing can also occur in the accretion disk. The emitted X-rays can interact

with clumpy material in the disk, or hit the outer edges (which for some geometries will puff

up with respect to the inner disk). The X-rays will be absorbed, and then re-emitted at a

lower energy (UV or optical).

1.2 Ultraluminous X-Ray Sources

ULXs are defined as non-nuclear point sources (i.e. not active galactic nuclei in the given

galaxy) which have X-ray luminosities exceeding the Eddington limit for a 10 M� black hole,

with values of 1039 erg/s or above. Because most X-ray binaries do not typically reach these

high luminosities, ULX sources are likely to be indicators of either higher mass black holes,

or a lower mass compact object (either neutron star or lower mass black hole) accreting in
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a non-standard physical regime.

1.2.1 The Eddington Limit

The Eddington Limit was derived by Sir Arthur Eddington as a way to determine the max-

imum luminosity produced by a radiating body under certain conditions3. This maximum

luminosity occurs when the gravitational force is less than or equal to the radiation pressure:

Prad ≤ Fgrav. (1.1)

We have implicitly assumed that the radiation is spherically symmetric, and that the central

mass is exerting force on a gas comprised of a proton and free electron. The radiation

pressure is ΦE/c, where ΦE is the energy flux transferred to a free electron:
σT L

4πR2 . σT

represents the cross-section for Thomson scattering, which is another implicit assumption in

this derivation. Thus, we find:

σTL

4cπR2
≤ GMmp

R2
. (1.2)

Upon simplifying the equation and evaluating the constants, we find the Eddington limit:

L ≤ LEdd = 1.2× 1038 M

M�
erg/s. (1.3)

Since the Eddington limit depends on the mass of the central object, it’s worth noting that a

luminosity of 1039 erg/s implies different things about the system’s accretor. For a neutron

star, which are typically less massive than 2 M�, this luminosity is well above its Eddington

limit, and it must be in a physically different accretion regime than fainter neutron star

3See http://www-ppl.s.chiba-u.jp/lecture/radiation/node2.html for more details on the deriva-
tion.
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XRBs.

For black holes around 10M�, luminosities on this order of magnitudes are around or

only slightly above their Eddington limits. By contrast, intermediate mass black holes (a few

hundred to thousands of stellar masses, i.e. smaller than the super massive BHs that reside

at the center of galaxies but larger than anything produced by the deaths of single stars)

would be accreting in the sub-Eddington regime, while producing luminosities of 1039 erg/s

or well above because of their very high mass. By studying the observational signatures of

ULXs, we can begin to disentangle the nature of the compact object.

1.2.2 The Ultraluminous State

For black hole binaries accreting at normal rates (i.e. sub-Eddington), they are typically

classified into two states, the so-called high/soft state, or the low/hard state. The first

state happens when the thermal component (disk) dominates. In the low/hard state, the

X-ray spectrum is mainly a steep power-law component, while the luminosity is relatively

lower with a smaller contribution from the disk. For quiescant black holes, and ones in the

low/hard state, the power output is dominated by the associated radio jet (Gallo et al.,

2003).

However, work by Gladstone et al. 2009 showed that ULXs belonged to an entirely

different accretion regime. Gladstone systematically fit a number of the highest quality

spectra of ULXs in star-forming regions, and found that the spectra could be well modeled by

a disk plus a Comptonized corona. Physically, this implies that a super-Eddington accretion

flow is obscuring the accretion disk.

Follow-up work by Sutton et al. 2013 determined that ULXs fell into three classes: a

broadened disk class, and hard ultraluminous and soft ultraluminous regimes. The subse-
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Figure 1.2: Credit: ESA/XMM-Newton; NASA/Chandra and SDSS

quent discovery of pulsating ULXs by Bachetti et al. 2013 makes the physical interpretation

of these classes of models difficult, as the compact object could have a wide range of masses,

and the spectral shape does not differentiate a neutron star from an intermediate mass black

hole.

1.2.3 Neutron Star ULXs

Given their low mass, neutron stars were thought to be unlikely accretors in ULX binaries.

However, all of that changed when pulsations were detected in the ULX source M82 X-2

(Bachetti et al., 2014). Because coherent pulsations require a surface, a black hole accretor

is out of the question, as they are by nature without any type of surface and unable to

produce pulsations. Since then, pulsations have been observed in other systems: NGC 5907

ULX, NGC 7793 P13, NGC 300 ULX-1 (Greene et al., 2019, and references therein). Another

NS ULX has been identified via a cyclotron resonance feature (Brightman et al., 2018).
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The physical mechanisms to explain why the lower mass neutron star accretors can reach

luminosities on the order of 1040 erg/s are currently under debate. Geometric beaming is one

possibility (King et al., 2017), but is not a satisfactory explanation for the high luminosity

origins of all ULX sources. However, the presence of a high magnetic field could also provide

anouther sources of pressure to draw extra material off the donor star and therefore increase

the accretion rate (Sathyaprakash et al., 2019).

In either case, it is worth noting that all of the detected NS ULXs, and indeed the

well studied population of ULXs, are found in star forming regions of spiral galaxies and

seem to have massive and hydrogen rich companions. NS ULXs, then, not only require a

high magnetic field to drive their high accretion rates, but also a massive donor star. This

motivates the question as to whether these ULXs in star-forming regions of galaxies are

powered by the same physical mechanisms as the ULXs with lower mass, metal poor donors

which reside in globular clusters associated in elliptical galaxies.

1.3 Globular Clusters

Globular clusters are made up of ten thousands to millions of stars packed in a dense envi-

ronment (e.g. Fig 1.3). Because of this, the environment is very dynamic−the cross section

for interaction is high and binaries can form easily. Clusters represent an older population of

stars, and can produce many black holes as byproducts of the deaths of the initially present

shorter-lived stars. This makes globular clusters an attractive environment for forming black

hole binaries (BBHs). In fact, the more massive objects in a binary will preferentially ex-

change their companion for a more massive object, leading to the formation of up to two

generations of BBHs (Rodriguez et al., 2019). The formation of BBHs is currently of signif-

7



Figure 1.3: Optical image of globular cluster 47 Tucanae. Image credit: NASA, ESA, and
the Hubble Heritage (STScI/AURA)-ESA/Hubble Collaboration Acknowledgment: J. Mack
(STScI) and G. Piotto (University of Padova, Italy).

icant interest, as a total of ten BBHs have now been observed by LIGO, and these mergers

are more common than was expected (Abadie et al., 2010). However, we must first consider

the nature of black holes in globular clusters.

1.3.1 Black Holes in Globular Clusters?

The exact number of black holes in globular clusters is currently an open question, and it

has been under debate for quite some time if globular cluster should even retain black holes.

The more massive objects in the systems are expected to fall towards the cluster center, and

then be ejected by the dynamical influences of the other systems (Spitzer, 1969; Kulkarni

et al., 1993). More recent numerical and observational work has shown that this may not be

the case (Morscher et al., 2013; Shishkovsky et al., 2018). Actually, black holes may possibly

drive the cluster formation and evolution, and the nature and number of black holes certainly
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should influence the cluster structure (Giersz et al., 2019). Observational studies of BHs in

GCs has a large impact both on understanding cluster evolution, as well as giving clues to

the conditions that BBHs form in.

Observing black holes is difficult, and it is even more difficult to search for them in

globular clusters. Globular cluster black hole candidates in our own Galaxy are few and far

between, with only a handful of candidates (Strader et al., 2012a; Bahramian et al., 2017;

Shishkovsky et al., 2018), and two confirmed (Giesers et al., 2018, 2019). There are two

methods to search for black holes in galactic globular clusters. The first method studies

black holes in quiescence, as there is a correlation between radio luminosity from the jet,

and X-ray luminosity (Plotkin et al., 2012), which can allow BHs to be separated from other

X-ray emitting binaries such as NSs. The second method relies on having an extensive

spectroscopic survey of the clusters, and using the radial velocities to dynamically measure

the black hole mass (Giesers et al., 2018). Both of these techniques will only work with

Galactic globular clusters, as they require the clusters to be resolved, and the ability to

detect X-ray faint sources. Given the comparatively few numbers of globular clusters in

the Milky Way, the best way to probe the much larger extragalactic population of globular

clusters for black hole candidates is by searching for ULXs.

1.3.2 ULXs in Globular Clusters

Because the X-ray luminosity of ULX sources exceeds the Eddington limit for a 10 solar

mass black hole, these sources are good black hole candidates. However, not all ULXs are

black holes! Some ULXs in star-forming regions of galaxies were found to have pulsations,

implying that the compact object is a neutron star (Bachetti et al., 2013). The cause for

super Eddington accretion in a neutron star system appears to rely on mechanisms such as
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high magnetic fields to drive the accretion rate up, thereby circumventing the Eddington

limit.

For ULXs in globular clusters, a neutron star accretor is highly unlikely. While NSs are

common in GCs, the conditions observed for the entire known samples of NS ULXs cannot

be met in the cluster. For example,there are a number of major differences between the

globular cluster environments and the star-forming regions: both due to physical differences

in the binaries, and the formation and evolution history of the systems. Physically, the best

explanation for high accretion rates onto neutron stars involves extremely strong magnetic

fields. However, the highest magnetic field measured in any globular cluster X-ray binary is

several orders of magnitude lower than what is necessary to drive super Eddington accretion

onto a neutron star. Furthermore, the donor stars of ULXs in star-forming regions tend

to be massive and hydrogen rich (Pintore et al., 2018). However, globular clusters are

older populations which no longer host massive stars, and the donor stars of these binary

systems must be lower mass and metal poor. The accretion mechanisms at high transfer

rates for low mass X-ray binaries and high mass X-ray binaries will be very different. Lastly,

the formation and evolution mechanisms are entirely different. The binary components

of ULXs in star-forming regions of galaxies evolve together. The dynamic processes and

interactions inside of the globular cluster environment form binaries by a completely different

method. The crowded cluster environment has a much lower cross section for interaction,

and the higher mass bodies preferentially exchange their binary companions for more massive

objects (Rabolli, 1990; Hut et al., 1992). Therefore, any binary system in a globular cluster

is unlikely to remain with its original binary companion for long, and can exchange out

multiple companions throughout its evolution.
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1.3.3 RZ2109

RZ2109 was the first discovered black hole candidate in a globular cluster (Maccarone et al.,

2007). It is a highly variable and ultra luminous X-ray source that is physically associated

with a spectroscopically confirmed globular cluster in NGC 4472. Because extragalactic

globular clusters are unresolved in X-ray, variability is key in determining whether the high

X-ray luminosity is due to a single source, or confusion from multiple X-ray binaries hosted

in the cluster, as the light from multiple sources would not vary. RZ2109s extreme variability

points to the X-ray emission being produced by a single, super Eddington binary, and the

compact object being a black hole.

Optical spectroscopy of RZ2109 revealed a broad and luminous [OIII] emission line, with

no significant hydrogen emission beyond the cluster continuum (Zepf et al., 2007; Steele

et al., 2014). To date, this is the only observed [OIII] line in a GC which is broadened by

thousands of kilometers per second. The high oxygen to hydrogen ratio implies that the

donor star in the system is a white dwarf (a so-called ”ultracompact X-ray binary”), making

RZ2109 the only candidate ultracompact X-ray binary in an extragalactic globular cluster.

HST/STIS measurements show that the [OIII] emission line is spatially resolved (Peacock

et al., 2012b). This implies that the emission is due to a large oxygen nebula flooding the

cluster (on the scale of parsecs). RZ2109’s uniqueness in multiple wavelengths has exciting

implications for the nature of black hole sources in globular clusters.

1.4 Implications of This Work

The question of whether globular clusters host black holes, and if so, how many and what

masses, has been a long-standing question in astronomy. Currently, two BHs in a GC have
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been dynamically measured, and ∼ 15 candidates have been identified. Because of the

dynamics of the crowded GC environment, they should be extremely efficient at forming

BBH binaries, such as those detected merging by LIGO. LIGO is detecting many more

BBH binaries than was ever expected, and a first step to understanding the formation of

these binaries is to understand BHs in GCs. However, very few ways exist to study BHs

in GCs observationally, and there is only one effective method to study BH candidates in

extragalactic GCs: ULXs in GCs, which is the focus of this thesis.

Therefore, this work not only has multiple implications for both ULXs as a whole and

globular clusters, but also the history behind the progenitors of the LIGO BBHs. Studying

globular cluster ULX sources can not only shed light on the nature of black holes in globular

clusters, but can also define a new class of ULXs in a very old and dynamic environment.

Their nature and numbers has implications for understanding the progenitors of the LIGO

sources, the question of black holes in globular clusters, even the formation and evolution of

the clusters themselves, in addition to extending the knowledge of ULXs as a whole.

Major results of publications in this work include a potential correlation between X-ray

behavior and presence of optical emission for globular cluster ULXs, and new discoveries

about the variable nature of RZ2109.

1.5 Outline

Chapter two consists of the peer reviewd article written by Dage et al (2018) which is

published in the Astrophysical Journal. It covers long-term monitoring (almost 20 years)

in X-ray of RZ2109. The data shows significant variability, with the source dropping in

luminosity by almost an order of magnitude over the course of only two days. Curiously,
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the shape of the X-ray spectrum remains the same. This is an unusual find, as typically any

variability in flux is expected to be correlated with a change in the spectral properties of the

source (i.e. some physical change in the system). The persistence of spectral parameters,

along with the rapid variability, make RZ2109 stand out from the rest of the ULX population.

Chapter three consists of the peer reviewd article written by Dage et al (2019) which is

published in the Monthly Notices of The Royal Astronomical Society. We compare RZ2109

to the larger sample of GC ULXs, by expanding our sample and analyzing X-ray data of

eight more globular cluster ULX sources in NGC 4472, NGC 4649 and NGC 1399. The

sources are either best fit by power-law models, or by softer multi-component blackbody

disk models.

In the case of the softer (disk) models, the fits were bimodal: either the sources are

better fit by a higher disk temperature or (like RZ2109) had a lower disk temperature with

the spectral parameter constant while varying in luminosity. There is a likely correlation

between the disk temperature and whether or not the source has optical emission, as the

optical spectra of the low kT sources show optical emission, and a number of the higher kT

sources have no emission beyond the cluster continuum

Chapter four consists of the peer reviewd article written by Dage et al (2019) which is

published in the Monthly Notices of The Royal Astronomical Society. We find that the optical

emission of RZ2109 spends almost ten years in a long-term decline, before re-brightening.

Because the oxygen is likely being ionized by the X-ray emission, one expects a correlation,

albeit over longer timescales (due to the nebula size). We compare the optical emission to

the highly variable X-ray emission, and discuss what implication these observations have for

the size scale of the nebula.
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Chapter 2

X-ray variability from the

ultraluminous black hole candidate

X-ray binary in the globular cluster

RZ 2109

2.1 INTRODUCTION

Determining whether or not globular clusters host black holes, and if so how many and

what masses has been the subject of both longstanding interest and current theoretical work

(e.g. Spitzer 1969 to Chatterjee et al. 2017). This interest has grown dramatically with the

detection of merging black holes by LIGO (Abbott et al., 2016a), as black hole mergers in

globular clusters are one of the leading possibilities for the origin of the LIGO sources (e.g,

Abbott et al., 2016b; Rodriguez et al., 2016). There is little question black holes are present

early in the life of a globular clusters - hundreds to thousands of stellar mass black holes

are expected to be produced in typical globular clusters as the result of standard stellar

evolution (e.g., Ivanova et al., 2010). Early work suggested that dynamical interactions

among the black holes may eject many or almost all of them (e.g. Kulkarni et al. 1993,
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Sigurdsson & Hernquist 1993). However, recent simulations have found that this process is

not as efficient as earlier expectations and current models generally predict the retention of

a significant number of black holes in globular clusters (e.g. Morscher et al. 2015, Heggie &

Giersz 2014, Sippel & Hurley 2013).

From an observational perspective, some of the first and strongest evidence for the pres-

ence of black holes in globular clusters has come from X-ray and optical studies of extra-

galactic globular clusters. One way to find black hole candidates in globular clusters is to

identify globular cluster X-ray sources with luminosities in excess of the Eddington limit

for an accreting neutron star, which may be indicative of a more massive black hole pri-

mary. No such source is found in Galactic globular clusters. However, over the very large

sample of extragalactic globular clusters a number of such sources have now been identified

in Chandra observations of early-type galaxies in the local universe. Because extragalactic

globular clusters are unresolved in the X-rays, short term variability in these ultraluminous

X-ray sources (ULXs) is critical for eliminating the possibility that the high X-ray luminos-

ity arises from the superposition of multiple accreting neutron stars (e.g., Kalogera et al.,

2004). A handful of such high LX , variable sources are now known, starting with RZ2109

(Maccarone et al., 2007), making these among the best candidates for accreting black holes

in globular clusters (e.g. Roberts et al. (2012), Maccarone et al. (2011), Irwin et al. (2010)

and references therein).

Additional information about these ultraluminous sources can help constrain the nature

of the accreting system. For example the source in RZ2109 has strong [OIII]4959,5007

emission with a velocity width of several thousand km/s and absolutely no hydrogen observed

in emission (Zepf et al., 2008). The strong presence of [OIII]5007 and absence of Hβ is

indicative of accretion from a very O-rich and H-poor donor, for which a CO white dwarf
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seems most likely (Steele et al., 2014). The broad velocity and high luminosity of the outflow

is also consistent with outflows from sources accreting around their Eddington limit, based

on both empirical and theoretical work (Zepf et al., 2008, and references therein) Moreover,

the [OIII]5007 can not be strongly beamed. Therefore, the lack of similar [OIII] emission in

objects without high LX places valuable limits on any beaming of the X-rays in the RZ2109

source.

It is also interesting to compare the ULXs discovered in globular clusters with the more

widely known ULXs in star forming galaxies (see Kaaret et al. (2017) for a review of the

latter). While sharing the property of high X-ray luminosity, there are many differences

between these populations. The donor stars in the star forming ULX systems are typically

high mass stars, while such stars are long dead in globular clusters, and the donor stars in

globular cluster systems are either white dwarfs (as in RZ2109, Steele et al., 2014) or other

lower mass stars. Moreover, for a ULX in a star forming galaxy the accreting compact object

will have been recently formed, and in the case of a neutron star may have an extremely

high magnetic field. In contrast, globular clusters have populations of compact objects that

formed long ago which can make close binary systems through dynamical interactions within

the globular cluster (Ivanova et al., 2010).

These underlying physical differences may be matched to observational differences be-

tween the star forming and globular cluster ULXs. One of the most striking results in the

study of ULXs in star forming galaxies is that at least some of the ULXs have accretors that

are neutron stars rather than black holes and are thus accreting at many times their formal

Eddington limit (e.g. Bachetti et al. 2014, Fürst et al. 2016, Israel et al. 2017b, Israel et al.

2017a). Models to account for these generally involve some combination of extremely large

magnetic fields and beaming (review by Kaaret et al. (2017) and references therein). Because
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most of these models predict that pulses will not be observed at all times and depend on

various geometries, it is possible that many ULXs in star forming galaxies are neutron star

accretors (King et al. 2017, Middleton & King 2017).

The likely absence of both extreme magnetic fields and substantial beaming differenti-

ates globular cluster ULX sources like RZ2109 from some star forming ULXs and supports

identifying the RZ2109 accretor as a black hole (Peacock et al., 2012b). However, studies of

ULXs in star forming galaxies provide an extensive set of phenomenological and theoretical

work on super-Eddington accretion onto compact objects and its observational manifesta-

tions to which observations of RZ2109 can be compared (e.g. Poutanen et al. 2007, Gladstone

et al. 2009, Sutton et al. 2013, Middleton et al. 2015). Broadly speaking these papers re-

late accretion rate relative to Eddington and viewing angle to observed properties such as

X-ray spectrum, luminosity, and possible variability based on various assumptions about the

underlying astrophysics (see review by Kaaret et al., 2017).

The goal of this paper is to analyze the now large number of X-ray observations of

RZ2109 over 16 years, with the aim of constraining the nature of this likely accreting black

hole system. RZ2109 is a very well-studied system, with extensive optical spectroscopy

(Steele et al. (2014), ?, Zepf et al. (2008) and references therein), and several extant X-ray

studies utilizing Chandra and XMM-Newton. Here we report multiple new Chandra and

XMM-Newton observations, and combine these with archival data to study the variability

of the X-ray emission from RZ2109 over a broad range of time scales. The paper is arranged

so that the observations are presented in Section 3.2, the results from the analysis of these

observation in Section 3.3, and the conclusions in Section 3.4.
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2.2 DATA AND ANALYSIS

RZ2109 has been observed numerous times by XMM-Newton and Chandra observatories

over the last 16 years. We reduced and analyzed all of these observations as tabulated in

Table 2.1. The background flare filtered (see further in text for details) XMM-Newton net

count rates were obtained by filtering the energy in the range 0.3-10 keV in the spectral

extraction. We then loaded the spectra into XSPEC, and obtained the net count rates

(with no model) by using the show rate command. The Chandra source count rates were

calculated using funtools 1 to list the counts in the source and background areas based on an

image filtered in the 0.3-10 keV range. We then background subtracted the average source

counts and divided by the observation length.

Table 2.1: Chandra and background flare filtered XMM-Newton observations, background
subtracted average source count rates and raw source counts in 0.3-10 keV.

ObsID Date Exposure Avg. Rate Src. Counts
(ks) count/s

322 2 2000-03-19 10 4.3 ×10−3 48

321 2000-06-12 40 8.7×10−3 398

8095 2008-02-23 5 1.1 ×10−2 60

11274 2010-02-27 40 2.1×10−4 19

12978 2010-11-20 20 9.6×10−4 19

12889 2011-02-14 140 2.4×10−3 425

12888 2011-02-21 160 1.0×10−3 230

16260 2014-08-04 25 3.1×10−3 79

16261 2015-02-24 25 9.0×10−5 3

16262 2016-04-30 25 5.6×10−4 16

01125506013 2002-06-05 11 2.3 ×10−2 282

0200130101 2004-01-01 72 4.5 ×10−3 465

0761630101 2016-01-05 44 2.1×10−2 1147

0761630201 2016-01-07 35 4.3 ×10−4 29

0761630301 2016-01-09 65 3.9×10−4 217

1https://github.com/ericmandel/funtools
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2.2.1 Observations

The Chandra observations include both three new datasets we obtained in 2014, 2015, and

2016, and archival data going back to 2000. We used ciao version 4.9 4 (Fruscione et al.,

2006) for analysis of all Chandra data. For most on-axis observations, we manually extracted

the spectrum from the source and background regions using specextract. For off-axis

observations we used acis-extract 5 (Broos et al., 2012) to extract the source regions

(Broos et al., 2012). Specifically, in observations 12888 and 12889, the source is located

on ACIS chip 8 and thus far off-axis. Additionally in observation 12888, it is located on

the edge of this chip and is affected by dithering and edge effects. Given these issues and

low signal-to-noise ratio of the detection in these observations, we used acis-extract to

extract the spectra. Source extraction regions constructed by acis-extract are polygons

approximating Chandra-ACIS point spread function based on MARX (Davis et al., 2012)

simulations6. acis-extract also applies PSF corrections to ancillary response files (ARF)

and exposure and background scaling corrections to the spectrum to take into account edge

effects.

RZ2109 was also observed with XMM-Newton in 2002, 2004, 20087, and three times in

2016 (see Table 2.1). We used sas 16.1.08 to extract the spectra from the MOS1, MOS2

and pn detections.

We set FLAG== 0 to screen conservatively 9, and originally extracted single and double

4http://cxc.harvard.edu/ciao/
5http://www2.astro.psu.edu/xray/docs/TARA/ae users guide.html
6We note that MARX 5.0, 5.1, and 5.2 simulate PSF of off-axis sources inaccurately (see

https://github.com/Chandra-MARX/marx/pull/21). We have used MARX 5.3.2 for this work, which has
addressed this issue.

7Observation 0510011501 did not have enough information left post-background flare filtering and thus
is not used in this analysis.

8https://www.cosmos.esa.int/web/xmm-newton/sas
9https://heasarc.gsfc.nasa.gov/docs/xmm/hera guide/node33.html
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events (pattern <= 4) as recommended for XMM pn, however, in observations heavily

impacted with flares (0200130101, 0761630201, and 0761630301), we only extracted single

events (pattern == 0). For MOS1 and MOS2, we select (pattern<=12). The data was

filtered for high background flares by only selecting times at which the background was

constant. Those times were determined by examining the background light curve from the

PPS. We ignored any counts below 0.2 keV. To account for differences among the three

detectors when fitting, a constant factor was added to the best fit models; the value for pn

was frozen at 1.0, while the values for MOS1 and MOS2 were free.

We used xspec version 12.9.110 (Arnaud, 1996) to analyze the X-ray spectra of both

new and archival Chandra and XMM-Newton observations. All xspec analysis used the

abundance of elements from Wilms et al. (2000).

We used the F-test function to compare the χ2 statistics of a single disk component model

with an absorption term to a two component model (disk component added to a powerlaw

model pegged from 0.5-8 keV, also with absorption) for the three Chandra observations

with the highest counts (321, 12888, and 12889). The probability that the improved fit

statistics of the two component model is due to chance is respectively: 0.002, 0.006, 1.4e-

05. Similarly, the F-test probabilities of a single powerlaw model with absorption compared

to the absorbed two component model are: 0.047, 0.047 and 0.001. Therefore, we fit a

multicolor disk (MCD) model (diskbb) added to a power law pegpwrlw, and multiplied by

the absorption component to all observations. We note for completeness that if a power law

is fit as a single-component model to the Chandra data, its index is in the range from 3.2 to

4.3, while the XMM-Newton data typically have a single-component powerlaw index around

3.0. In all our fits, we include an absorption term, tbabs, fixed to a foreground hydrogen

10https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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column density of NH = 1.6× 1020 cm−2 11. We found no evidence for a second absorption

column; we fit the highest count Chandra data with a second absorption parameter and

found that in each case, the best fit value was consistent with zero.

For the bulk of the observations χ2 was used as the fitting statistic. Spectra with more

than 100 source counts were binned in groups of 20; spectra with fewer counts than that

were binned with 1 count per bin and fit with c-stats (Cash, 1979).

To estimate the unabsorbed fluxes in the 0.5-8keV range we used xspec’s multiplicative

model cflux 12 with the best fit spectral model. After adding in the cflux component and

refitting, we then used the error command in xspec on the flux parameter and obtained

upper and lower bounds on the fluxes of each observation to the 90% confidence interval.

All parameter errors were also obtained in this manner.

While all of our fitting is carried out in the 0.5-8keV range appropriate for Chandra data,

many X-ray results are given in the 0.2-10 keV range. Therefore to compare to other work,

we calculate the 0.2-10 keV fluxes and luminosities based on our spectral fits to the data

from 0.5-8 keV, also using cflux.

Tables 2.2 and 2.3 show best fit parameters, fit statistics and the fitted flux for Chandra

and XMM-Newton observations respectively. The fluxes and fit parameters are also plotted

in Figure 2.1.

Two Chandra observations have extremely low average source counts. Maccarone et al.

(2010b) have previously found 19 source count rates with a background of 10.8 counts for

obsID 11274, which, despite being highly off-axis, is significant at the 95% confidence level

(Gehrels, 1986). In obsID 16261, we detect three counts in the source region, which - consid-

11http://cxc.harvard.edu/toolkit/colden.jsp
12https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSmodelCflux.html
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ering the expected scaled background of 1 count - is also significant at the 95% confidence

level. To estimate a flux for both of these observations, we took the background subtracted

count rates and used pimms 13 to fit with a powerlaw index of 3.5, which was the common

best fit to the single powerlaw model of the other Chandra data. XMM-Newton observation

0761630201 had very few counts left post background flare filtering. This, in conjunction

with a relatively high background (' 50%) meant that detailed spectral analysis was not

possible. However, we were able to fit a single component disk model to the data and obtain

a flux using cflux. This lends significant uncertainty to this flux estimate.

2.3 RESULTS

The overall goal of this paper is to monitor variations in the X-ray luminosity of RZ2109

over the time covered by all of the available data, ranging from 2000 to 2016. Figure 2.2

shows the luminosities in the 0.2-10 keV range, which were calculated using the fluxes from

Section 3.2 and a distance of 16.1 Mpc (Macri et al., 1999). The luminosities are also listed

in Table 2.4.

One of the main results apparent from Figure 2.2 and Table 2.4 is that RZ2109 varies sig-

nificantly over all of the time scales observed, from days to years. During some observations

RZ2109 is observed to have LX ∼ 4 × 1039 erg s−1, while at other times it is observed to

have LX ∼ 2− 3× 1038 erg s−1 or even fainter, along with various times at which RZ2109 is

found to be between these luminosities. This variability is surprising because there is strong

evidence in other ways that the source is a stellar mass black hole accreting material from a

carbon-oxygen white dwarf at a very high rate, at or somewhat above its formal Eddington

13http://cxc.harvard.edu/toolkit/pimms.jsp
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limit (e.g., Peacock et al., 2012a; Roberts et al., 2012). In such a case the source is expected

to be persistent because accretion disks in high luminosity, short period ultracompacts like

this are not expected to have ionization instabilities (e.g., Maccarone et al., 2010a). While

there are beginning to be counter-examples to this argument (see Maccarone et al., 2010a),

understanding such systems may give important clues to the formation and accretion pro-

cesses in these globular cluster black hole sources. It is interesting to compare the variability

of RZ2109 to that of other ultraluminous X-ray sources in extragalactic globular clusters.

Of the six such sources published - Maccarone et al. (2007), Brassington et al. (2010); Shih

et al. (2010); Irwin et al. (2010); Maccarone et al. (2011); Roberts et al. (2012), all vary,

with at least three of them varying by more than an order of magnitude. There is a need

to be careful about variability in this list, because variability is also one of the criteria to

ensure that most of the X-ray flux comes from a single source and not multiple sources in

the globular cluster, and variability is one of the criteria used in these papers. However, in

these cases, the ultraluminous sources are typically the brightest X-ray sources among the

globular cluster sources in each galaxy. So substantial and large variability appears to be

the norm for ultraluminous X-ray sources in extragalactic globular clusters.

Given the luminosity variability observed in these sources, it is natural to test whether

there is any corresponding spectral variability. A key feature of the variability RZ2109

found here is that there is often no evidence for corresponding changes in the X-ray spectra

of RZ2109. The similarity of the X-ray spectra at different observed fluxes can be seen in

Tables 2.2 and 2.3 and Figure 2.1. This result is different than that found in the original

variability discovery for RZ2109 which showed that the decrease in flux seen within the

2002 XMM-Newton observation was driven by a decrease in the soft component that can be

interpreted as a change in the column density of absorbing material along the line of sight
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(Maccarone et al. 2007, Shih et al. 2008). While this is still true for the flux change within the

2002 XMM-Newton observation, such a model can not explain most of the variability among

the many observations shown here. Other ULX sources in extragalactic globular clusters

show a range of behavior in the relationship between luminosity and spectral variability.

Shih et al. (2010) find a ULX in an extragalactic globular cluster in NGC 1399 with more

than a factor of ten decrease in luminosity and no evident change in spectral shape. On the

other hand, a different extragalactic globular cluster ULX in NGC 4649 studied by Roberts

et al. (2012) does exhibit spectral changes in some observations. The overall picture is that

some spectral variability happens, but there are clear observations in multiple sources of

little or no spectral variability even with order of magnitude luminosity changes.

It is also natural to ask whether there is any overall longterm trend of LX with time

for RZ2109. Unfortunately the data are not quite adequate for addressing this question

specifically. It is intriguing that many of the fainter fluxes appear to be found at more recent

times. However, there are observations in 2014 and 2016 in which LX ' 3×1039 erg s−1, and

thus well within the ULX regime and not much different than observations in 2000 and 2002.

Given the short term variability clearly evident in RZ2109, one way to get at the long-term

changes in RZ2109 may be to study its [OIII]5007 emission which appears to be emitted over

a region of light months to light years, and therefore samples the overall photoionizing flux

averaged over those timescales (Peacock et al., 2012b). The physical origin of the variability

RZ2109 has not yet been established. As noted above, the accretion disk is not expected to

be subject to ionization instabilities, so a different mechanism must be operating.

One natural mechanism to produce changes in the accretion rate over time is to have small

changes in the eccentricity of the orbit (e.g., Hut & Paczynski, 1984), perhaps due to the

Kozai mechanism (Kozai, 1962), in which a lower mass third star in an outer orbit introduces
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eccentricity into the main two body system. For typical parameters for an RZ2109-like

system and a mass of the third star of 0.5M�, the Kozai timescale is roughly a decade. This

therefore may account for any long term trend we may see in RZ2109, but not very short

term variability. This is why it was attractive originally to try to explain RZ2109’s variability

with varying absorption, but such an explanation fails to account for the absence of spectral

changes seen in many datasets since. Other possibilities for short-term variability are listed

in the Maccarone et al. (2010a) study of similar variability of the Galactic ultracompact

binary 4U 0513−40. These possibilities include tidal disc instabilities (e.g., Whitehurst,

1988; Osaki, 1995) and irradiation of the donor star leading to modulations of the accretion

rate (e.g., Hameury et al., 1986). It is not yet clear whether these can account for variability

observed in RZ2109.

The observed X-ray spectrum and variability of RZ2109 can also be compared to the

well-known ULXs observed in star forming galaxies (Kaaret et al., 2017). Compared to most

of these ULXs not in globular clusters, RZ2109 is significantly softer and much more variable.

Within the field ULX population, there is a class of objects known as ultrasoft ULXs (ULSs)

that are both softer and more variable than most ULXs (e.g., Earnshaw & Roberts, 2017;

Urquhart & Soria, 2016). These papers also find that the variability in ULSs is primarily

at higher X-ray energies, although there is an exception to this general characteristic (Feng

et al., 2016). Thus RZ2109 differs from most field ULSs in that its variability is either mostly

at low energies (e.g., Shih et al., 2008), or the luminosity varies equally at all energies, as

shown above.

That the globular cluster ULXs are different than most ULXs in star forming galaxies

is not surprising. Globular cluster ULXs are essentially low-mass X-ray binaries (LMXBs)

and nearly all field ULXs are high mass X-ray binaries (HMXBs). The binaries that make
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the globular cluster ULXs are also likely to be formed by dynamical interactions within

the globular cluster (Ivanova et al., 2010), unlike the binary stellar evolution that makes

field ULXs. As a result, the accretor in globular cluster ULXs is likely to be much older

and thus not have the large magnetic fields often proposed for field ULXs. Differences in

the donor stars will also be significant in globular cluster ULXs compared to field ULXs.

Globular cluster sources will have old, low-mass donors while star forming ULXs typically

have young, higher mass donors. This leads to differences in the orbital parameters and the

composition of the accreted material, among others, which then may have implications for

the resulting observables in the ULXs.
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Figure 2.1: Top panel shows best fit powerlaw index for Chandra and XMM observations,
middle panel shows disk temperature, lowest panel shows calculated unabsorbed model flux.
Chandra data is represented by blue squares, and the XMM-Newton data by orange circles.
All parameters and fluxes are in the 0.5-8 keV band.
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Figure 2.2: Luminosity variability of RZ2109 in energy band 0.2-10.0 keV. Chandra data is
represented by blue squares, and the XMM-Newton data by orange circles.

2.4 CONCLUSIONS

We confirm long-term variability in the X-ray emission from the globular cluster black-hole

candidate source XMMUJ122939.9+075333 in the extragalactic globular cluster RZ2109.

The system shows strong luminosity variability over long and short time scales, dropping

anywhere from as low as LX ' 7 × 1037 erg s−1 to as high as LX ' 5 × 1039 erg s−1.

The system also underwent significant changes in luminosity over very short time scales:

observations four days apart from each other showed a drop in luminosity by almost a factor

of five. Over 16 years of X-ray monitoring, the spectral shape remains extremely soft. The

fitted Chandra and XMM-Newton spectra for the high count observations can be seen in

the appendix. While the fit quality is too low to make any statements in regards to spectral

variability, it is remarkable how consistently soft the spectra are.
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Table 2.4: All luminosities in 0.2-10 keV.

Date Luminosity Lower Bound Upper Bound Obs

(erg s−1) (erg s−1) (erg s−1)

2000-03-19 4.0×1039 2.9×1039 5.6×1039 Chandra

2000-06-12 4.4×1039 3.9×1039 6.0×1039 Chandra

2002-06-05 4.9×1039 4.4×1039 5.5×1039 XMM

2004-01-01 1.0×1039 8.4×1038 1.3×1039 XMM

2008-02-23 4.7×1039 3.3×1039 7.0 ×1039 Chandra

2010-02-27 7.4 ×1037 1.1×1038 1.3 ×1038 Chandra

2010-11-20 5.5×1038 2.7×1038 1.2×1039 Chandra

2011-02-14 2.1×1039 1.8×1039 2.5×1039 Chandra

2011-02-21 1.1×1039 8.7×1038 1.3×1039 Chandra

2014-08-04 2.7×1039 2.0×1039 3.3×1039 Chandra

2015-02-24 6.3×1037 9.8×1036 2.74×1038 Chandra

2016-01-05 3.1×1039 2.8×1039 3.4×1039 XMM

2016-01-07 5.2×1038 4.9×1038 5.6×1038 XMM

2016-01-09 3.5×1037 6.1×1036 7.4×1037 XMM

2016-04-30 1.2×1038 2.0×1037 3.7×1038 Chandra
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2.6 Appendix
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Figure 2.3: Left: Fitted spectrum with residuals of Chandra ObsID 321 (2000-06-12). Right:
Fitted spectrum with residuals of XMM-Newton observation 0112550601 (2002-06-05, pn
only).
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Figure 2.4: Fitted spectrum with residuals of XMM-Newton observation 0200130101 (2004-
01-01, pn only).
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Figure 2.5: Left: Fitted spectrum with residuals of Chandra ObsID 12889 (2011-02-14).
Right: Fitted spectrum with residuals of Chandra ObsID 12888 (2011-02-21).

10−5

10−4

10−3

10−2

10−1

N
or

m
al

iz
ed

C
ou

nt
s

s−
1

ke
V
−

1

100 101

Energy (keV)

−3
−2
−1

0
1
2
3

χ

10−5

10−4

10−3

10−2

10−1

N
or

m
al

iz
ed

C
ou

nt
s

s−
1

ke
V
−

1

100 101

Energy (keV)

−3
−2
−1

0
1
2
3

χ

Figure 2.6: Left: Fitted spectrum with residuals of XMM-Newton observation 0761630101
(2016-01-05, pn only). Right: Fitted spectrum with residuals of XMM-Newton observation
0761630301 (2016-01-09, pn only).
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Chapter 3

X-Ray Spectral Variability of

Ultraluminous X-Ray Sources in

Extragalactic Globular Clusters

3.1 INTRODUCTION

Ultraluminous X-ray sources (ULXs) are non-nuclear X-ray sources with luminosities signif-

icantly greater than the Eddington limit or a 10 solar mass black hole (BH). LX1039 erg s−1

is often adopted as a general guideline for being well above this limit and therefore a ULX.

This implies the accreting object in a ULX is either a black hole, or a neutron star (NS)

with super-Eddington accretion and/or emission beamed along our line of sight. The most

well studied ULX population is that in star forming galaxies (e.g. review by Kaaret et al.

2017). The ULXs with luminosities lower than 3 ×1039 erg s−1 are typically fit best by a

singly peaked, broadened disk. The higher luminosity ULXs are fit by a two component disk

and power law model, and are either “soft” or “hard”, depending on the slope of the power

law. The slope differentiates between ∼ Eddington and super-Eddington models (Gladstone

et al., 2009; Sutton et al., 2013). These ULXs show strong luminosity variability that are

often accompanied by significant changes in states/spectral shapes (Sutton et al., 2013; Ba-
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chetti et al., 2013; Walton et al., 2013; Feng et al., 2016). A third group of ULXs have

also been identified, with luminosities below 3 ×1039 erg s−1 and soft blackbody dominated

emission and are known as of “supersoft” ULXs (Urquhart & Soria, 2016).

Some optical counterparts have been identified for ULXs in star forming regions. These

are primarily OB type giants or supergiants (Pintore et al., 2018, and references therein).

High mass companion stars could provide an explanation for the high mass transfer rates

which drive the high luminosities and account for their connection to star-forming regions

(see Gladstone et al. 2009 and references therein).

Of the many sources confirmed as ULXs, a number of those associated with star form-

ing galaxies have been found to have pulsations, implying that the compact object is a

neutron star (e.g., Bachetti et al. 2014 to Pintore et al. 2018). Although ULXs in star

forming galaxies have been studied extensively, ULXs also exist in a completely different

environment: globular clusters (GCs). Since 2007, five globular cluster ULX sources have

been studied in some depth: XMMUJ122939.7+075333 (RZ2109; Maccarone et al., 2007),

CXOJ0338318-352604 (Irwin et al., 2010), CXOKMZJ033831.7−353058 (Shih et al., 2010),

CXOU 1229410+0757442 (Maccarone et al., 2011), and CXOUJ1243469+113234 (Roberts

et al., 2012). Some of these sources are proposed to have black hole primaries due to their

highly variable ULX emission and other properties (Maccarone et al., 2007; Shih et al., 2010).

Interestingly, nebular emission is observed from some of these GC ULXs. Such emission

is likely associated with the ULX, since it is extremely rare in globular clusters, which

lack young stars and are known to have few planetary nebulae (Peacock et al., 2012b, and

references therein). Their forbidden optical emission lines limit beaming to a factor of a

few or less for some of these GC sources. While geometric beaming has been proposed as a

mechanism for producing the super-Eddington X-ray emission from accreting neutron stars
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(King et al., 2001), Peacock et al. (2012a) find that the optical emission from the GC ULX

sources are too luminous to accommodate a large beaming factor and should be isotropically

emitting. (See also Pakull & Mirioni (2002), and Binder et al. (2018) for a discussion of

beaming in ULX sources.)

The presence of black holes in globular clusters, and if so, the properties the globular

cluster black holes has been debated for many decades (see Spitzer 1969, Chatterjee et al.

2017, Park et al. 2017). While black holes are initially expected to form in globular clusters

(Ivanova et al., 2010), early numerical simulations indicated that dynamical interactions

within the globular cluster would cause the black holes to be ejected (Kulkarni et al., 1993;

Sigurdsson & Hernquist, 1993). However, more recent work, (e.g., Morscher et al. 2013,

2015; Heggie & Giersz 2014; Sippel & Hurley 2013) show that the ejection time scales are

much longer, and that stellar mass black holes remain well mixed in the cluster. In addition

to this, globular clusters are prime environments for black hole mergers, and if black holes

are retained in globular clusters, then globular clusters could be the progenitors of recent

LIGO detections of merging black holes (see Abbott et al., 2016b; Rodriguez et al., 2016).

Studying GC ULX sources could shed some light on the nature of black holes in globular

clusters.

It is interesting to compare the ULX population in star forming regions to those in

globular clusters, which are two very different environments. Firstly, the dense globular

cluster environment is conducive to dynamical formation of binary systems, thus, GC ULXs

are likely dynamically formed (Ivanova et al., 2010). The large interaction cross-section in

this environment means that it is unlikely that the current binary partner of any compact

object in a GC was a binary with the object when the stars initially formed and evolved. In

contrast, ULX sources in star forming regions likely evolved from primordial binaries, and
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that the two objects in the binary evolved at the same time.

The donor stars in the two types of ULXs are also likely to be very different; due to the

ages of globular clusters, 13 Gyr or so, the BHs and NSs were born from the massive stars

in these GCs many Gyr ago. This very old age for these primordial BH and NS populations

differs greatly from the young ages of the NSs and BHs formed from massive stars in currently

star forming regions. For example, one such GC ULX source likely has a white dwarf as its

donor star (Steele et al., 2014), but the ULXs in star-forming regions should have high mass

donor stars, as mentioned previously.

One other difference between these ULX populations is that those in star forming regions

have hydrogen emission present in their optical spectra (e.g., Fabrika et al., 2015), while at

least three of the globular cluster ULXs have no hydrogen emission (Zepf et al., 2008; Irwin

et al., 2010; Roberts et al., 2012). The most well studied GC ULX, RZ2109, also has very

different X-ray behaviour from ULXs in star forming regions; it varies by more than an order

of magnitude in X-ray luminosity between many different observations, but exhibits little or

no variation in kT over those same observations (Shih et al., 2008; Dage et al., 2018).

Several studies have considered the nature of the GC ULX sources and their optical

emission, although most of them tend to focus on the source RZ2109 (e.g., Zepf et al., 2008;

Steele et al., 2011; Peacock et al., 2012a,b; Steele et al., 2014). There are also studies of

the optical spectrum of the GC ULX CXOJ0338318-352604 in the galaxy NGC 1399 (Irwin

et al., 2010). The emission lines of RZ2109 have been variously modelled as a ∼ 50 − 100

M� mass black hole tidally disrupting a horizontal branch star (Clausen et al., 2012a) and

as the ejecta from a R Corona Borealis star being photoionised by an unrelated X-ray source

elsewhere in the cluster Maccarone & Warner (2011). The goal of this paper is to consider

all known GC ULX sources to better understand their nature and constrain these models.
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In this paper, we undertake an analysis of the eight known globular cluster ULXs with

LX > 1039 erg s−1 to broaden our understanding of these sources. As noted above, three

of these sources have been studied previously, while five are new to this paper. Section 3.2

discusses the Chandra observations and analysis, the results are presented in Section 3.3.

The major results of the paper are discussed further in Section 3.4.

3.2 Data and Analysis

3.2.1 Globular Cluster ULX Sample

We consider low mass X-ray binaries (LMXBs) in the sample of seven local early-type galaxies

as presented in Peacock et al. (2014). The galaxies studied are all within 20 Mpc and have

deep Chandra observations of > 100 ksec. We select the targets that are located in GCs in

these galaxies and that have X-ray luminosities greater than 1039 erg s−1. The X-ray fluxes

of the point sources in these galaxies are published by Paolillo et al. 2011 (NGC 1399),

Brassington et al. 2008 (NGC 3379), Brassington et al. 2009 (NGC 4278), Joseph 2013

(NGC 4472), Li et al. 2010 (NGC 4594), Luo et al. 2013 (NGC 4649), and Sivakoff et al.

2008 (NGC 4697). Globular cluster X-ray sources were then identified from these catalogues

by matching to optical counterparts in aligned HST optical images (see Peacock et al.,

2014; Luo et al., 2013, for details). The resulting catalogue of high probability GC LMXB

candidates is used to select ULX sources.

Sivakoff et al. (2007) predict that the X-ray luminosity of bright GC sources is dominated

by a single high luminosity object and not from multiple fainter sources with a combined

high luminosity. Many of the sources in our sample are also highly variable in X-ray, which

also implies that most or all of the luminosity comes from a single source (see Maccarone
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et al. 2007 and Section 3.2.3 for further discussion of source variability). See Table 3.1 for

source coordinates and optical cluster properties. We present new data and analysis of three

of the previously studied sources (Irwin et al. 2010; Maccarone et al. 2011; Roberts et al.

2012), and new analysis of five GC ULXs which have not yet been previously studied in

depth.

3.2.2 Spectral Fitting

We use archival Chandra data of NGC 1399, NGC 4472 and NGC 4649 (See Tables 3.2.

For these observations, we use ciao-4.91’s (Fruscione et al., 2006) specextract function

to extract the spectra, with approximately 2.5′′ circular regions on the sources, and set

a series of 5-10 similarly shaped regions in source-less areas around the sources to select

the background regions. We follow Dage et al. (2018) for all fitting of Chandra spectra.

Observations with counts greater than 100 were binned by 20, those with less were binned

by 1. We fit the spectra with with xspec2 (Arnaud, 1996), using χ2 statistics for the more

detailed spectra and C-statistics3 (Cash, 1979) for the spectra which were binned in counts

of 1. We set the abundance of elements to Wilms (Wilms et al., 2000), and freeze the value

of the equivalent hydrogen column absorption (nH) to the value for that galaxy4. We use

the “ignore bad” command to remove bad channels.

All of the data were fit with two separate single component models. The first is a multi-

temperature blackbody disk (tbabs*diskbb) (Mitsuda et al., 1984). The second is a pegged

power law model (tbabs*pegpwrlw) with the normalisation pegged from 0.5-8.0 keV. We also

1http://cxc.harvard.edu/ciao/
2https://heasarc.gsfc.nasa.gov/xanadu/xspec/
3https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStatistics.html
4http://cxc.harvard.edu/toolkit/colden.jsp
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Table 3.1: Coordinates and optical properties of the GC ULX sample.
Optical properties from (Zepf et al., 2007, RZ2109), (Maccarone et al.,
2003, GCU1), Peacock et al. (2014, GCU2, GCU3, GCU4), (Strader
et al., 2012b, GCU5, GCU6) and (Paolillo et al., 2011, GCU7, GCU8)
All magnitudes are in z-band unless otherwise noted.

Object RA Dec z g − z Host Galaxy (Distance)

RZ2109 12:29:39.9 +07:53:33.3 20.4 a 0.84 b NGC 4472 (16.8 Mpc)c

GCU1 12:29:41.0 +07:57:44.2 20.8 a 1.59 d NGC 4472 (16.8 Mpc)c

GCU2 12:29:34.5 +08:00:32.1 22.1 0.92 NGC 4472 (16.8 Mpc)c

GCU3 12:29:42.3 +08:00:08.1 19.5 1.42 NGC 4472 (16.8 Mpc)c

GCU4 12:29:34.5 +07:58:51.6 20.1 1.11 NGC 4472 (16.8 Mpc)c

GCU5 12:43:46.9 +11:32:34 20.3 1.55 NGC 4649 (16.5 Mpc)e

GCU6 12:43:44.5 +11:31:50 22.2 1.60 NGC 4649 (16.5 Mpc)e

GCU7 03:38:31.8 -35:26:04 20.7 1.98 NGC 1399 (20.0 Mpc)f

GCU8 03:38:32.6 -35:27:05.7 19.9 2.24 NGC 1399 (20.0 Mpc)f

aConverted from V to z by using the relation V = g - 0.39(g − z) + 0.07 (?).
bg−z conversion from B-R used the following relationship: g−z = 1.305(B-R)

- 0.543 (?).
cDistance from Macri et al. 1999
dg− z conversion from V-I used the following relationship: g− z = 1.518(V-I)

- 0.443 (?).
eDistance from Blakeslee et al. 2009
fDistance from Blakeslee et al. 2001

fit the high count (100 counts) data with a two component model tbabs*(diskbb+pegpwrlw),

and used F-test to determine if any improvement was statistically significant. Lastly, we de-

termine to what extent (if any) there is intrinsic absorption in these systems by fitting a sec-

ond absorbing column to the high count data (tbabs*tbabs*pegpwrlw and tbabs*tbabs*diskbb.)

The pegpwrlw model is normalised such that the best fit to the power law norm is the

unabsorbed flux from 0.5-8.0 keV. To determine the unabsorbed flux in the models fit by

diskbb,we multiply the models by cflux, with the energy range between 0.5 and 8 keV and

fit. To calculate the luminosities, we use the distances of 20.0 Mpc for NGC 1399 (Blakeslee

et al., 2001), 16.8 Mpc for NGC 4472 (Macri et al., 1999) and 16.5 Mpc for NGC 4649

(Blakeslee et al., 2009).
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Table 3.2: Observations of NGC 4472, with raw source counts (0.5-8.0 keV) for GCU1,
GCU2, GCU3 and GCU4. Observations marked with * were too off axis to measure counts
from. Observations marked with - had the source off the chip.

ObsID Date ObsLen GCU1 GCU2 GCU3 GCU4
(ks) Cts Cts Cts Cts

322 2000-03-19 10.36 42 34 15 41
321 2000-06-12 39.59 134 142 178 196
8095 2008-02-23 5.09 31 11 11 21
11274 2010-02-27 39.67 458 115 196 180
12978 2010-11-20 19.78 12 - 2 *
12889 2011-02-14 135.59 1067 492 491 488
12888 2011-02-21 159.31 1559 506 644 641
16260 2014-08-04 24.74 6 * * 50
16261 2015-02-24 22.76 58 42 * *
16262 2016-04-30 24.73 136 50 89 52

3.2.2.1 NGC 4472 GC ULXs

There are five globular cluster ULX sources in NGC 4472 with LX > 1039 erg s−1. The

brightest of these, RZ2109 has been previously well studied in both X-ray and optical

(Maccarone et al. 2007, Zepf et al. 2008, Shih et al. 2008, Steele et al. 2011, Dage et al.

2018). A second globular cluster ULX, CXOU 1229410+0757442, hereafter GCU1, has also

been studied in some detail by Maccarone et al. (2011). There are three other GC ULXs,

CXOU 1229345+08003209, (hereafter GCU2), CXOU 1229423+08000808 (hereafter GCU3),

CXOU1229345+07585155 (hereafter GCU4), which have not yet been studied in depth (see

Figure 3.1 for a Chandra image of the source locations.). At least 10 different Chandra

observations exist for these sources spanning from the year 2000 to 2016 (see Table 3.2),

enabling a study of their spectral properties and behaviour on the scale of years to decades.

Below, we discuss the spectral fitting results for all sources.

CXOU 1229410+0757442 (GCU1)
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Figure 3.1: X-ray image of NGC 4472 (ObsID 12888, filtered to 0.5-8.0 keV) with regions
for GCU1-GCU4 overlaid.
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For GCU1, Maccarone et al. (2011) have previously examined earlier data through ObsID

11274, and could not find a statistical difference between an absorbed power law model versus

an absorbed disk model, preferring the disk model for physical reasons. While the lower count

spectra were ambiguous as to whether a single disk model is a better fit than a single power

law model, χ2 statistics for the deep observations (ObsIDs 12888 & 12889) indicate that the

disk model alone is a much better fit than a single power law. Values for both models are

presented in Table 3.3.

We fit a power law with a second absorbing column (tbabs*tbabs*pegpwrlw) to obser-

vations with greater than 100 source counts. We find that the nH is not inconsistent with

zero in three of these observations. By comparison, fitting tbabs*tbabs*diskbb resulted in

the second absorbing column consistent with zero that had significantly better χ2 values in

all cases.

We also find that adding a power law component to the single component disk is not

a statistically significant improvement to the fit of GCU1. Specifically, we used xspec’s

F-test tool 5 which found no statistically significant improvement in the fit from adding the

second component. We compare the statistics of the two component model to both single

component models; these values are presented in Table 3.4. We note that while ObsID 11274

seems to favor a two component model, the best fit two-component power law photon index

is 6.8, which is not typical for X-ray binaries. We do not report the best fit values for the

two-component models as they are not physically realistic or statistically significant.

CXOU 1229345+08003209 (GCU2)

GCU2 had consistently better fit statistics for a single component disk model (Table 3.3).

The F-test values (Table 3.4) again indicate that a single component disk model is the best

5https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node83.html
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fit for this source.

We rule out the necessity of a second absorbing column for GCU2 by again fitting

tbabs*tbabs*pegpwrlw and tbabs*tbabs*diskbb to the source. Only ObsIDs 11274 and

12888 have a second absorption component for the power law model that is non-zero, how-

ever, the disk model,which has the best fit second absorbing column consistent with zero,

has significantly better fit statistics than the intrinsically absorbed power law.

CXOU 1229423+08000808 (GCU3)

We fit a power law model to longer observations of GCU3 with a second absorbing column,

but found the best fit absorption to be consistent with zero in all cases. We fit GCU3

with both single component models (as reported in Table 3.3), as well as a two component

model. The statistics generally favour a single component disk fit, or are inconclusive. The

two component model only showed a significant statistical improvement in one observation

(Table 3.4), however, the best fit two-component power law for that had a very high index

of 5.7, which again is unphysical and much steeper than the typical value for X-ray binaries.

CXOU1229345+07585155 (GCU4)

We found that the best fit value for the second absorbing column of this source was con-

sistent with zero across all of the longer observations. GCU4 was statistically better fit by

tbabs*pegpwrlw (Table 3.3). The F-test values generally do not favour a two component

model (Table 3.4), except for ObsID 12889. However, it again has an unphysical power law

of 5.0.
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Table 3.4: F-test probability values for single component versus two component models
for GC ULXs in NGC 4472 with over 100 source counts. We compare statistics be-
tween tbabs*(diskbb+pegpwrlw) and tbabs*diskbb only in columns titled “Disk”, and
tbabs*(diskbb+pegpwrlw) with tbabs*pegpwrlw only in columns titled “PL”. Blank table
entries are where the source had fewer than 100 counts in a given observation.

GCU1 GCU2 GCU3 GCU4
ObsID Disk PL Disk PL Disk PL Disk PL
321 1 0.31 1 0.06 0.01 0.99 0.15 0.99
11274 0.07 0.06
12889 0.18 5.65e-8 0.10 0.17 2.31e-3 4.07e-3 0.06 0.01
12888 0.14 1.37e-7 0.36 5.83e-4 0.10 6.01e-6 1.35e-3 1

Table 3.5: Chandra Observations of NGC 4649, with raw source counts (0.5-8.0 keV) for
GCU5 and GCU6.

ObsID Date ObsLen GCU5 GCU6
(ks) Cts Cts

785 2000-04-20 38.11 65 135
8182 2007-01-30 52.37 468 196
8507 2007-02-01 17.52 111 45
12976 2011-02-24 101.04 773 265
12975 2011-08-08 84.93 505 260
14328 2011-08-12 13.97 84 39

3.2.2.2 NGC 4649 GC ULXs

NGC 4649 hosts two GC ULXs, CXOUJ1243469+113234 (hereafter GCU5) (Roberts et al.,

2012) and CXOU1243445+113150 (hereafter GCU6) (see Figure 3.2 for a Chandra image of

the source locations.). CXOUJ1243469+113234 (GCU5)

As noted in Roberts et al. (2012), GCU5 shows better fit statistics for the single power

law component. ObsID 12975 is an exception here; the single disk component had much

better fit statistics than the single power law. However, Roberts et al. (2012) found that this

observation had a second intrinsic absorbing column that was significant. We do not account

for such a component here, but it could explain why in this particular instance, a disk was a
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Figure 3.2: X-ray image of NGC 4649 (ObsID 12976, filtered to 0.5-8.0 keV) with regions
for GCU5 & GCU6 overlaid.

better fit than a single power law, when a power law has typically a better fit than a disk in

previous observations. The F-test values for comparison between a single component model

and a two component model are listed in Table 3.6 and the best fit values for either single

component models are listed in Table 3.8.

CXOU1243445+113150 (GCU6)

GCU6 is ambiguous as to whether a single disk model or a single power law model is a

better fit. See Table 3.6 for a comparison of the single disk versus power law model.The

F-test values for GCU6 (Table 3.7) indicate that the two component model is not a better fit

to the data. We find that this source has a significant (non-zero) second absorbing column

for ObsIDs 8182 and 12975. When comparing these observations to a disk model with a

best fit second absorbing column that is consistent with zero, we find that it is statistically

ambiguous as to which model is a better fit. We present these fits in Table 3.8.
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Table 3.7: F-test probability values for single component versus two component models
for GC ULXs in NGC 4649 with over 100 source counts. We compare statistics be-
tween tbabs*(diskbb+pegpwrlw) and tbabs*diskbb only in columns titled ”Disk”, and
tbabs*(diskbb+pegpwrlw) with tbabs*pegpwrlw only in columns titled ”PL”.

GCU5 GCU6
ObsID Disk PL Disk PL
785 - - 0.33 0.80
8182 0.09 0.31 0.65 0.20

12976 2.72 ×10−3 0.19 0.12 1

12975 0.99 6.41 ×10−3 1 0.47

Figure 3.3: X-ray image of NGC 1399 (ObsID 319, filtered to 0.5-8.0 keV) with regions for
GCU7 & GCU8 overlaid.

3.2.2.3 NGC 1399 GC ULXs

NGC 1399 hosts three GC ULXs. One, CXOKMZJ033831.7−353058 (Shih et al., 2010)

has faded beyond detection by 2005, and we do not study it here. CXOJ0338318-352604,

(hereafter GCU7) has been previously studied by Irwin et al. (2010), while the third,

CXOU0338326-35270567 (hereafter GCU8) is bright but has not been previously extensively

studied in X-ray. We present new analysis on both old and new data (Table 3.9). see Figure

3.3 for a Chandra image of the source locations and any nearby sources.

CXOJ0338318-352604 (GCU7)
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Table 3.9: Chandra Observations of NGC 1399, with raw source counts (0.5-8.0 keV) for
GCU7 and GCU8.

ObsID Date ObsLen GCU7 GCU8
(ks) Cts Cts

320 1999-10-18 3.38 12 23
319 2000-01-18 56.04 448 629
239 2000-01-19 3.60 14 22
240 2000-06-16 43.53 12 44
2389 2001-05-08 14.67 13 10
4172 2003-05-26 44.50 114 294
9530 2008-06-08 59.35 248 366
14527 2013-07-01 27.79 136 230
16639 2014-10-12 29.67 171 162
14529 2015-11-06 31.62 132 226

GCU7 shows better fit statistics for the single component disk model (Table 3.10). The F-test

values indicate that the two component model is not necessary, except perhaps for ObsID

319 (Table 3.11). However, the two component model has a best fit power law index of 5.7.

Fitting this source with a second absorption component plus power law gives an absorption

that is consistent with zero in almost all cases, and for all fits of tbabs*tbabs*pegpwrlw,

the power law index is between 3-4, which implies that the spectrum is very soft and unlikely

to be fit by a power law model of any sort.

Clausen et al. (2012a) model this system as the tidal disruption of a horizontal giant

branch star by an intermediate mass black hole, while Maccarone & Warner (2011) model

this as a R Corona Borealis star illuminated by a bright X-ray source. Neither scenario is

ruled out by the observed shallow decline of the LX . Other binary system models might

also be consistent with these data.

CXOU0338326-35270567 (GCU8)

We find that there is no evidence for a second absorbing column of any sort for this source.The

F-test values for GCU8 rule out a two component model (Table 3.11), and the statistics
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indicate that a single power law component is the best fit model for this source. (Table

3.10). Note that the best fit values of the disk norms for GCU8 are upper limits, even in

the higher count observations binned by 20 and fit with χ2 statistics, most likely because

the single disk fit for this source was not a good fit to the point where xspec had difficulty

fitting the normalisations to these spectra.

GCU8 was marginally detected in ObsID 2389. We used the WebPIMMS tool to estimate

an upper limit on the unabsorbed flux using a count rate of 6.8×10−4 ct/s, and a fixed

powerlaw index of 1.7, with the NH fixed to frozen to 1.34 ×1020 cm−2 .

3.2.3 Long and Short-term X-ray Variability

RZ2109 has been shown to vary both long and short term (see Maccarone et al. 2007; Shih

et al. 2010; Dage et al. 2018, for example), which is leading evidence for its compact object

being a black hole accretor. Other GC ULXs show some significant long-term variability,

and quantifying the variability of these sources on either long or short timescales can shed

light on the nature of the objects that make up these ULX systems.

3.2.3.1 Long-Term Variability

We found the average luminosity comparing the data to a range of 5000 luminosities drawn

from the lowest LX to the highest for the source and computing the reduced χ2 in each case.

We plot the luminosity with the χ2 closest to 1.0 as the mean luminosity. This is plotted for

all the sources in Figure 3.4.

To quantify the variability of these sources, we do a χ2 minimisation fit of the data using

scipy6 with a model of constant luminosity, using the best fit luminosity from above as the

6https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.chisquare.html
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Table 3.11: F-test probability values for single component versus two component mod-
els for GC ULXs in NGC 1399 with over 100 source counts. We compare statistics be-
tween tbabs*(diskbb+pegpwrlw) and tbabs*diskbb only in columns titled “Disk”, and
tbabs*(diskbb+pegpwrlw) with tbabs*pegpwrlw only in columns titled “PL”.

GCU7 GCU8
ObsID Disk PL Disk PL

319 0.08 7.63 ×10−4 6.14 ×10−3 0.44
4172 0.22 0.46 0.19 1
9530 0.56 0.04 0.01 1
14527 0.54 0.11 0.51 0.12
16639 0.11 0.03 0.65 1
14529 0.54 0.37 0.42 0.99

Table 3.12: χ2 values comparing a model of constant luminosity to the luminosity of the GC
ULXs in this sample over time.

Source GCU1 GCU2 GCU3 GCU4 GCU5 GCU6 GCU7 GCU8

χ2 26.33 0.22 0.17 0.55 3.00 0.30 5.22 4.12

mean value. We find that GCU2, GCU3, GCU4 and GCU6 have χ2 values less than 1 (e.g.,

no evidence for long-term variability), while GCU1, GCU5, GCU6 and GCU7 have very

large χ2 values, indicating that they are much more variable. These values are presented in

Table 3.12.

3.2.3.2 Short-term (inter-observational) variability

Two GC ULXs (Maccarone et al., 2007; Shih et al., 2010) show variability on short time

scales. We extracted light curves of GC ULXs from our sample in any observations that

had 500 source counts or greater (see Tables 3.2, 3.5, and 3.9). The source GCU1 shows

interesting behaviour in ObsIDs 12888 and 12889. These observations were taken a week

apart, and were each near 150ks in length. The fluxes in each observation were significantly

different (see Table 3.3), and yet within the observation, no clear variability was observed.

We also search for inter-observational variability or periodicities in any Chandra light
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Figure 3.4: Upper: LX vs. time for NGC 4472 GC ULXs with mean luminosity (data from
Tables 3.3). Middle: LX vs. time for NGC 4649 GC ULXs with mean luminosity (data from
Tables 3.6). Lower: LX vs. time for NGC 1399 GC ULXs with mean luminosity (data from
Tables 3.10 ).
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Figure 3.5: Upper: Light curve for GCU1 from ObsID 12889. Middle: Light curve for
GCU1 from ObsID 12888. Both are binned by 5 ksec and 2 ksec. Lower: Lomb-Scargle
periodogram of ObsIDs 12888 &12889 of GCU1 binned by 5 ksec compared to the Lomb-
Scargle periodograms of the background, as well as red noise and white noise.

57



curves with greater than 500 source counts (See Tables 3.2, 3.5, 3.9). We implement a

generalized Lomb-Scargle periodogram algorithm 7 (Lomb, 1976; Scargle, 1982) on combined

long observations of the four sources in NGC 4472 and two in NGC 4649 to search for

any trends within the observation. The background subtracted light curves as well as the

background were extracted from event files filtered to 0.5-8.0 keV using CIAO’s dmextract

tool, and binned by 2 ksec and 5 ksec.

To determine how significant (if at all) any periods identified in the periodogram are, we

computed the periodograms of red noise, white noise and the background and compare them

to the periodogram of the data for bins of 2 ksec and 5 ksec. We use the DELCgen package

(Connolly, 2016) to generate red noise simulations of the Chandra light curves (Timmer

& Koenig, 1995). We also extract background light curves and compute the Lomb-Scargle

periodogram in the same manner. For white noise, we shuffle8 our original light curves and

re-compute the periodogram.

We find that there are no clear significant periods in this data and that white noise is

the main cause of spurious signals in the Lomb-Scargle periodogram (see Figure 3.5, (lower

panel) for the various contributions of noise to the detected signals in the data).

3.3 RESULTS

We fit a sample of eight GC ULXs located in NGC 1399, NGC 4472 and NGC 4649 (see Table

3.1) with two different single component models, an absorbed disk or an absorbed power law,

and take data from the literature for a ninth (Dage et al., 2018). We also consider a power law

with intrinsic absorption, but find that for almost all the sources, the intrinsic absorption

7http://www.astroml.org/modules/generated/astroML.time_series.lomb_scargle.html
8https://docs.scipy.org/doc/numpy-1.15.0/reference/generated/numpy.random.shuffle.html
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Figure 3.6: Spectra and fitted models (fit residuals on lower panel) of GCU7 and GCU8.
GCU7 is best fit by a disk model, while GCU8 is much harder and better fit by a power law
model.

component was either consistent with zero, or not a statistical improvement over a disk

model.

We also consider a two component model, however, it was not enough of a statistical

improvement over the single component model. In the few cases where the two component

model was a statistical improvement, the power law index was always unphysical. The χ2

statistics for the single component models either indicated that one model was a better fit

than the other, or the statistics were comparable, except in the case of GCU6, which was

ambiguous.

Figure 3.6 shows the best fit models and residuals for spectra from GCU7 and GCU8.

GCU8 was consistently brighter than GCU7 (see Table 3.9), and the best fit model was a

power law with no intrinsic absorption. The lower luminosity source, GCU7, was best fit

by a diskbb model. In this case specifically, the system producing the emission in GCU8 is

physically different than that of GCU7.

The data never require that the sources change between a disk to a power law between

observations, although it is difficult to [strongly] rule out the possibility. The ninth GC ULX
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Figure 3.7: Upper: Plot of optical cluster colour (g − z) versus best fit spectral parameter
for GC ULXs. Lower: Plot of absolute z-band magnitude versus best fit spectral parameter
for GC ULXs. Neither absolute magnitude nor colour appear to be correlated with best fit
spectral parameter in this sample. However, it is worth noting how red in colour GCU8 is.
(Optical cluster values from Table 3.1)

source, RZ2109 is the only source that is clearly a two component model (Shih et al., 2008);

however its power law indices were not well constrained (Dage et al., 2018). Like these other

GC ULX sources, RZ2109 also shows no strong evidence for changes in spectral state.

We also compare optical cluster colour (g-z) and magnitude (z) to the best fit spectral

index in Figure 3.7. There does not appear to be clear correlation between optical colour

and X-ray behaviour of the sources.

The ultimate aim of this paper is to study the behaviour of the brightest (LX > 1039 erg

s−1) GC ULXs. To quantify how the spectral parameters of these sources change with their

luminosity, we plot the values of the spectral component versus luminosity in Figures 3.9

and 3.10. Any GC ULX with largely better statistics for a power law was plotted in Figure

3.9; any source with consistently better statistics for a disk is plotted in Figure 3.10. GCU6

was ambiguous as to whether a disk or a power law was a better fit, so we therefore present

it on both plots.
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The power law sources show little variability in either Γ or luminosity. Within uncer-

tainties, both GCU8 and GCU4 have similar luminosity and power law index values across

all of their own observations, with GCU4 at a lower luminosity than GCU8. GCU6 also

does not vary significantly in either parameter. GCU5 seems to follow the same behaviour,

except for ObsID 785 (2000-04-20), the first observation taken of this source. It seems as

though it begins with a low luminosity, then brightens and stays fairly consistent at that

luminosity/Γ.

The disk sources appear to be bimodal: they are either sources with Tin greater than 0.5

keV, or much less than that temperature. Of the sources with Tin > 0.5 keV, GCU1 shows

the most variability. GCU6 shows some variability in Tin and LX . GCU2 and GCU3 do not

show significant variability in either luminosity or disk temperature.

Finally, the two sources with nearly steady disk temperatures below 0.5 keV, RZ2109

at ' 0.15 keV and GCU7 at ' 0.4 keV do show significant variability in luminosity while

having no large change in Tin. It is of note that the only sources that vary significantly with

LX but not visibly with the spectral parameter are RZ2109 and GCU7. Interestingly, both

RZ2109 and GCU7 show optical emission lines (Zepf et al., 2008; Irwin et al., 2010).

To determine the extent to which variations in luminosity and variations in spectral fit

parameter (either kT or Γ) are correlated and estimate the correlation slope, we determine

the best fit line to the data for each individual source. To carry out this fit, we use linmix9

(Kelly, 2007) which uses Bayesian inferences, and develops MCMC sampling to allow linear

fits while accounting for uncertainties in both variables. However, this implementation does

not allow asymmetric parameter uncertainties which typically rise in X-ray spectral fits.

Thus, we conservatively chose the larger uncertainty value on each parameter for both lower

9Python port by J. Meyers: https://github.com/jmeyers314/linmix
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Table 3.13: Best fit slopes and uncertainties of sources that varied in kT or LX .

Object Slope
RZ2109 0.0 ± 0.02
GCU1 0.29± 0.16
GCU7 0.08± 0.2

and upper values. We fit the correlation with Tin as a function of LX , which allows a simple

test for lack of correlation for systems which luminosity seems to vary independent of disk

temperature (RZ2109 and GCU7).

We used this method to fit the slopes of RZ2109, GCU1, and GCU7. The best fit slopes

and uncertainties are reported in Table 3.13. We did not fit slopes for GCU2, GCU3, or

GCU6 as they do not appear to vary significantly in either kT or LX . The difference in

slopes between the sources below 0.5 keV (RZ2109 and GCU7) and the sources above 0.5

keV (GCU1) is suggestive of a dichotomy between low kT and high kT sources, with the

low kT sources having a slope that is likely consistent with zero, and some high kT sources

having a non-zero slope. See Figure 3.8 for the best fit slopes and errors of RZ2109, GCU1

and GCU7.

3.4 CONCLUSIONS

We consider a total sample of nine ultraluminous X-ray sources (LX ≥ 1039 erg s−1) physi-

cally associated with globular clusters for which we do new data analysis for eight and rely

on our previous study of RZ2109 for the ninth. We find that the sources are best fit by

a single component - either an absorbed disk or an absorbed power law. Two component

absorbed disk plus power law model is not statistically required for any of these sources.

The two component fits also give unphysical power law indices.
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Figure 3.8: linmix best fits of LX vs kT for RZ2109, GCU7 (Slopes consistent with zero)
and GCU1 (slope inconsistent with zero).
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When we compare the luminosity to the spectral parameters of the sources, we find that

sources best fit as power laws have either no clear variability in either power law index or

luminosity, or only show mild variability in each parameter. When comparing luminosity

to inner disk temperature, the sources split into two temperature ranges, one group with

temperatures above 0.5 keV, and the other with low Tin. The part of the sample best fit

by disks with temperatures below 0.5 keV and show strong variability in luminosity with

no clear variability in disk temperature. The disk sources with temperatures below 0.5 keV

are the only ones to show variability only in luminosity, without significant corresponding

spectral changes.

Prior work (Angelini et al., 2001; Kundu et al., 2002; Sarazin et al., 2003; Jordán et al.,

2004) has shown that more luminous (and presumably more massive) globular clusters are

more likely to contain low mass X-ray binaries. Beyond that, our GC ULX sample does not

show any clear correspondence of X-ray behaviour or luminosity to the optical photometric

properties of the cluster. However, some aspects of the X-ray behaviour appear to correlate

with the presence of optical emission lines. RZ2109, GCU7 and GCU5 all have published

optical spectra. RZ2109 shows bright and broad [OIII] emission lines beyond the globular

cluster continuum, with no hydrogen emission detected (Zepf et al., 2008). GCU7 has nar-

row [OIII] and [NII] emission lines beyond the cluster continuum, also with no hydrogen

emission (Irwin et al., 2010). RZ2109 and GCU7 both have similar behaviours in X-ray,

with consistent, low disk temperatures and luminosity variability.

GCU5 shows no optical emission lines at all, including no hydrogen emission lines. GCU5

has very different X-ray behaviour, as it has a better fit as a single power law model that does

not show the same kind of luminosity variability seen in the other two sources. Additionally,

when it is fit as a single disk component, it has temperatures greater than 1 keV (Roberts
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et al., 2012). We note that none of the three sources has hydrogen emission present.

We postulate that X-ray behaviour may be linked with optical emission, as the sources

with low disk temperatures both have optical emission, but the source with no optical emis-

sion has a vastly different behaviour in X-ray. However, optical follow-up on other sources

in our sample is necessary to confirm such a claim.
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Collaboration et al., 2013).
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Chapter 4

Slow Decline and Rise of the Broad

[OIII] Emission Line in Globular

Cluster Black Hole Candidate RZ2109

4.1 Introduction

RZ2109 is a globular cluster associated with the elliptical galaxy NGC 4472, and is host to a

stellar mass black hole candidate. The X-ray source, XMMUJ122939.7+075333, associated

with RZ2109 is ultraluminous (∼ 1039 erg s−1) and highly variable, with the count rate drop-

ping by a factor of seven in only a few hours (Maccarone et al., 2007). Optical spectroscopy

obtained by Zepf et al. (2007) revealed a very broad and luminous [OIII]λλ4959,5007 emis-

sion lines, with a velocity width of around 2000 km s−1 (Zepf et al., 2008). The oxygen

emission is also variable (Steele et al., 2011). RZ2109 is the only globular cluster associated

with NGC 4472 to show [OIII]5007 emission, which places constraints on geometric beaming

of the system. If the large X-ray luminosity were produced by strong beaming effects, it

would be likely that there would be several sources with strong [O III] whose X-ray emission

was beamed away from our line of sight (see Peacock et al., 2012a, for more detail).

Not only is the [OIII] emission in RZ2109 broad, but Peacock et al. (2012b) found that
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the oxygen emission line is spatially resolved by HST, which implies that there is an oxygen

nebula within the cluster with a size scale of ∼5±2 pc. Such a large size for the nebula

negates a previous hypothesis that this oxygen emission is due to ionised nova ejecta that

is serendipitous in a globular cluster with a bright X-ray source as suggested by Ripamonti

& Mapelli (2012), as the nova ejecta shell required to produce only [OIII] emission must

be at least an order of magnitude smaller. All evidence points to the [OIII] emission being

associated with an outflow powered by the ultraluminous X-ray source.

Steele et al. (2014) modelled the emission line nebula and found that the material is

hydrogen-depleted, and that the emission from the material is consistent with accretion-

powered outflow driven by a white dwarf donor being accreted onto a black hole, making

XMMUJ122939.7+075333 (hereafter RZ2109) one of the very few candidate ultracompact

X-ray binary (UCXB) systems in a globular cluster. UCXBs are hydrogen deficient systems

with a white dwarf donor and either neutron star or black hole accretor, and typically have

very short orbital periods of 80 minutes or less (see Van Haaften et al., 2012; Heinke et al.,

2013).

In addition to being a strong black hole UCXB candidate, the RZ2109 source is also one

of the few known stellar mass black hole candidates in a globular cluster (Peacock et al.,

2012b; Dage et al., 2018), and possibly the brightest one. Recent theoretical work has

shown that GCs are likely to host BHs, and even suggests that black holes drive the whole

dynamical evolution of clusters, (e.g. Kremer et al., 2019), so it is not surprising studies are

starting to find them, even if their signatures are challenging to observe. Currently there are

a handful of accreting black hole candidates in Milky Way globular clusters (Strader et al.,

2012a; Chomiuk et al., 2013; Miller-Jones et al., 2015; Shishkovsky et al., 2018), and there is

one dynamically-confirmed black hole candidate in which there is no evidence for accretion
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(Giesers et al., 2018). There are a handful of other black hole candidates in extragalactic

globular clusters, including globular clusters in NGC 1399, NGC 4472 and NGC 4649 (Shih

et al., 2010; Irwin et al., 2010; Maccarone et al., 2011; Roberts et al., 2012; Dage et al.,

2019). Unlike the Milky Way sources, this extragalactic population of globular cluster black

hole candidates are all ultraluminous X-ray sources (ULXs), and are likely exhibiting a very

different accretion regime than their very much closer analogues. Some ULXs were found

to exhibit coherent pulsations (e.g. Brightman et al., 2018), implying that the compact

objects in the binary are neutron stars. Many models for neutron star ULXs also involve

extremely high magnetic fields (Brightman et al., 2018). These may be plausible for recently

formed neutron stars in star forming regions in the field, but implausible for the old stellar

populations of globular clusters. The best physical explanations for these systems requires

significant beaming (King et al., 2017), which has been ruled out for RZ2109 (Peacock et al.,

2012a), see also Dage et al. (2019).

Of the extragalactic systems, RZ2109 is the best studied, having been monitored long-

term in both X-ray and optical. Studying this system can address questions about the

evolution of black holes in globular clusters, and shed light on the nature of black holes

in globular clusters, as simulations predict their presence (e.g. Morscher et al., 2013, 2015;

Rodriguez et al., 2016). The nature of black holes in globular clusters has become increasingly

relevant in light of the LIGO discoveries, as globular clusters are one possible source for the

progenitors of the merging black hole binaries detected by LIGO (Abbott et al., 2016b). In

fact, recent simulations suggest that multiple generations of black hole binaries can form in

globular clusters (Rodriguez et al., 2019).

In this work, we present new optical spectroscopy of RZ2109 from 2011 to 2018 and add

to the Steele et al. (2011) study of the optical variability beginning in 2007. RZ2109 is
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also highly variable in X-ray (Maccarone et al., 2007; Shih et al., 2008). The X-ray source,

which is likely to drive the ionisation of the oxygen nebula (Peacock et al., 2012b) has

been monitored long-term in X-ray, from 2000-2016 (Dage et al., 2018). We compare the

variability of the flux of the oxygen line to the X-ray variability from Dage et al. (2018)

to search for a link between the variability in both wavelengths. Section 4.2 describes the

data and analysis. The implications of these measurements on the size scale of the system

in Section 4.4, and Section 4.6 discusses the impact of these results.

4.2 Optical Data and Analysis

Optical spectra have been obtained for RZ2109 since 2007. Previous observations have been

reduced and presented in Steele et al. (2011): it was observed with Keck in 2007 (Zepf et al.,

2008), on the William Herschel Telescope (WHT) in 2008, on the Southern Astrophysical

Research Telescope (SOAR) early in 2009, and on the Gemini South Telescope later in

2009. In this paper we analyse new data starting from 2011 until 2019 to compare to

previous observations and measurements. The newest observations were taken with Gemini

South/Gemini Multi-Object Spectrograph (GMOS) and SOAR/Goodman High Throughput

Spectrograph(GHTS), and are described in more detail below. The data were reduced using

IRAF (Tody, 1986, 1993).

4.2.1 Gemini

Data were taken using GMOS on Gemini South (Hook et al., 2004) under observing program

GS-2011A-Q-41. Data from both programs span a wavelength range of 4134Å to 5765Å,
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with a B1200 grating, resolution R=37441, and a 1.0” slit. Data for GS-2011A-Q-41 were

taken on UT 2011-05-01, 2011-05-02, 2011-05-04, and 2011-05-05. RZ2109 was observed on

Gemini South in 2015 (GS-2015A-Q-1), however, the 2015 data suffered significantly from

defects on the detector which severely impacted the utility of these observations.

4.2.2 SOAR

RZ2109 was observed on the 4.1 m Southern Astrophysical Research Telescope (SOAR)

using the GHTS (Clemens et al., 2004) on UT 2012-03-14, 2016-03-14, 2018-03-14, 2018-03-

15, 2019-04-06 and 2019-04-07. The observations were taken using the 0.95” longslit (0.95”

in 2018 and 2019), with the SYZY 930 grating. The resolution is R ∼ 1500. It was also

observed on 28-04-2019 and 02-05-2019 with a higher resolution (1200 l/mm) grating and

0.95” longslit.

4.2.3 Equivalent Width Measurement

We develop a method in python to measure the equivalent width of the [OIII] emission

of the un-normalised spectra in the following manner: we select spectral bandpasses with

wavelengths longer and shorter than that of the [OIII] emission and which are relatively

featureless and hence good indicators of the cluster continuum. An average value is drawn

from two regions, a lower region of 4800-4875Å , and an upper region of 5100-5175Å 2. Out

of these two regions, we randomly select 25 Å wide regions over which to average. Similar to

Steele et al. (2011), we measure the [OIII] emission between 4964Å and 5058Å (due to the

breadth of the emission lines - ∼1475 km s−1, Zepf et al. 2008).

1https://www.gemini.edu/sciops/instruments/gmos/spectroscopy-overview/gratings
2https://github.com/kcdage/equivalent_width
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Figure 4.1: Un-normalised Gemini spectrum from 2009. The purple shaded regions show one
example of the 25Å wide regions sampled out of larger regions (blue) that are averaged to
approximate the continuum values at the start and end of the emission region. The orange
shaded area shows the emission region we are measuring over from 4964Å to 5058Å . The
blue line is the continuum fit in the region of interest.

We adopt the average value in the bluer range as the continuum value at 4964Å , and

the average value in the redder range as the continuum value at 5058Å , and fit a straight

line across the broad emission region. The very much lower S/N 2009 and 2012 SOAR

spectra were smoothed with a 1D box filter3. Figure 4.1 shows one example for the 2009

Gemini spectrum. We calculate the equivalent width, and to estimate uncertainties, repeat

this process 100 times, randomly drawing different regions to calculate the continuum values

from. The final reported equivalent width is the average of all these trials, and the error

comes from the standard deviation.

The equivalent width of RZ2109 has been measured in Steele et al. (2011) from obser-

vations spanning from 2007-2012, taken with Keck, WHT, SOAR, and Gemini. We also

confirm our measurements by remeasuring a subsample of the spectra from Steele et al.

(2011). The data are presented in Table 4.1.

3http://docs.astropy.org/en/stable/api/astropy.convolution.Box1DKernel.html
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Table 4.1: [OIII] Equivalent Width (Angstrom).

Date Instrument Equivalent Width Error
2007-12 Keck 31.6 1.6
2008-01 WHT 29.3 3.2
2009-02 SOAR 25.3 7.3
2009-03 Gemini 32.7 0.7
2011-05 Gemini 26.0 0.6
2012-03 SOAR 24.4 3.7
2016-03-14 SOAR 18.9 0.9
2018-03-14, 2018-03-15 SOAR 12.9 0.9
2019-04-06,2019-04-07 SOAR 16.5 1.1

4.2.4 Normalisation of the Spectra

All further analysis in this paper is based off of the higher resolution Keck, SOAR and

Gemini observations. The spectral resolution of the 2009, 2011 Gemini spectra are within

about 20% of the 2016, 2018 and 2019 SOAR spectra. We normalise these spectra with

respect to the Keck spectrum (which has been flux calibrated) using the following procedure

(in python)4: we calculate a moving average across 4500Å to 5500Å , but ignores 4940Å

-5100Å in order to mask the [OIII] emission5. Then we fit a 5th order polynomial to the

smoothed continuum. We divide the fitted Keck slope by the SOAR or Gemini slope to find

the relative normalisation as a function of wavelength and apply it to each spectrum. The

normalised spectra are presented in Figure 4.2.

4.3 X-Ray Data and Analysis

RZ2109 was observed by Chandra for 30 ks on 2019-04-17 (ObsID 21647), and was followed

up by a series of shorter Swift-XRT observations triggered after the observed rise of the

4https://github.com/kcdage/spec_slope_fit/
5For the lower wavelength range,we use a lower cutoff of 4646Å instead of 4500Å in the case of the

SOAR 2016 data, which had a narrower wavelength range.

75

https://github.com/kcdage/spec_slope_fit/


4600 4800 5000 5200 5400
Wavelength(Angstrom)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
F

lu
x

(
10
−

1
7

er
g/

s/
cm

2
/A

n
g)

Gemini 2011

Gemini 2009

SOAR- 2016

SOAR- 2018

SOAR- 2019

Figure 4.2: Normalised spectra from observations spanning 2007-2018. Observations are
from the W.M. Keck Observatory (December 2007, [dark blue]) Gemini South (March 2009,
[yellow], May 2011, [light blue]), and SOAR (March 2016, [light pink], March 2018, [light
purple], April 2019 [dark purple]).

optical luminosity.

4.3.1 Chandra

RZ2109 was detected in the latest Chandra observation, with 7 source counts against a

background of 2 counts detected in a 3.5” radius region in the 0.3-10keV energy range,

making this a 3 σ detection (Gehrels, 1986). Similar to Dage et al. (2018), the source was

extracted with CIAO version 4.10 using the dmextract tool (Fruscione et al., 2006) and

binned by counts of 1. We fit the resultant spectrum with xspec (Arnaud, 1996), using

Cash statistics (Cash, 1979) to fit, and Pearson Chi-Squared as the test statistic, with solar

abundances from Wilms et al. (2000).

While RZ2109 is typically best-fit by an absorbed two component disk plus power-law

model (Dage et al., 2018), given the poor statistics and low number of counts, an absorbed
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Table 4.2: X-ray luminosities from 0.2-10 keV measured by Swift/XRT.

Date Exposure Length LX (0.2-10 keV)

seconds ×1039 erg s−1

2007: 11-13, 12-(25, 27) 8327.0 1.79 +1.16
−0.98

2010: 3-(22, 26, 30) 6061.0 ≤ 2.45
2019: 4-15, 5-(13, 17, 27, 31) 5800.0 ≤ 1.26

power-law model (tbabs*pegpwrlw, with the hydrogen absorption column fixed to 1.606

×1020cm−1) was the more appropriate choice. We caution that it is not justifiable to inter-

pret any best fit spectral parameters physically, due to low count numbers, and we fit solely

to estimate the X-ray luminosity. The best fit flux was 2.2 +6
−0.8 ×10−15erg cm−2 s−1 in the

0.5-8 keV energy range. The best fit power-law index is 3.0+5
−1. The X-ray luminosity7 of this

observation in 0.2-10 keV extended energy range calculated using PIMMS8 and a power-law

index of 3.0 is 2.0 +5.3
−0.7 ×1038 erg s−1.

4.3.2 Swift/X-Ray Telescope

Swift/XRT data on RZ2109 were taken in three epochs in November and December 2007,

March 2010, April and May 2019. We reprocessed all Swift/XRT data using xrtpipeline

(HEASoft 6.25). The source was not detected in any individual observations, thus we merged

observations in each epoch (using Xselect) and investigated source brightness. The source

was detected at ∼2-sigma significance in 2007, but was not detected in 2010 or 2019. The

X-ray luminosities from 0.2-10 keV are presented in Table 4.2.

6http://cxc.harvard.edu/toolkit/colden.jsp
7Assuming a distance of 16.8 Mpc (Macri et al., 1999).
8http://cxc.harvard.edu/toolkit/pimms.jsp
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4.4 Results: Time Behaviour of [OIII] Emission

Based on the observed changes in the [OIII] emission, we can consider possible implications

these changes over time would have for the size scales of the oxygen nebula. In this section, we

specifically address what could be causing the changes to the relative strengths of components

of the [OIII]λ5007 emission line, and if we see any link between the change over time in X-ray

flux and [OIII]λ5007 emission flux.

4.4.1 Time Evolution of the [OIII] emission

We have been monitoring the [OIII]λλ4959,5007 emission of RZ2109 since 2007 to examine

how the emission has changed over time, and how changes in the optical emission compare

to any changes in the X-ray luminosity. Figure 4.3 plots the full [OIII]λ5007 equivalent

widths from Steele et al. (2011) and Table 4.1 to the X-ray luminosities of RZ2109 taken

from Maccarone et al. (2010b), Dage et al. (2018), and Table 4.2.

One of the goals of this work is to use these data to constrain the size of the [OIII]

emitting nebula. From Figure 4.3 it is clear that the [OIII]λ5007 luminosity decreases by

about a factor of two over a timescale of about 3,000 days. Because the light crossing time

of the emitting region provides a rough lower limit to the timescale on which the emission

can be seen to vary, the data shown in Figure 4.3 place an upper limit on the size of the

emitting region to be about four light years across.

This approach gives an upper limit to the size of the emitting region, but does not provide

further information about its size. An alternative approach is to assume the observed decline

in the emission line is due to the oxygen nebula expanding and lowering the overall density of

material by a factor of two while the central source remains constant. Given this assumption
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the size scale can be estimated based on the following equations:

rfinal = rinitial + (Vexpansion)× tdecline (4.1)

r3
final = 2× r3

initial. (4.2)

Adopting eight years as the time over which the emission is seen to decline and an

expansion rate for the emitting region of 1000 km/s (approximately one half the line width),

we find that under these assumptions, the current size scale would be roughly 0.04 pc. We

can also compare this to the absolute lower limit for the size of the emitting region set by the

volume required at the critical density of the [OIII]λ λ4959,5007 emission line required to

produce the observed line luminosity. As also shown in (Steele et al., 2011), this minimum

size is a few 10−3pc. The half-light radius of the emitting region could be limited to greater

than ∼ 10−3 pc at the low end and ∼2 pc at the high end.

4.4.2 Time Evolution of the Core and Red and Blue Wings of the

Emission Line

Differential behaviour between the red and blue wings of the observed [OIII] emission can also

provide a constraint on the size scale of the nebula. We will observe changes in the red wing

which should lag changes in the blue wing due to the difference in light travel time between

the material moving toward us and material moving away. Any such change is convolved

with possible changes in the structure of the emitting region, but such a comparison may

still provide a useful test of the consistency of models of the spatial scale of the nebulae.
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To estimate this possible lag, we utilise the work of Steele et al. (2014) who modelled

the structure of the λ5007 emission region and found that it is best described by a Gaussian

core with red and blue shifted wings. We compute the equivalent widths in the wings and

the core of the emission line in the normalised spectra by defining three regions: 5006-5026Å

as the blue wing, 5026-5037Å as the core, and 5037-5057Å as the red wing (see Figure 4.4).

We calculate the errors by extending the regions by 2Å on either side, recomputing the

equivalent width and taking the difference. The λ4959 core emission was measured across

4978-4989Å , the same width of region as the λ5007 emission core, but centered around the

λ4959 core. The uncertainty was propagated by recomputing the equivalent width for a

range of continuum values.

As can be seen in Figure 4.5 while all three structures appear to decay with time, they

do not appear to do so in concert. At most epochs, the red emission wing is brighter than

the blue wing, but fainter than the core. However, in the past two years, the core continued

dropping, then rose, while the red wing seems to have possibly flattened and the blue wing

appears to continue to fade. The changes in the core are highly significant compared to the

measurement uncertainties, but this is not the case for the wings. Both the λ4959 and λ5007

core emission follow the same trend (Figure 4.6).

As noted above, if the decline of the observed [OIII] flux is due to the central ionising

source declining, and the timescale over which it declines is indicative of the size scale of the

emitting region, then the red wing of the emission line should lag the behaviour of the blue

wing of the emission line, and the time lag should be similar to the overall spatial scale of

the emitting region.

Based on the data presented in Figure 4.4, the red wing may lag the blue wing by around

2500 days (∼ 7 years). This is similar to the size scale derived from the time it takes the
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Figure 4.4: Intervals of the [OIII]λ5007 emission line components, 5006-5026Å for the [OIII]
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Figure 4.5: Flux in each regime of the emission line over the course of the observations.
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Figure 4.6: Flux in each regime of the λ4959, λ5007 emission cores.

overall luminosity to decline by a factor of two. We note that these two measurements are

independent - the overall luminosity could decline without any difference in the red and blue

wings, or without the red wing being consistent with lagging the blue wing. However, it

remains the case that one can construct smaller size scale models where the changes are due

to the structure of emitting regions and not due to light travel times.

These implications are a contrast to the spatially resolved HST-STIS spectroscopy anal-

ysed by Peacock et al. 2012b. In this work, the HST-STIS spectroscopy appeared to be
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spatially resolved, with the emitting region having an extent of 5 ± 2 pc. The variability

results appear to suggest a spatial scale on the low end of this very difficult measurement.

4.4.3 X-ray Behaviour Versus [OIII]

Any relation between changes in the X-ray and [OIII] λ5007 luminosities can be tested

by monitoring RZ2109 in both X-rays and [OIII]λλ4959,5007 emission. RZ2109 has been

observed in both of these wavelengths for more than a decade. In particular, if the optical

emitting region is of order a parsec in size, any change observed in the ten or so years we

have been observing it must be due to changes in the central X-ray source illuminating the

region, as such a large region can not change its structure so quickly. In this case there

should be a correlation between the X-ray flux averaged over the light travel time of the

system and the [OIII] λ5007 flux.

Figure 4.3 compares the full equivalent widths from Steele et al. (2011) and Table 4.1 to

the X-ray luminosities of RZ2109 taken from Maccarone et al. (2010b), Dage et al. (2018),

and new data presented in this paper (Table 4.2).

Ideally, we would compare the time changes in the X-ray luminosity to those of the

[OIII] λ5007 luminosity to help distinguish between these possibilities for the size of the

[OIII] λ5007 emitting nebula. Fundamentally, because the X-ray emitting region is orders

of magnitudes smaller than the [OIII] λ 5007 nebular emitting region for any physically

plausible model, the [OIII] λ 5007 emission should lag changes in the X-ray emission by a

time comparable to the light crossing time of the [OIII] λ 5007 emitting nebula. In order to

carry out this test, we need to establish the effective LX seen by the [OIII] λ 5007 emitting

region on the relevant timescales of months to years. However, determining the effective

LX over longer time periods is made difficult by the widespread short-term variability of
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Figure 4.7: Measurements from early April 2019, and late April 2019 verifying the increase
in the [OIII] emission on two different gratings.

RZ2109, so that any X-ray observation may not give a representative value for the LX at

that time. Given this caution it is still notable that the observed LX in the top panel of

Figure 4.3 suggest an overall decline of the LX of RZ2109.

4.4.4 Rise in [OIII] Emission

While the [OIII] emission has been observed in a long-term decline since 2010, in April 2019

the flux in the core was observed to be increasing. Subsequent measurements approximately

a month later with a higher resolution grating verify the observed increase (See Figure 4.7).

A close up of the spectrum from 2016-2019 is shown in Figure 4.8 to highlight the decline

and rise of the emission line.
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Figure 4.8: Spectra from 2016-2019 showing decline and subsequent increase.

4.5 Comparison to Milky Way GC Sources

There is one candidate globular cluster BH UCXB candidate among Galactic globular clus-

ters, 47 Tuc X9. This source has LX ∼ a few ×1033 erg s−1, but unlike typical compact

binaries in of this luminosity, also shows bright radio continuum emission (Miller-Jones et al.,

2015). X-ray timing suggests an orbital period about 28 min, and the X-ray spectrum shows

emission lines consistent with Oxygen VII and VIII and indicates overabundance of oxygen

(and possibly carbon) in the system. (Bahramian et al., 2017), but no evidence for optical

hydrogen or helium emission/absorption (Tudor et al., 2018), suggesting a CO white dwarf

donor, as inferred for RZ2109. Carbon emission lines were also detected in the FUV spec-

trum (Knigge et al., 2008). Hence, 47 Tuc X9 appears as reasonable analogue for RZ2109

excepting its lower X-ray luminosity. This can be understood in the context of the evolu-

tionary timescales of UCXBs: RZ2109 is expected to be in a relatively brief period (∼ 105

yr) of high mass transfer but will evolve to a fainter, more extended (∼ 107–108 yr), longer

period system akin to 47 Tuc X9 (Van Haaften et al., 2012; Church et al., 2017).
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We can also consider whether the size scale of the RZ2109 nebula and its implications for

the age of the system are consistent with such a scenario. If the size of the RZ2109 nebula

is on the order of a parsec, then the system has to be old enough so that the outflowing

material can reach this radius. At the observed outflow velocity of about 103 km/s, this

corresponds to an estimated age of about 103 years. Alternatively, if the system is much

smaller with a size of 10−1−10−2pc, then the age can be correspondingly younger. These are

formally lower limits to the age of the system, as the system could have been expanding for

longer, and the size scale of the emitting nebula could not be the fullest extent of the ejected

material but rather where the density and ionisation parameter are such that it where most

of the [OIII] is produced. Therefore, age constraints from the size estimates for the nebula

are readily consistent with an age much less than the 105 years duration of this evolutionary

stage, although they do not absolutely require it.

There is also good reason to believe that the early evolution of the system leads to strong

mass ejection. A CO WD donor, as implied by the optical and X-ray data, must have had

an initial mass of at least 0.4 M� (Prada Moroni & Straniero, 2009), and white dwarfs at

or about this mass will require non-conservative mass transfer with strong wind emission to

remain in stable mass transfer(Van Haaften et al., 2012). Thus there is both a mechanism

to drive oxygen into a nebula and sufficient time for it to reach the size scales we estimate.

4.6 Conclusions

RZ2109 shows very broad [OIII]λλ4959,5007 emission, which is also variable. We have been

monitoring it with multiple telescopes since 2007 and find that the emission has declined

over the last nine years of monitoring.
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Clausen & Eracleous (2011); Clausen et al. (2012b) model the X-ray and optical behaviour

of an intermediate mass black hole tidally disrupting a white dwarf. The decline of the [OIII]

luminosity predicted in the model in Clausen & Eracleous (2011) happens much more quickly

than what we observe here. Similarly, RZ2109 is declining on a much slower timescale than

predicted by the model from Ripamonti & Mapelli (2012) of a serendipitous bright X-ray

source and nova shell ejection. It is also unlikely that these two unique phenomena are

serendipitous in the same cluster.

The oxygen emission is likely caused by X-ray ionisation of the oxygen nebula in the clus-

ter, therefore we expect a link between the X-ray variability and oxygen emission. However,

due to the large size of the nebula, it is unclear over what timescales a potential link between

the X-ray and optical variability would be observed. The similarity of the declines between

both the [OIII] core and the red and blue high velocity wings are an interesting challenge to

models of the physical origin.

While there may be a hint of a correlation between X-ray luminosity and optical flux,

future monitoring in X-ray and optical of RZ2109 could help determine if this really is the

case. Future optical monitoring of RZ2109’s [OIII] emission line can help address whether

the oxygen emission will continue to decline, and how the broad and narrow components of

the [OIII] emission vary.
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Chapter 5

Conclusions

5.1 Summary and Perspectives

This work is aimed at probing the multiwavelength nature of black hole candidates in ex-

tragalactic globular clusters by studying ULXs physically associated with globular clusters.

Not only have we identified a number of the only black hole candidates in extragalactic

globular clusters

Long-Term X-ray Monitoring of RZ2109: Chapter Two details the results of data

spanning 16 years of X-ray monitoring of the source RZ2109. The combination of the high

X-ray luminosity, short term X-ray variability, X-ray spectrum, and optical emission suggest

that this system is likely an accreting black hole in a globular cluster. A total of 15 spectra

from Chandra and XMM-Newton, were analysed and fit with xspec models. The spectra

are all dominated by a soft component, which is very soft with typical fit temperatures

of T ' 0.15 keV. The resulting X-ray fluxes show strong variability on short and long

timescales, while the X-ray spectrum often shows no significant change even with luminosity

changes as large as a factor of five. The persistence of spectral parameters, along with

the rapid variability, make RZ2109 stand out from the rest of the ULX population. While

the underlying physical nature cannot be completely discerned without a thorough study

of the lower energy X-ray emission of the source, the steadfastness of the best-fit spectral

parameters indicates that the shape of the emission, and therefore the configuration of the
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central engine and the overall accretion process do not vary over the wavelengths probed.

X-ray Analysis of the Larger Globular Cluster ULX Sample: Chapter Three

contains the analysis for a further eight globular cluster ULX sources in NGC 4472, NGC 4649

and NGC 1399. Their behavior in both X-ray and optical were compared to RZ2109. The

sources were either best fit by power-law models, or by softer multi-component blackbody

disk models.

In the case of the softer (disk) models, the fits were bimodal: either the sources were

better fit by a higher disk temperature or (like RZ2109) had a lower disk temperature with

the spectral parameter constant while varying in luminosity. There is a likely correlation

between the disk temperature and whether or not the source has optical emission, as the

optical spectra of the low kT sources show optical emission, and a number of the higher kT

sources have no emission beyond the cluster continuum The eight GC ULXs were fit with

either a single power law and single disk models, where the data never requires that any of

the sources change between a disk and a power law across successive observations. The GC

ULXs best fit by a single disk show a bimodal distribution: they either have temperatures

well below 0.5 keV, or variable temperatures ranging above 0.5 keV up to 2 keV. The GC

ULXs with low kT have significant changes in luminosity but show little or no change in kT.

By contrast, the sources with higher kT either change in both kT and LX together, or show

no significant change in either parameter. Notably, the X-ray characteristics may be related

to the optical properties of these ULXs, with the two lowest kT sources showing optical

emission lines. This study indicates that the sources fall into three different “classes” (i.e.

three different types of physical accretion processes), and most importantly no evidence of

state changes between the different accretion processes. The low kT sources clearly have a

unique and steady accretion mechanism, while the higher kT sources appear to act like very
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luminous Galactic BH sources, and the harder power-law sources have a strong non-thermal

component.

Slow Decline and Rise of [OIII] Emission in RZ2109: Chapter Four describes

10 years of long-term optical spectroscopic monitoring of RZ2109. RZ2109 is particularly

notable because optical spectroscopy shows it has broad, luminous [OIII]λλ4959,5007 emis-

sion, while also having no detectable hydrogen emission. The flux of the emission line is

significantly lower in recent observations from 2016-2018 than it was in earlier observations

in 2007-2011, and the emission line changes shape over time. Both the core and the wings of

the emission line decline over time, with some evidence that the core declines more rapidly

than the wings. However, the most recent observations (in 2019) unexpectedly show the

emission line core re-brightening. This has implications that the size scale of the emission

nebula may be smaller than previously thought.

RZ2109 and other globular cluster ULXs comprise a very unique population sitting at the

cornerstone of two major fields: globular cluster dynamics, and extreme accretion physics.

Their number and characteristics can inform on the nature of black holes in globular clusters,

and therefore the progenitors to the sources detected by LIGO. The field of ULXs as a whole

can also benefit from multiwavelength studies of these sources, as it is quite exciting that

the old and dynamic globular cluster environment can host such high luminosity sources.

5.2 Future Directions

This work is at the crossroads of two major fields of study: extreme accretion physics and

globular cluster dynamics. Globular cluster ULXs represent a new class of objects accreting

at super-Eddington rates, as well as a probe of the brightest globular cluster black hole
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candidate population. The existence of these sources present a number of questions, such

as:

How do ULXs in globular clusters compare to ULXs in star-forming regions of galaxies?

The components of star-forming ULXs are likely to be neutron stars with massive, hydrogen

rich donor stars. By contrast, ULXs in globular clusters are likely to be stellar mass BHs

with low mass, metal poor donors.

How do ULXs in globular clusters associated with spiral galaxies compare to those asso-

ciated with elliptical galaxies? Currently, all known globular cluster ULX sources are found

near elliptical galaxies. Searching for ULXs in globular clusters associated with spiral galax-

ies could have exciting implications for the link between ULXs associated with star-forming

regions of galaxies and ULXs in globular clusters associated with elliptical galaxies.

Do GCs that host ULXs have different structures than those which do not? This ques-

tion is fueled by the physical effects that hosting a black hole is theoretically expected to

have on the structure of the host cluster.

All of these questions have long-lasting implications for understanding a new class of

ULXs (and understanding ULXs as a whole), for understanding the dynamics and forma-

tion of BHs in GCs, and for understanding the sources which lead to the BH-BH merger

events detected by LIGO. The key beginning to answer these questions is to discover new

populations of ULXs in globular clusters in both spiral and elliptical galaxies and to carry

out detailed multiwavelength analysis of the sources to probe their high-energy nature and
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search for outflows.
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