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A long-standing debate in the field of ultraluminous X-ray sources (ULXs:
luminosities > 3x10%° ergs s™!) is whether these objects are powered by stellar-
mass black holes (mass range of 3-25 M) undergoing hyper-accretion/emission or
if they host the long-sought after class of intermediate-mass black holes (mass range
of a few 100-1000 M,,) accreting material at sub-Eddington rates. We present X-ray
time and energy spectral variability studies of ULXs in order to understand their
physical environments and accurately weigh their compact objects.

A sample of ULXs exhibit quasi-periodic oscillations (QPOs) with centroid fre-
quencies in the range of 10-200 mHz. The nature of the power density spectra (PDS)
of these sources is qualitatively similar to stellar-mass black holes when they exhibit
the so-called type-C low-frequency QPOs (frequency range of 0.2-15 Hz). However,
the crucial difference is that the characteristic frequencies within the PDS of ULXs,
viz., the break frequencies and the centroid frequencies of the QPOs, are scaled down

by a factor of ~ 10-100 compared to stellar-mass black holes. It has thus been argued



that the ULX mHz QPOs are the type-C low-frequency QPO analogs of stellar-mass
black holes and that the observed difference in the frequencies (a fewx0.01 Hz com-
pared with a few Hz) is due to the presence of intermediate-mass black holes (Myrx
= (QPOsteliar—mass black hole/ QPOULX) X Mtellar—mass black hole; Where M and QPO are
the mass and the QPO frequency, respectively) within these ULXs. We analyzed
all the archival XMM-Newton X-ray data of ULXs NGC 5408 X-1 and M82 X-1 in
order to test the hypothesis that the ULX mHz QPOs are the type-C analogs by
searching for a correlation between the mHz QPO frequency and the energy spectral
power-law index as type-C QPOs show such a dependence. From our multi-epoch
timing and spectral analysis of ULXs NGC 5408 X-1 and M82 X-1, we found that the
mHz QPOs of these sources vary in frequency by factors of =~ 4 and 6, respectively.
However, we did not find evidence for changes in their energy-spectral indices. The
apparent lack of a correlation—unlike the type-C QPOs—-implies that either the ULX
mHz QPOs are fundamentally different compared to the stellar-mass black hole low-
frequency QPOs or they are indeed analogous to the low-frequency QPOs but with
the observed dependence corresponding to the saturated portion of the correlation
seen in stellar-mass black holes.

We analyzed all the archival Swift data of ULX NGC 5408 X-1 and found
evidence for a 243+23 day X-ray period. Based on its variation profile, energy
dependence and transient nature, we argue that this period represents the orbital
period of the black hole binary. We revisit the previously reported 62 day X-ray
period of M82 X-1 and found evidence that the accretion disk’s flux varies with this

period’s phase and also noted that the period’s phase changed unusually fast during



a certain epoch. Based on this we argue that this period might not be orbital but
instead be due to a precessing accretion disk.

By combining and averaging all the archival RXTE/PCA data of M82 we
detect stable, 3:2 frequency ratio QPOs (>4.7c statistical significance) which we
argue represent the high-frequency QPO analogs of stellar-mass black holes. Unlike
the low-frequency QPOs, the high-frequency QPOs of stellar-mass black holes are
stable, often occur in frequency ratios of 3:2 and scale inversely with black hole mass.
Using the most recent mass estimates of stellar-mass black holes which show high-
frequency QPOs and the detected 3:2 pair frequencies of 3.32+0.06 and 5.07+0.06
Hz from M82 X-1, we were able to accurately weigh its black hole to 428+105 M.
This detection presents a unique technique to weigh the black holes in variable
ULXs. Similar oscillations in other ULXs should be detectable with future X-ray
observatories.

Finally, we conclude by discussing our preliminary results from the first X-ray
— optical reverberation mapping of a ULX and also describe future prospects of de-
tecting intermediate-mass black holes using tidal disruption flares and by searching

for high-frequency QPOs in ULXs.
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Chapter 1: Introduction

Black holes are among the most exotic and mysterious objects in the Universe,
serving as one-way portals for matter, light, or anything else that gets too close. Our
modern conception of black holes stems directly from Albert Einstein’s theory of
gravity, the general theory of relativity, proposed in 1915. However, it was not until
the 1970s that evidence emerged that these objects not only exist, but actually
power the brightest objects in the Universe (Bolton 1972; Webster & Murdin 1972).

It is now established that there are at least two classes of black holes: (1) the
so-called “stellar-mass” black holes that weigh about 3-15 times the mass of our
Sun (Mg) (McClintock & Remillard 2006) and (2) “super-massive” black holes with
masses in the range of a fewx 105710 M, (Magorrian et al. 1998; Ferrarese & Ford
2005).

Evidence for the existence of the former class comes mainly from two lines
of reasoning. Firstly, fast and coherent variations in the X-ray flux (~0.01 s: Mc-
Clintock & Remillard 2006; see Figure 1.1) of some objects indicate that they are

extremely compact!. Secondly, the mass measurements of these objects indicate

I This is based on the fact that in order for a source to vary coherently on these short timescales,
all the points within its emitting region must be causally connected, i.e., size of the emitting region
< speed of light x variability timescale(/0.01s) = 3000 km (for comparison, the radius of the Sun
is 6.95x10° km).
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Figure 1.1: Power density spectra of two stellar-mass black holes GRO J1655-40 (left
panel) and XTE J1550-564 (right panel) showing the 3:2 high-frequency oscillations
on timescales faster than 0.01 s (McClintock & Remillard 2006).

that they are heavier than 3M,, a value well above the generally accepted upper
limit for a neutron star or a white dwarf. A natural description for such an object,
under the interpretation of the theory of general relativity, is a black hole. The
most direct way to weigh them is via a dynamical mass measurement technique,
which involves tracking the binary motion of their companion stars through their
radial velocity measurements. The equation for the minimum mass of the black
hole, defined as the mass function f(M), can be derived from Newton’s laws and is

given by

(MBH sini)?’ MBH singi Pthar

TOD = G T Mg ? ~ (g7~ 276 (1.1)

where M, and Mgy are the masses of the companion star and the black



hole, respectively, and ¢ = M,/ Mpy is their ratio. The remaining quantities, i, P
and K g, are the inclination of the binary, the orbital period and the radial velocity
semi-amplitude of the donor star, respectively, and G is the gravitational constant.
The above equation applies for circular orbits; if the companion is a low-mass star
it will donate mass via Roche lobe overflow in which case the system circularizes
rapidly. Such measurements have confirmed over twenty stellar-mass black holes
with masses in the range of 3-15 My, (Orosz 2003). Roughly another twenty objects
have been classified as black hole candidates based on the similarity of their X-
ray spectral and variability characteristics with confirmed black holes (Table 4.3 of
McClintock & Remillard 2006).

On the other hand, the strongest evidence for super-massive black holes re-
siding at the centers of massive galaxies stems from direct imaging in the optical
and the radio bands where (1) tracking of the proper motions of stars in close orbits
around our Galactic center indicates the presence of an object of mass ~ 4x10% M
confined within a radius of < 60 astronomical units (Figure 1.2; Ghez et al. 2008),
and (2) more recent high spatial resolution radio observations using the event hori-
zon telescope have resolved the central point sources in M87 and the Galactic center
to less than 10 Schwarzschild radii, again suggesting a massive object in a small
volume (Doeleman et al. 2012; Lu et al. 2014). Moreover, many massive galax-
ies appear to produce large amounts of energy emanating from compact regions in
their centers—presumably by accretion of matter on to a super-massive black hole
(Ferrarese & Ford 2005).

Although we understand that stellar-mass black holes are produced by the
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Figure 1.2: Orbital tracks of stars around the Galactic center observed between
1995-2003 (Ghez et al. 2005). The solid lines indicate the orbits of stars that have
enabled constraints on the black hole mass while the dashed lines are other stars
orbits. The stars S0-1, S0-2, and S0-16 have their orbits in the clockwise direction
while the rest have counterclockwise motion (S0-4, S0-5, SO-19, and S0-20).

spectacular deaths of the heaviest stars, the formation and growth of super-massive

black holes that are responsible for shaping the nature of many galaxies is still a

mystery. Understanding the formation of super-massive black holes holds a key to

understanding the growth of galaxies that are the building blocks of the Universe.

Current evidence indicates that super-massive black holes might have grown by



accumulation of matter onto middle-weight black holes that are a few hundred to
a thousand times more massive than the Sun and formed when the Universe was
only ~ 5% of its current age (Madau & Rees 2001; Volonteri et al. 2003). Such
intermediate-mass black holes are also expected to play a key role in the dynamics of
many massive star clusters, as studies of the evolution of such clusters suggest that
in ~ 10% of them intermediate-mass black holes should form via runaway mergers
of massive stars (Miller & Hamilton 2002). In addition, intermediate-mass black
holes are important targets for gravitational wave searches by ground-based laser
interferometers such as LIGO and Virgo. These are most sensitive in the frequency
range of 10-1000 Hz and are best suited for detecting gravitational wave emission
from the final stages of coalescing intermediate-mass black hole — intermediate-mass
black hole and intermediate-mass black hole — compact object (neutron star or a
stellar-mass black hole) binaries (e.g., Amaro-Seoane et al. 2009). Finally, the
well-known M — o and M — L (Figures 1.3 & 1.4; black hole mass — galaxy bulge
stellar velocity dispersion and black hole mass — host galaxy luminosity) relations—
which suggest that the growth of super-massive black holes is inherently tied to the
evolution of their host galaxies—is only calibrated between black hole masses of a
fewx 1072 My, (e.g., Gebhardt et al. 2000; Ferrarese & Merritt 2000; Giiltekin et al.
2009). Intermediate-mass black holes are a missing link in this evolutionary chain.
In spite of such essential importance intermediate-mass black hole searches over the

past few decades have yielded only limited success.



10 [ I B | | .
Y¢ Stellar dynamics -
O Gas dynamics
3 Masers

] Excluded

@ Elliptical

@® SO

@ Spiral

T T T 1717

T
&t

10

\Elllll
lLIIIIl

MM,)
Em
T

III\H|

T
|

10

II|\||||
IIIJIII|

10° \
60 80 100 200 300 400

Figure 1.3: Black hole mass — host-galaxy bulge stellar velocity dispersion relation
for black holes with dynamical mass measurements (Giiltekin et al. 2009). The
symbols indicate the mass measurement technique used. The color of the error
ellipse indicates the Hubble type of the host galaxy: elliptical (red), SO (green), and
spiral (blue). The color saturation is inversely proportional to the area of the ellipse
in each case.

1.1  Ultraluminous X-ray sources (ULXs)

In the early 1980s the Finstein X-ray observatory discovered a class of extra-

galactic X-ray sources whose apparent isotropic luminosities exceeded the Eddington



[I!lrll

T

T T I T T T T I T T T T I T T T T I T T T

# Stellar Kinematics
O Gas Kinematics

] Excluded
Cygnus A
® Elliptical T i
®
N
9
‘§N44SGB Nﬂg—ls

N4291

S i o

LIIILIl

)
= 10° -
= .
10’ =
106 1 1 1 I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 I 1 L 1
9.0 9.5 10.0 10.5 11.0
log(Ly, /Lo )

Figure 1.4: Black hole mass — host galaxy luminosity relation for super-massive
black holes with dynamical mass measurements (Giiltekin et al. 2009). Similar to
Figure 1.3 the symbols indicate the mass measurement technique used. The ellipses
are indicative of the errors and the color saturation is inversely proportional to the
area of the ellipse. The best-fit model is also shown (solid line).

limit? of a 25 M, stellar-mass black hole?, i.e., luminosities 2> 3x10% erg s™! (Fab-
biano 1989). Such sources are referred to as ultraluminous X-ray sources (ULXs)?.

Rapid X-ray variability of some of these sources (known to vary on timescales of

2The luminosity beyond which matter accreting isotropically onto a black hole would be driven
away by radially outward radiation forces

325 My, is a conservative upper limit for the mass of a stellar-mass black hole

4Within the context of this thesis the term ULX only refers to black holes and does not include
the X-ray bright supernovae (Immler & Lewin 2003) which have sometimes been referred to as
ULXs in the literature



the order of a few minutes as will be discussed later in this thesis) suggests they
are compact. Follow-up higher spatial resolution observations revealed that these
sources are offset from their host galactic nuclei (e.g., Matsumoto et al. 2001) ruling
them out as candidates for super-massive black holes. Given the ages of their host
galaxies, if they were super-massive black holes, they should have sunk to the centers
of their galaxies due to dynamical friction (Miller & Colbert 2004). Clearly, this
is not the case. This argument combined with the fact that they are too bright to
be powered by sub-Eddington accretion on to stellar-mass black holes makes them
some of the strongest intermediate-mass black hole candidates to-date.

For a standard accretion disk—geometrically thin, optically thick and radia-
tively efficient-the mass accretion rate (assuming cosmic composition of hydrogen
and only electron scattering), the isotropic® luminosity (L) and the mass of the
central black hole (M) are related and can be expressed as

138 x 1038

M
Lis, ~ 3 m<M®> ergs s m <1 (1.2)

where m is the dimensionless mass accretion rate normalized by the Eddington
rate (Eddington 1924; Feng & Soria 2011; Shakura & Sunyaev 1973) and b is the
beaming factor®. The theoretical form of the equation changes if the accretion rate
is either close to or above the Eddington limit. An estimate due to Poutanen et al.

(2007) is given by

%(Observed flux) x47r? where 1 is the distance to the source

6Beaming factor b is defined as the ratio of the opening solid angle of the X-ray emission and
47 (b < 1)



1.38 x 10% 3 M
L~ ;(1 + —ln(m)> (—) ergs st 1< <100 (1.3)
b 5 Mg

It should be noted that at super-Eddington accretion rates the luminosity
of the source is dictated by two physical effects, advection and radiation pressure
driven outflows. In one extreme when the flow is advection-dominated most of the
gas reaches the black hole but the released gravitational energy reaches the hole via
advection (Poutanen et al. 2007). Inside this advection zone the radiative flux scales
as R72 (R is the radial distance) and thus the luminosity—which is an integral over
4mR-scales as the logarithm of the mass accretion rate. On the other hand, when
outflows are dominant in expelling gas through strong radiation pressure-driven
winds, accretion depends linearly on the radius. Again in this case, the radiative
flux scales as R™2 and hence the logarithmic scaling factor.

It is clear from the above two equations that the apparent high luminosities of
ULXs (103974 ergs s71) can be explained under the standard disk paradigm using
one or a combination of the following three solutions: (1) high beaming (King et
al. 2001; Begelman 2002), (2) high mass accretion rate (e.g., Poutanen et al. 2007;
Gladstone et al. 2009) or (3) an intermediate-mass black hole (Colbert & Mushotzky
1999; mass range of a fewx(100-1000) M ). The strong beaming solution (1/b >>
1) has serious problems owing to the following reason. It predicts that for every ULX
at a high luminosity there should be a larger number of low-luminosity sources. For

example, for every ULX at 10%° ergs s—! it predicts that there should be ~ 30 sources



Disk Ly

with luminosities greater than 103° ergs s=!. Empirical studies, however, find that
this number is significantly lower by a factor of ~ 3-6 (5-10 sources: Walton et al.
2011; Swartz et al. 2004; Grimm et al. 2003).

Therefore, currently, the biggest debate regarding ULXs is whether they are
stellar-mass black holes accreting close-to or above the Eddington limit or if they

are intermediate-mass black holes accreting at sub-Eddington rates.
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Figure 1.5: Comparing the disk luminosity versus the disk temperature of ULXs
(colored points) with stellar-mass black holes (gray data points; Reynolds & Miller
2013). Only the brightest ULXs (= 10 ergs s7!) are shown here. The diagonal
gray lines represent the L oc T* law with varying normalizations. The right panel is
the same as the left panel expect that the scale has been changed to highlight the
ULX region of the left panel.

In addition to the high luminosity argument, modeling of the high-quality
Chandra and XMM-Newton X-ray (0.3-10.0 keV) spectra of some of the brightest
ULXs shows evidence for the presence of cooler accretion disks (~ 0.1-0.2 keV)

compared to the hot accretion disks of stellar-mass black holes (~ 1-2 keV; Miller et

10



al. 2004, 2013). For a standard accretion disk (geometrically thin, optically thick,
radiatively-efficient disk) extending to the innermost stable orbit, the inner disk

temperature T;, is related to the black hole mass M and total luminosity L as

Ty = 1.2(i)1/2(%)a—1/2<ﬁ>1/4<10@@@)1/4 keV (1.4)

where « is a spin-dependent factor with a value of 1 for a maximally spinning
black hole and 1/6 for a non-spinning hole. £ is a correction factor that takes into
account the no-torque boundary condition at the innermost orbit, x is the spectral
hardening factor (Makishima 2000) and Lgg4q is the Eddington luminosity of the
black hole. It is evident from the above expression that for a given Eddington ratio
the effective disk temperature scales inversely with the mass of the black hole as T’
oc M~1/* (Shakura & Sunyaev 1973). The presence of such cool disks combined with
high X-ray luminosities therefore suggests that some ULXs may host intermediate-
mass black holes. This is demonstrated in Figure 1.5 where the ULXs occupy a
distinct phase space in the disk temperature — luminosity plot compared to stellar-
mass black holes (Miller et al. 2004, 2013).

On the other hand, proponents of super-Eddington accretion onto stellar-mass
black holes have argued that the X-ray spectra of ULXs are fundamentally different
(Gladstone et al. 2009). Using more physically-motivated models consisting of a
disk plus a Comptonized corona they show that the ULX corona are in general
optically thick (optical depth, 7 ~ 5-30) compared to stellar-mass black holes where

the model-fit coronae have optical depths of ~ 1. It has thus been argued that this
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Figure 1.6: XMM-Newton X-ray (2-10 keV) energy spectrum of NGC 1313 X-2
(crosses). The data was first fit with a broken power-law. The solid line is an
extension of the pre-break power-law index to higher energies (> 5 keV) and clearly
highlights that there is a break beyond 3 keV (Gladstone et al. 2009).

dense ULX corona masks the innermost (hot) accretion disk from an observer who
in-effect only sees the cooler X-ray photons from the disk outside the corona. The
evidence for this is a strong break in the energy spectra at higher energies (2-8 keV)
which has been argued arises from this cool, optically thick corona. An example of
this is shown in Figure 1.6 where the break is clearly apparent. It has also been
shown that the corona-corrected disk temperatures fall well-within the usual stellar-
mass black hole regime with values ~ 1 keV (Gladstone et al. 2009). At present,

the debate between super-Eddington versus sub-Eddington is far from resolved. The
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X-ray spectra alone cannot rule out either scenario.

1.2 Probing the nature of ULXs

Much of our inability to learn about these sources is because they are extra-
galactic and thus significantly fainter than the relatively nearby galactic stellar-mass
black holes or the far away but more luminous active galactic nuclei (AGN). The
most direct method to resolve the ULX mass question is by identifying an absorp-
tion/emission line from a companion star in orbit around the central black hole in
order to track its radial velocity to measure a dynamical mass (Eq 1.1). There have
been a handful of such attempts (e.g., Roberts et al. 2011; Liu et al. 2012; Cseh et
al. 2013) but without any success. This is primarily because, (1) the orbital peri-
ods of these systems are not known, and (2) the inability to correctly identify the
origin of the spectroscopic lines or to conclusively associate the identified lines with
a companion star. In some cases it is ambiguous if there is even a companion star
in the first place. Under such circumstances one has to resort to indirect methods
that have been well-calibrated against stellar-mass and super-massive black holes.

For example, it is now known that certain characteristic timescales in accreting
black hole systems scale with the mass of the black hole. For instance, McHardy et
al. (2006) have established that in soft-state stellar-mass black holes and AGN, the
break timescale of the X-ray power density spectrum (PDS), the mass of the black
hole and the luminosity are strongly correlated. This is shown in Figure 1.7. This

result was further extended to the hard-state, stellar-mass black holes by Kording
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Figure 1.7: Observed power spectral break timescale (T pserveq in days) versus
the predicted break timescale (T edicted) by fitting the relation Log (Tpredicted) =
2.1xLog (Mgg) - 0.98xLog (Lpy) - 2.32 to stellar-mass and super-massive black
holes (McHardy et al. 2006). Mgy and Ly, are the mass and the bolometric lumi-
nosity of the black hole. The shapes and the colors of the data points are used to
indicate the various types of AGN and stellar-mass black holes and are irrelevant to
the current discussion.

et al. (2007). Furthermore, it is known that in stellar-mass black holes the break
frequency/timescale of the power spectrum strongly correlates with the centroid
frequency of the strongest type-C (see Chapter 2 for more discussion) quasi-periodic
oscillation (QPO) (Wijnands & van der Klis 1999; see Figure 1.8). Therefore, if
one can clearly identify the type-C analogs of stellar-mass black holes in a ULX
a reliable mass estimate can be made (Chapters 2, 3 & 4). Such studies have

strongly demonstrated that certain physical timescales of accreting compact objects
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scale directly with the mass of the compact source applicable over seven orders of
magnitude. Therefore, timing studies can play a key role in extracting valuable
information about the mass of the compact source.

In addition, periodic/quasi-periodic variations in the X-ray flux on longer
timescales of hours to years have been detected from various accreting X-ray bina-
ries (both neutron star and stellar-mass black hole binaries; e.g., Parmar & White
1988; Armitage & Livio 1998) which have been extremely valuable in mapping their
accretion geometries. If similar modulations can be detected in ULXs we can probe

their environments in an analogous way (Chapter 5 & 6).

1.3 Basic Physical Picture to Describe the X-ray Variations

Our current understanding of accreting stellar-mass black hole systems comes
from studies of twenty or so confirmed black hole binaries, a majority of which
accrete material via Roche lobe overflow of their low-mass companion stars. As the
gas flowing through the L; Lagrange point has non-zero specific angular momentum,
it cannot directly accrete onto the black hole, and therefore, forms an accretion disk
in which the matter moves in circular orbits with Keplerian angular frequencies
given by \/GT/R?’ (Here G, M, and R are the Gravitational constant, the black
hole mass and the radius within the accretion disk, respectively). The dissipative
viscous forces operating between the successive radii of the accretion disk drive the
angular momentum outwards which allows the material to flow inwards all the way

until the last stable circular orbit (which is 6R, for a non-spinning black hole and
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Figure 1.8: The break frequency (X-axis) of the power density spectra of accreting X-
ray binaries (both neutron star and black hole binaries) versus their QPO frequency
(Y-axis). These quantities are clearly correlated (Wijnands & van der Klis 1999).
The various colors and shapes of the data points represent the various neutron star
and black hole sources and are not relevant to the current discussion.

R, for a maximally spinning hole, where R, = GM /c? is the so-called gravitational
radius). Moreover, the energy liberated from viscous dissipation is emitted locally
and promptly, increasing the local disk temperature. In fact, most of this energy
is released within the inner few gravitational radii, for instance, 90% of the energy
is released within the inner 20R,. This assumption of local thermal equilibrium is
the basis for the so-called thin accretion disk which has been used as a theoretical
standard for decades (Shakura & Sunyaev 1973).

For stellar-mass black holes it is expected that the disk temperature peaks in
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the range of 1-2 keV (depending on the exact black hole mass). Observationally,
X-ray spectra of various stellar-mass black holes show evidence for this thermal
disk component” with the maximum disk temperatures in the expected range of
1-2 keV (McClintock & Remillard 2006). In addition, depending on the mass ac-
cretion rate, these systems also show a non-thermal spectral component which is
often characterized by a simple power-law. The physical origin of this component is
currently unclear but it is plausible that it originates from Comptonization (Comp-
ton up-scattering) of the accretion disk’s thermal photons in a hot but tenuous
cloud/layer of electrons which is referred to as a corona. A schematic of this disk-

corona paradigm is shown in Figure 1.9.
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Figure 1.9: Schematic showing the two-component model for an accreting black hole.
The corona is represented by dots while the accretion disk by the horizontal bars
(McClintock & Remillard 2006). The exact location and properties of the corona is
still unclear but is often represented as a tenuous cloud/layer of electrons.

"Each radius within the accretion disk is presumed to be emitting like a black body at a given
temperature. The final energy spectrum of the source is thus a composite of these individual black
body/thermal spectra.
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The observed relative strengths of these two spectral components has also been
used as a basis for classification of black hole X-ray accretion states. While there
are various classification schemes proposed in the literature, here we only discuss
the one proposed by McClintock & Remillard (2006) which we also adopt in this
thesis (Chapter 2). This classification scheme, which uses both the energy and
the power spectra in the 2-20 keV X-ray bandpass, suggests three principal X-ray
states for accreting black holes. (1) The low/hard state during which the source’s
energy spectrum is dominated by the non-thermal, coronal component, and the
power spectra by strong (up to roughly 50% rms) broadband timing noise. The
power spectrum during the low/hard state can be described by flat-topped noise
at the lowest frequencies breaking into a power-law with low-frequency QPOs (0.2-
15 Hz) on the power-law portion. (2) During the high/soft state the soft/thermal
component dominates and is accompanied by a weak power-law timing noise. (3)
Finally, the so-called very high state has approximately equal power-law and thermal
contributions and strong 3-12 Hz QPOs on top of a strong power-law like noise. For
precise values that demarcate one state from the other see McClintock et al. (2009).

The X-ray variability of accreting black holes can be understood within this
physical framework consisting of an accretion disk, a corona, and a companion star.
Relevant to this thesis are the low-frequency QPOs (such as the Type-C QPOs
referred to above), the high-frequency QPOs, and the orbital & the super-orbital
periods. Starting at the farthest radial distance from the black hole, one can have
coherent X-ray variability on an orbital period timescale. Periodic X-ray variability
can arise from regular obscuration of the X-ray source by intervening material (see
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Chapter 5) between the X-ray source and the observer. This intervening material
can be the companion star itself when the system is highly inclined (referred to as
eclipsing), or an accretion disk—accretion stream interaction hot-spot (e.g., White
1995), or even a focused wind in the case where the companion is a massive Wolf-
Rayet star with strong winds (e.g., Feng & Cui 2002). Periods longer than the
orbital period are usually referred to as super-orbital periods and they are very
likely associated with precession of the accretion disk (Charles et al. 2008). While
the exact mechanism that drives the disk precession is still controversial, the change
in the projected area of the accretion disk as it precesses is believed to cause the
observed periodic X-ray variability. In stellar-mass black holes, super-orbital periods
range from a few tens to hundreds of days (see, e.g., Kotze et al. 2011).

The underlying physical mechanisms for the low-frequency (0.2-15 Hz) and the
high-frequency QPOs (100-450 Hz) are still unclear. Given the diversity of the low-
frequency QPO complex, viz., their wide frequency range of 0.2-15 Hz (McClintock &
Remillard 2006), rms amplitude range of 2-15% (Casella et al. 2005), presence over
varying source luminosity (e.g., Reig et al. 2000) and their dependence on energy
spectral properties (e.g., Sobczak et al. 2002; Vignarca et al. 2003), currently
there is no single model that can explain all these observed properties. Some of the
models in the literature include the global disk oscillations (Titarchuk & Osherovich
2000), radial oscillations of the accretion shock fronts (Chakrabarthi & Manickam
2000), a precessing ring model (Schnittman et al. 2006), etc. The main issue with
low-frequency QPOs is the fact that they appear to be slower than the relevant

Keplerian orbital periods. For example, for a 10 M black hole, the orbital radius
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that corresponds to 3 Hz is 100R,, while most of the X-ray emission is expected
from 1-10 R, (McClintock & Remillard 2006). Most of the current models suggest
that the low-frequency QPOs originate from less than a few 100 R,. The high-
frequency QPOs on the other hand seem to be conceptually simpler, in the sense
that they are much faster with stable frequencies in the range of 100-450 Hz and
rms amplitudes of a few percent (Belloni et al. 2011). Because their frequencies
are comparable to the Keplerian orbital frequencies in the inner few gravitational
radii of the accretion disk and they are relatively stable for a given source, many
corresponding models propose a general relativistic origin with these oscillations
arising from within the inner few R, (e.g., Abramowicz et al. 2004; Wagoner 1999,
etc). In Figure 1.10 we show a schematic with plausible locations for the origin of

these four X-ray modulations.

1.4 Thesis outline

The main goal of this thesis is to probe the nature of ULXSs, not limited to their
black hole masses, using their time and energy spectral variability. The idea is to
understand the observed variability properties of ULXs within the context of what
is already known from the well-studied accreting X-ray binaries. A brief outline of
this thesis is described below:

e Chapter 2) I test the hypothesis that the mHz QPOs of ULX NGC 5408 X-1 are of
type-C by searching for a correlation between its variable QPO centroid frequency

and the energy spectral power-law index using all the archival XMM-Newton data
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Figure 1.10: Schematic showing the rough locations of the origin of some of the
oscillations commonly observed from black hole binaries.

of this source. Establishing the mHz QPOs as type-C will validate the mass-scaling
methodology and thus ascertain it as an intermediate-mass black hole (Dheeraj &
Strohmayer 2012).

e Chapter 3) I test the same hypothesis for the ULX M82 X-1 using all of its archival
data. However, due to dense clustering of X-ray point sources in the innermost
regions of this galaxy the analysis involves carefully modeling the surface brightness
of the images in order to estimate the hardness ratio (count rate in the hard X-
rays/count rate in the soft X-rays) of M82 X-1. The hardness ratio was used as a

proxy for the energy spectral power-law index (Pasham & Strohmayer 2013b).
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e Chapter 4) Current measurements of IC 10 X-1 suggest it hosts a stellar-mass
black hole with an estimated mass in the range of 23-34M,, (Prestwich et al. 2007;
Silverman & Filippenko 2008). We discovered a low frequency 7 mHz pulsation in
its X-ray light curve. Using this example we demonstrate the perils of direct scaling
of QPO frequencies with black hole mass (Pasham, Strohmayer & Mushotzky 2013).
e Chapter 5) I analyze ~ 1240 days of Swift/XRT X-ray (0.3-8 keV) monitoring data
of the ULX NGC 5408 X-1 and detect a 243 day quasi-period in addition to the 115.5
day period earlier reported (Strohmayer 2009). Based on the various properties of
these two periods, viz., their energy dependence, their variation profile and the
phase separation, etc, we propose an accretion geometry for the ULX (Pasham &
Strohmayer 2013a).

e Chapter 6) I revisit the 62 day X-ray period of M82 X-1 using a data set with a
temporal baseline twice as along as previous studies and find that the period changes
its phase suddenly. When the phase-resolved X-ray energy spectra of this source
are modeled with a disk and a power-law model the disk flux appears to modulate
with phase. We argue that these two lines of evidence indicate that the period is
due to a precessing accretion disk (Pasham & Strohmayer 2013c).

e Chapter 7) I co-add all the power density spectra of M82 X-1 taken over a time
span of = 5.5 years and detect stable 3:2 frequency ratio pulsations that we argue
are similar to the so-called high-frequency QPOs of stellar-mass black holes, where
it is known that the frequency scales directly with the black hole mass (McClintock
& Remillard 2006). Our result indicates that the black hole in M82 X-1 is ~ 400M,
and provides some of the strongest quantitative evidence to-date for a few hundred
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solar mass black hole.

e Chapter 8) I conclude with an outlook where I present preliminary results from
the first ever attempt of an X-ray — optical reverberation mapping of a ULX. I also
discuss the future prospects of detecting intermediate-mass black holes using the
phenomenon of tidal disruption flares and by searching for the 3:2 high-frequency

QPO analogs using NASA’s Neutron star Interior Composition Explorer (NICER).
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Chapter 2: A Search for Timing-Spectral Correlations in the ULX

NGC 5408 X-1

2.1 Introduction & Background

Within the context of stellar-mass black holes, the so-called low-frequency
QPOs (those in the frequency range of 0.1-15 Hz) are broadly classified into three
categories based on their properties and the overall nature of their power density
spectra (Casella et al. 2005). A power density spectrum with type-A and B QPOs is
characterized by weak red noise (noise at the low frequency end of the power density
spectrum) with the type-A QPOs occurring with relatively low coherence (quality
factor, Q = centroid frequency/width (FWHM), < 3) compared to the type-B (Q
2 6). Finally, one has the type-C QPOs which are most relevant to the present
work. The power density spectra accompanying these QPOs in stellar-mass black
hole systems can be described by a flat-topped, band-limited noise breaking to a
power law with the QPOs evident on the power-law portion of the spectrum, close
to the break.

Further, the type-C QPOs are fairly coherent with the quality factor, QQ from

5-15 and amplitudes (% rms) ranging from 2-20. In stellar-mass black holes, they are
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known to occur in the frequency range from ~ 0.1-15 Hz. In light of the work unifying
the stellar-mass and the super-massive black holes, if some ULXs were to host
intermediate-mass black holes then the qualitative behavior of their power density
spectra should be comparable to stellar-mass black holes with the characteristic
variability times scaling according to the mass of the putative intermediate-mass
black hole. This idea has been explored by a number of authors to search for the
“QPO analogs” in ULXs; and QPOs have now been detected in a handful of them.
The QPOs detected in M82 X-1 (Strohmayer & Mushotzky 2003), NGC 5408 X-1
(Strohmayer et al. 2007) and NGC 6946 X-1 (Rao et al. 2010) resemble the type-C
QPOs, while those detected in the M82 source X42.3+59 more closely resemble the
type-A or -B QPOs (Feng et al. 2010). The crucial difference here is that the QPO
centroid frequencies of the ULX sources appear to be scaled down by a factor of a
fewx (10 - 100) (~ few mHz) compared to the low-frequency QPOs in stellar-mass
black holes.

Under the assumption that the ULX mHz QPOs are analogs of the low-
frequency QPOs in stellar-mass black holes, it is reasonable to assume that their
characteristic timescales/frequencies (e.g., QPO centroid frequencies, power density
spectral break frequencies) scale with the mass of the accreting source and vice versa.
However, the type-C QPOs occur with a wide range of centroid frequencies (0.1 —15
Hz) in stellar-mass black hole systems. Therefore, timing information alone is not
sufficient to accurately estimate ULX masses in this way, but combining timing and
spectral information has proven to be a valuable tool. For example, in stellar-mass

black hole systems, the power-law photon index and disk flux are correlated with
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the QPO centroid frequency. The general trend is an increase in the power-law
photon index and the disk flux with the QPO centroid frequency (e.g., Sobczak et
al. 2000a; Vignarca et al. 2003; Shaposhnikov & Titarchuk 2009), with evidence
for saturation (constancy of the power-law photon index and the disk flux with a
further increase in the QPO centroid frequency) beyond a certain frequency.

Using a reference stellar-mass black hole system with a measured QPO centroid
frequency — photon-index relation, one can then scale the QPO centroid frequencies
detected in ULX systems at a given power-law spectral index to get an estimate of
the mass. For example, with archival XMM-Newton data from M82 X-1, Dewangan
et al. (2006) extracted the energy and the power spectra of the source. The power
spectrum was strikingly reminiscent of a stellar-mass black hole with type-C QPOs,
i.e., flat-top noise breaking to a power-law with QPOs on the power-law portion of
the spectrum. However, the respective timescales were scaled down by a factor of ~
10. The QPO in this case was centered around a frequency of ~ 114 mHz and the
energy spectrum had a power law photon index of ~ 2.0. Using the QPO frequency
- photon index correlations from two stellar-mass black hole reference sources, GRS
1915+105 and XTE J1550-564, they estimated the mass of the ULX in M82 X-1 by
scaling its QPO centroid frequency (~ 114 mHz) at the given photon index (~ 2.0).
They estimated the mass of the black hole to be in the range 25-520M,. Similar
scaling arguments were used by Rao et al. (2010) to estimate the mass of the black
hole in the ULX NGC 6946 X-1 to be in the range (1-4) x 1000 M. Based on both
the power density spectrum and the energy spectrum of NGC 5408 X-1, Strohmayer
& Mushotzky (2009) argued that the source behavior was consistent with the steep
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power-law state often seen in stellar-mass black holes. They compared the available
data from NGC 5408 X-1 to five different stellar-mass black hole reference sources
and estimated the mass of the black hole to be a few 1000 M. Feng et al. (2010)
detected 3-4 mHz QPOs from the ULX X42.34+59 in M&82 and identified them as
either type A/B analogs of stellar-mass black holes. They estimated the mass of
the black hole to be in the range 12,000-43,000 M., by scaling the QPO frequency
to that of the type A/B QPOs in stellar-mass black holes.

It is important to note that the above scaling arguments have several caveats.
First, the mass estimates were established under the assumption that the mHz
QPOs detected from these ULX systems are analogous to a particular type of low-
frequency QPO detected in stellar-mass black hole systems, i.e., A, B or C. These
identifications were based on the qualitative nature of the power spectrum alone in
some cases and both the power spectrum and the energy spectrum in the case of
NGC 5408 X-1. Second, in the case of the ULX mHz QPOs, the observed range
of QPO centroid frequencies and photon indices has been limited. To gain a more
secure identification one would like to see the QPO frequencies and photon spectral
indices correlate in a similar fashion as for the stellar-mass black holes.

In this chapter, we further explore these issues using extensive new observa-
tions of NGC 5408 X-1 with XMM-Newton. We describe the properties of the mHz
QPOs over a wider range of centroid frequencies than previous data allowed. More
specifically, we study the nature of the mHz QPOs from NGC 5408 X-1 through
a systematic search for timing — spectral correlations similar to those seen in the

stellar-mass black holes. The chapter is arranged as follows. In §2.2 we describe
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Table 2.1: Summary of the XMM-Newton observations of NGC 5408 X-1

ObsID T!, Net Count rate? Effective
(ksecs) (counts s™1) Exposure? (ksecs)
0302900101 (2006) 132.25 1.26 +0.04 99.94
0500750101 (2008) 115.69 1.19+£0.04 48.55
0653380201 (2010A)  128.91 1.46 £+ 0.04 80.68
0653380301 (2010B) 130.88 1.40 £ 0.04 110.0
0653380401 (2011A)  121.02 1.34 +£0.07 107.75
0653380501 (2011B) 126.37 1.31 £0.07 98.66

IThe total observation time.

2The average pn+MOS count rate.

3 After accounting for flaring background and good time intervals. See §2 and §3 for
details on filtering.

the data used for the present study. In §2.3 we show the results from our timing
analysis, while in §2.4 we give details of the energy spectral analysis. In §2.5 we
describe our search for timing - spectral correlations similar to those seen in accret-
ing stellar-mass black hole systems. The search is conducted using two different
spectral models, a phenomenological model of a multi-colored disk + power-law
and then with a model describing Comptonization by bulk motion (Titarchuk et al.
1997) that has been used previously to derive black hole masses from QPO scal-
ing arguments (Shaposhnikov & Titarchuk 2009). Finally, in §2.6 we discuss the

implications of our results on the mass of the black hole in NGC 5408 X-1.

2.2 XMM-N ewton Observations

XMM-Newton has now observed NGC 5408 X-1 on multiple occasions. We use
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data from six of these observations (~ 100 ksecs each) spread over a time span of five
years (2006-2011). The details of the observations are outlined in Table 2.1. Results
from the first two observations (in 2006 and 2008, respectively) were summarized in
Strohmayer et al. (2007) & Strohmayer & Mushotzky (2009). Using the 2006 data,
Strohmayer et al. (2007) reported the first detection of quasi-periodic variability
from this source. Strohmayer & Mushotzky (2009)’s analysis of the 2008 observation
again showed evidence for the presence of quasi-periodic oscillations. However, the
most prominent QPO during the 2008 observation was at a lower frequency (QPO at
~ 10 mHz compared to 20 mHz in 2006). Further, Strohmayer & Mushotzky (2009)
noted that the disk contribution to the total flux and the power-law index of the
energy spectrum decreased slightly compared to its state in 2006. This is analogous
to a trend often seen in stellar-mass black hole systems where the disk flux and
the power law index of the energy spectrum positively correlate with the centroid
frequency of the most dominant QPO (e.g., Viagnarca et al. 2003, Sobczak et al.
2000a). These findings were used to propose additional observations with XMM-
Newton, with the goal of detecting QPOs over a range of frequencies and hence to
further explore for correlations between timing and energy spectral properties. A
large program was approved for Cycle 9 (PI: Strohmayer), and four observations
(~ 100 ksecs each) were made under this program. Two of the observations were
carried out in 2010 (2010a & 2010b) and the rest in 2011 (2011a & 2011b). Here
we present results from these new observations as well as a reanalysis of the earlier
pointings, so as to facilitate a consistent comparison of all the available data.

For the present work, we use the data acquired by the European photon imag-
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Figure 2.1: Left Panels: Good time intervals (>5 ksecs) from EPIC-pn, MOS1 & 2
onboard X M M-Newton. For a given instrument, at a given time (X-axis), a finite value
on the y-axis implies the instrument was continuously active for at least 5 ksecs. Also
shown is a combined background (pn+MOS1+MOS2) light curve with flaring evident in
some cases. The observation year is indicated at the top of each plot (Shown here are 20086,
2008 & 2010A data: see Table 2.1). Time zero is indicated in secs since 1998.0 TT.
Right Panels: Filtered light curves (pn+MOS1+MOS2) accounting for both instrumental
dead times and flaring. The power spectra were derived from these cleaned light curves.
These light curves were extracted using photons in the energy range of 0.3-10.0 keV.
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ing camera (EPIC), i.e., both the pn and MOS to get a higher signal-to-noise ratio
in the power and energy spectra. We used the standard SAS version 11.0.0 to re-
duce the images and filtered event-lists from all the EPIC data. The standard filter
with (PATTERN<=4), to include only single and double pixel events, was applied
to the event-lists and events only in the energy range 0.3-12.0 keV were considered
for further analysis. Background flaring was prominent for brief periods during cer-
tain observations. The power and energy spectra were carefully extracted taking
into account both the background flaring and the instrumental dead time effects
(specific details in the next sections). In all the observations the source was easily
detectable and we did not face any source confusion problems. We extracted source
events from a region of radius 32”7 centered around the source. This particular value
was chosen to roughly include 90% of the light from the source (estimated from the
fractional encircled energy of the EPIC instruments). A background region, free of
other sources, was extracted in a nearby region. The size of the background region
was chosen to be consistent with the source region. Further, the size of the source
and the background region was chosen to be consistent for all the six observations
(i.e., 32”). We present the specific details of the timing and spectral analysis in the

following sections.

2.3 Timing Analysis

We produced the source and the background light curves to assess the quality

of the data. Shown in the left panels of Figure 2.1 and 2.2 are the background count
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rates (pn+MOS1+MOS2) for each of the six observations. Overlaid are the time
intervals during which a given instrument (pn, MOS1/2) was continuously active for
more than 5 ksecs, i.e., all the instrumental good time intervals (GTIs) longer than 5
ksecs. For a given instrument, a horizontal line (offset to an arbitrary value for each
instrument) indicates the active time, while a vertical line marks the beginning or
the end of a continuous data interval. Such an insight is important as we are using
both the pn and the MOS data to achieve higher count rates compared to, say, the pn
alone. In other words, this ensures that the combined pn and MOS event-lists contain
only events corresponding to the times during which all the three instruments were
active. Furthermore, inspection of the light curves reveals background flaring at
either the beginning or the end, or both, of all the observations. Therefore, the final
combined (pn+MOS1+MOS2) light curves were extracted by taking into account
the GTIs of all the instruments and excluding the periods of background flaring.
The filtered light curves (100s bins) of the source and the non-flaring background
in the energy range 0.3 - 12.0 keV are shown in the right panels of Figures 2.1 and
2.2. The combined mean count rates (0.3-12.0 keV) during each observation are
listed in Table 2.1. Notice that the gaps in the data are either due to exclusion of
background flaring times, dead time intervals or the absence of GTIs longer than 5
ksecs.

It is evident from the light curves (right panels of Figure 2.1 and 2.2) that the
source varies significantly during all the observations. To quantify the variability,
we construct a power density spectrum from each of the light curves. To achieve

higher signal-to-noise in the power density spectra, we break the GTIs into shorter
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Figure 2.2: Left Panels: Good time intervals (>5 ksecs) from EPIC-pn, MOS1 & 2
onboard X M M-Newton. For a given instrument, at a given time (X-axis), a finite value
on the y-axis implies the instrument was continuously active for at least 5 ksecs. Also
shown is a combined background (pn+MOS1+MOS2) light curve with flaring evident in
some cases. The observation year is indicated at the top of each plot (Shown here are
2010B, 2011A & 2011B data: Refer to Table 2.1). Time zero is indicated in secs
since 1998.0 TT. Right Panels: Filtered light curves (pn+MOS14+MOS2) accounting for
both instrumental dead times and flaring. The power spectra were derived from these

cleaned light curves. These light curves were extracted using photons in the energy range
of 0.3-10.0 keV.
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segments (S/N o /Number of individual spectra, e.g., Van der klis 1989) and derive
an average power spectrum. For a given observation, the size and the number of
such segments are shown in the first row of Table 2.2. Figures 2.3 and 2.4 show
the power density spectra and the best-fitting model (thick solid line) for each of
the six observations in two different energy bands. Shown in the left panel is a
power density spectrum in an energy band in which a QPO is detected with high
statistical significance and in the right panel is a power density spectrum derived
from photons in the energy band of 1.0-10.0 keV (the reason for constructing power
spectra in two different energy bands is discussed in the next paragraph). All the
power spectra shown here use the so-called Leahy normalization, with the Poisson
noise level being 2 (Leahy et al. 1983). Clearly, in each spectrum the power rises
below ~ 0.1 Hz with evidence for a QPO in the range of 10-40 mHz and essentially
Poisson noise at higher frequencies.

To quantify this behavior, we fit a bending power law to the continuum and
a Lorentzian to model the QPO (Belloni et al. 2002). The model fits well with
the reduced x? ~ 1 (last row of Tables 2.2 & 2.3) in three cases (2008, 2011A,
2011B) and gives acceptable fits with the reduced y? in the range 1.3-1.5 (last
row of Tables 2.2 & 2.3) in the other three cases (2006, 2010A, 2010B). A careful
analysis of the residuals in the latter three cases indicates that multiple weak features
contribute significantly to increase the overall x?. For example in the case of the
power density spectrum derived from the 2010A data (bottom two panels of Figure
2.3), the weak QPO-like feature at ~ 55 mHz and the excess at ~ 0.2 Hz contribute

about 30 to the total x2. However, their individual statistical significance is rather
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Figure 2.3: Shown are the power spectra derived from the first three of the six XMM-
Newton observations (2006, 2008, 2010A: Table 2.1). For a given power spectrum the
strength of a QPO is dependent on the energy band under consideration. Left Panels:
The power spectrum using an energy band (shown at the top of each plot) in which the
QPO is clearly detected. Also shown are the error bars and the residuals (Data-Model)
offset to an arbitrary value in each case. Right Panels: Same as the plots on the left panel.
However, here we choose a fixed energy range of 1.0-10.0 keV. A consistent energy band
across all the power spectra is required to unambiguously assess the behavior (especially,

rms amplitude versus QPO centroid frequency: Fig.3) of these QPOs.
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Figure 2.4: Shown are the power spectra derived from the last three of the six XMM-
Newton observations (2010B, 2011A, 2011B: Table 2.1). For a given power spectrum,
the strength of a QPO is dependent on the energy band under consideration. Left Panels:
The power spectrum using an energy band (shown at the top of each plot) in which the
QPO is clearly detected. Also shown are the error bars and the residuals (Data-Model)
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low. Nevertheless, for the purposes of analyzing the QPO properties and studying
the overall qualitative nature of the power spectra, the fits are adequate. The best-
fitting model parameters (derived from a fit in the frequency range 1.0 mHz - 0.5 Hz)
for each observation are shown in Tables 2.2 & 2.3 for the two different energy bands
(highlighted in the tables). Also shown are the x?/degrees of freedom (dof) values
for each of the fits along with the x?/dof corresponding to the continuum model
(in braces). The change in y? serves as an indicator of the statistical significance of
the QPOs. For a given observation, we choose two different energy bands: the first
energy band (second row of Table 2.2) is the bandpass in which the QPO is detected
with a very high confidence and the second bandpass of 1.0-10.0 keV was chosen to
consistently compare the properties of the QPO across all the observations (overall
variability is energy dependent). We confirm the overall qualitative nature of the
power density spectrum, i.e., flat-topped noise breaking to a power law with a QPO
on the power law portion (near the break). This is consistent with stellar-mass black
holes showing type-C QPOs but with the characteristic frequencies scaled down by a
factor of a fewx10. This is in agreement with the results reported by Strohmayer et
al. (2007) and Strohmayer & Mushotzky (2009), except with regard to possible close
QPO pairs, as here all our power density spectra (Figure 2.3 & 2.4) are averaged to
the extent of smearing out weak features (to clearly identify the strongest QPO).
The effect of averaging is evident from the best-fit parameters of the QPOs (Tables
2.2 & 2.3). More specifically, since we have smeared out the possible close pair
QPOs (as reported by Strohmayer et al. (2007) & Strohmayer & Mushotzky (2009)
using the 2006 and the 2008 datasets, respectively) the average quality factors of the
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Table 2.2: Summary of the best-fitting model parameters for the power density spectra of the ULX NGC 5408 X-1. Here, we

use an energy band in which the QPO is detected with very high confidence.

Dataset 2006 2008 2010A 2010B 2011A 2011B
Exposure® (ksecs) 27.6X3 15.5x2 23.2x3 21.0x4 67.4x1 55.0x1
Energy Range® (keV) 0.30-2.0 1.0-10.0 0.85-10.0 1.0-4.0 1.10-8.0 1.20-2.0
Count rate®(cts s~ 1) 1.17 £0.03 0.43 + 0.02 0.71 + 0.02 0.50 + 0.01 0.41 4+ 0.02 0.23 + 0.01
c* 1.95 £+ 0.01 1.81 + 0.02 1.95 + 0.02 2.00 £ 0.01 1.95 + 0.02 1.92 + 0.02
A* 0.86 + 1.05 3.39 + 2.90 9.14 £17.90  (0.80 £2.30) x 10794 3.494+10.61  (2.11 + 3.47) x 10793
onw 0.20 £ 0.19 0.09 +0.13 —0.25 + 0.31 2.68 + 0.98 —0.04 + 0.42 1.45 + 0.52
Vgend(mHz) 6.33 £ 0.75 6.34 4+ 0.49 10.26 + 6.03 30.63 £ 20.20 5.80 + 4.84 7.15 £ 8.67
F*Hiyh 6.74 £+ 3.34 10.25 + 5.60 1.60 + 0.50 0.25 +0.17 1.98 +1.83 —0.09 £+ 0.43
Nz)PO,l 1.88 £ 0.16 3.51 +1.69 0.63 = 0.15 0.72 £ 0.21 2.10 £ 0.56 1.04 + 0.29
V&l(mHZ) 17.68 £ 0.77 10.28 + 0.24 40.40 £+ 2.93 38.81 £ 2.01 18.67 + 2.20 19.43 4+ 0.90
AI/I(mHz) 15.48 4+ 2.05 1.28 + 0.97 28.06 £ 11.96 18.75 + 8.98 21.98 + 6.23 7.08 £ 3.60
N po o - 1.91+0.35 - - - -

vd 5 (mHz) - 15.05 + 1.68 - - - -

Av] (mHz) - 11.10 + 3.05 - - - -

x2 /dof 309.83/208 753.75/764 178.14/137 128.05/97 327.11/329 268.86/267
(continuum?) (618.71/211)  (868.30/770)  (257.33/140) (207.54/100) (669.58/332) (543.03/270)

“The good time intervals were broken into smaller intervals to improve the signal-to-noise in the power density spectra. For a given observation, the size of each segment X number of such segments is

shown. *The power spectrum was derived using all the photons in this energy range. For a given observation, this is an energy range in which the QPO was detected with a high

significance. “The count rate in the bandpass shown in the second row. *We fit the continuum with a bending power-law model described as follows:

Av—CLow
1 ( v )FHigh*FLow
Ybend

Continuum = C +

where, I'[ o,y and I'pg4p are the low and high frequency slopes, respectively, and vpeyq is the bend frequency.
TWe model the QPOs with a Lorentzian. The functional form is as follows:

Ngpro

QPO =

where, vg is the centroid frequency and Avg is the FWHM of the QPO feature. 4The Xz/dof for the continuum are shown in braces.



QPOs reported here are relatively lower than those typical of the type-C QPOs from
stellar-mass black holes. Moreover, variation of the QPO centroid frequency over
the timescale of the observation can further decrease its coherence. Furthermore,
we analyzed the power density spectra of the backgrounds from each of the six
observations and note that they are all consistent with a constant Poisson noise.

One of the main goals of the present work is to better characterize the mHz
QPOs seen from NGC 5408 X-1 within the context of the known classes of low-
frequency QPO seen in stellar-mass black holes (Casella et al. 2005). An important
diagnostic for this purpose is the study of the variation of the rms amplitudes of these
QPOs with their centroid frequency. In the case of low-frequency QPOs from stellar-
mass black hole systems this behavior is fairly well-established (e.g., Revnivtsev et
al. 2000; Sobczak et al. 2000a; Vignarca et al. 2003; McClintock & Remillard
2006). The typical behavior of the stellar-mass black hole low-frequency QPOs, in
the energy range 2.0-20.0 keV (the nominal RXTF bandpass), can be described as
follows: as the source evolves along the low/hard state towards the steep power-law
state, the QPO frequency increases and the rms amplitude increases. Before reaching
the steep power-law state, the source traverses an “intermediate” state in which
the QPO frequency continues to increase, but the rms amplitude decreases. Upon
reaching the steep power-law state the correlation tends to break down, showing
more scatter in the rms amplitude (see Figure 11 in McClintock et al. 2009).

The X-ray variability of NGC 5408 X-1 is known to depend on energy (Mid-
dleton et al. 2011). The overall rms variability increases with an increase in the

energy of the photons at least up to 2.5 keV (Given the poor signal-to-noise at higher
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Figure 2.5: The rms amplitude of the mHz QPOs detected from NGC 5408 X-1 (Y-axis)
is plotted against the QPO centroid frequency (X-axis). To study the dependence of this
plot on the bandpass, we consider two different energy bands. Left Panel: Centroid fre-
quency versus QPO amplitude using photons in the energy range from 1.0-10.0 keV. Right
Panel: Same as the left panel, but a different band-pass of 0.5-5.0 keV was used. The
qualitative nature of the behavior does not change with the energy band under consid-
eration. However, the rms amplitude of a given QPO seems to increase with increasing
energy (at least in the two energy bands considered), i.e., higher rms amplitude in 1.0-10.0
keV compared to 0.5-5.0 keV.

energies, it is not clear whether the variability strength levels off or decreases). This
is similar to the energy dependence of the low-frequency QPO (=~ few Hz) detected
from the galactic micro-quasar GRS 19154105 (Rodriguez et al. 2004), where the
QPO amplitude increases with energy, before rolling over. We used the QPO fit
parameters from all the observations to explore the dependence of the QPO rms
amplitude with centroid frequency. To be consistent across all the observations, we
chose an optimum bandpass of 1.0-10.0 keV to ensure good statistics and significant

detection of the variability (the variability of the source increases at higher energies
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while the count rate decreases). In addition, to explore whether our results might
depend on energy, we derived the QPO properties in a different energy band (though
with some overlap of the optimum band defined above) of 0.5-5.0 keV. The rms am-
plitude versus QPO frequency results for the 1.0-10.0 keV and 0.5-5.0 keV are shown
in the left and the right panels of Figure 2.5, respectively (compare with Figure 11
of McClintock et al. 2009). Given that the QPO amplitude is higher at higher en-
ergies (Middleton et al. 2011), not all power spectra derived from the lower energy
band (0.5 - 5.0 keV) yielded statistically significant QPO features. This is why the
right panel of Figure 2.3 has one less data point. Clearly, the variation is similar
in both the energy bands. We further compare with the results from stellar-mass
black holes in §2.5.

Another prime driver for the long observations of NGC 5408 X-1 was to search
for high frequency QPO analogs of stellar-mass black holes. These QPOs are ob-
served in the range from about 50 - 450 Hz in stellar-mass black holes (McClintock
& Remillard 2006; Strohmayer 2001a). Simple mass scaling arguments would sug-
gest that in intermediate-mass black holes they would be expected in the frequency
range of 0.1-1 Hz, with a low rms amplitude of ~ 2%. We do not detect any obvious
QPO-like feature at these frequencies in any of the individual observations. Fur-
ther, given that high-frequency QPOs appear to be reasonably stable in frequency
in stellar-mass black holes (e.g., Strohmayer 2001b), we averaged the power spectra
derived from the individual observations to improve the signal-to-noise, however,
this did not lead to a detection. We estimate the upper limit on the rms amplitude
of a QPO-like feature in the frequency range of 0.1-1.0 Hz to be ~ 4%.
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Table 2.3: Summary of the best-fitting model parameters for the power density spectra (using only photons in the energy range

of 1.0-10.0 keV) of the ULX NGC 5408 X-1.

Dataset 2006 2008 2010A 2010B 2011A 2011B
Exposure® (ksecs) 27.6x3 15.5x2 23.2x3 21.0x4 67.4x1 55.0x1
Energy Range (keV) 1.0-10.0 1.0-10.0 1.0-10.0 1.0-10.0 1.0-10.0 1.0-10.0
Count rate®(cts s™1)  0.43£0.01 0.43 £ 0.02 0.55 =+ 0.02 0.53 £ 0.01 0.49 =+ 0.02 0.49 %+ 0.02
c* 2.00 % 0.01 1.81 £ 0.02 1.90 £ 0.04 1.99 £ 0.01 1.94 £0.01 1.92 £0.01
A* 0.80 = 0.89 3.39 + 2.90 0.01+£0.01  (1.48+3.88) x 10°°% 416+ 11.49 2.96 + 9.50
TF ow 0.20 £ 0.17 0.09 + 0.13 1.12 £ 0.30 2.65 + 1.06 —~0.0724£0.39  —0.05 % 0.56
Vo na (mHz) 7.89 %+ 0.73 6.34 =+ 0.49 7.12 +6.13 36.39 %+ 21.26 4.96 + 1.48 8.30 + 1.15
Thign 10.02 4+ 11.47  10.25+5.60  —0.41 % 0.46 0.25 £ 0.14 4.42 £ 7.78 9.87 £ 12.11
NOpoa 2.49 + 0.18 3.51 + 1.69 0.64 + 0.15 0.67 + 0.21 2.40 + 0.19 2.64 + 0.27
v 1 (mHz) 16.81£1.05  10.28+0.24  39.07 £ 1.70 39.07 + 1.82 18.49£1.28  15.04 £ 2.04
Avf(mHz) 19.51£2.16  1.28+0.97  15.15+6.44 16.04 £ 8.89 21.86 £2.60  22.83+2.94
RMS), 1o 42.12+2.83  12.81+£5.75  16.64 + 4.05 17.84 £ 5.68 41.00 £3.05  43.94 +3.72
N po s - 1.91+0.35 - - 1.31+1.02 -

v 5 (mHz) - 15.05 + 1.68 - - 8.40 + 1.22 -

Av] (mHz) - 11.10 + 3.05 - - - -
RMSh .o, - 27.82 + 4.64 - - 3.00 + 4.32 -
x?/dof 268.34/208 753.75/764 200.60/137 135.27/97 350.16/326 291.45/266
(continuum®) (755.28/211)  (868.30/770)  (242.10/140) (190.64/100) (851.45/332)  (677.00/269)

®The good time intervals were broken into smaller intervals to improve the signal-to-noise in the power density spectra. For a given observation, the size of each segment X number of such segments is

shown. Same time intervals as in Table 2.1 were used here. ?To systematically study the QPO properties, we reduced the power spectra in a consistent energy band of 1.0-10.0 keV.
The count rate in the bandpass of 1.0-10.0 keV. * We fit the continuum with a bending power-law model described as follows:

T,
Continuum = C + Av I‘Low -
1+< v )High* Low
Ybend

where, I'f oy and I'g;gp are the low and high frequency slopes, respectively, and vyepnq is the bend frequency. TWe model the QPOs with a Lorentzian. The functional form is as follows:

QPO = —_Naoro

2(v—rvg)\2’
1+< Avo )

*NgpoAv
2

RMSqpo (integrated from — oo to + co) = X 100

where, vg is the centroid frequency and Avg is the FWHM of the QPO feature. 4The Xz/dof for the continuum are shown in braces.



ey

Table 2.4: Summary of the energy spectral modeling of NGC 5408 X-1.

thbabsx (diskpn+apec+pow)

Top Panel:

Best-fitting parameters for

model. Bottom Panel: Best-fitting parameters for the tbabsx (bmc+apec) model.

tbabsx (diskpn+apec+pow)

b d i 2

Dataset n Thae KTL homa r Flux§ 5_10.0kev Fluxp, o X~ /dof
+0.87 +0.005 +0.04 +0.04 17 —12 +0.14 —12

2006 14217087 014178095 1.007007 2.66170-99 2Tx10 1741024 <10 431.07/265
+1.61 -+0.010 +0.06 +0.06 —12 +0.24 —12

2008 14677158 013670015 0.9575:96 2.5970-9¢ 0 1561025 % 10 227.40/210
+1.01 -+0.007 +0.04 +0.04 22 —12 +0.08 —12

2010A 144117000 0.14478:097 1017007 2.5817099 22x10 1.7210-% <10 403.69/277
+0.84 -+0.007 +0.05 +0.04 15 —12 +0.11 —12

2010B 13.0470-8% 015473097 0.9975-0% 2.5870-04 %10 1331021 %10 429.91/288
+0.94 +0.007 +0.06 +0.04 19 —12 +0.17 —12

2011A 14587094 014670007 0.957009 2.6370-07 19x10 1597317 x10 430.67/267
+1.04 -+0.009 +0.07 +0.05 16 —12 +0.15 —12

2011B 13.4470:9% 015473999 1017507 2.5570-9% 2ox10 141192510 326.50/256

tabsk (bmc+apec)

Dataset ng kTgisk a=Th"-1 f* kT;((:)lasmn, x?2 /dof
+1.04 -+0.004 +0.04 +0.05 31 -5 +0.04

2006 9.47710% 011670504 1.6870:0% 0.4075:5% 21x10 1.0379-94 342.95/265
+1.89 +0.007 +0.06 +0.10 63 -5 +0.05

2008 10797189 0.11078:007  1.5070-5¢ 0.3910-10 83 x10 0.9715-95 210.30/210
+1.26 +0.005 +0.04 +0.08 40 —5 +0.04

2010A 9.737128 011679505 1.5070-04 0.4575:58 40x107° 1.0379-94 359.92/277
+1.09 +0.005 +0.03 +0.09 26 —5 +0.05

2010B 7.9071:9% 012110095 1607003 0.52+0-99 20 x10 1.0379:9° 364.36/288
+1.16 +0.005 +0.04 +0.07 33 -5 +0.05

2011A 9.61711¢ 011878505 1647004 0.4675-07 3ex107° 0.9970-6% 361.46/267
+1.32 +0.006 +0.04 +0.08 33 —5 +0.09

2011B 8.6071:32 012110006 1.5710-04 0.47+0-08 38 x107° 1.0515-09 299.37/256

the

“Total column density of hydrogen along the line of sight including the Galactic extinction (in units of 102ocm_2). We used the tbabs model in XSPEC. Y Accretion disk temperature in keV. We used
the diskpn model in XSPEC. The inner radius of the disk was fixed at 6GM/C2. ©The temperature of the surrounding plasma in keV. We used the apec model in XSPEC. The abundances were fixed at

the solar value. *The photon index of the power law. ®The total unabsorbed X-ray flux (in units of ergs cm™

(in units of ergs cm ™2

2

571) in the energy range of 0.3-10.0 keV. I The disk contribution to the total X-ray flux
sfl) in the energy range of 0.3-10.0 keV. 9The color temperature of the disk blackbody spectrum (in keV). ’LSpectral index of the power law portion of the energy spectrum.

“The Comptonized fraction: fraction of the input blackbody photons that are Comptonized by the bulk motion of the in-falling material. JThe normalization of the disk blackbody spectrum (in units of
(L/10%9 erg s~1)/(d/10 kpc)?). This is an indicator of the disk fAlux.



2.4 Energy Spectral Analysis

We fit the X-ray spectra of NGC 5408 X-1 using the XSPEC (Arnaud 1996)
spectral fitting package and the EPIC response files were generated using the ar fgen
and rmfgen tools which are part of the XMM-Newton Science Analysis System
(SAS) software. Since, a primary goal of the present work is to search for timing -
spectral correlations similar to those seen in accreting stellar-mass black holes, we
began our analysis by characterizing the energy spectra using the same phenomeno-
logical models often used to describe the X-ray spectra of accreting stellar-mass
black holes. In terms of XSPEC models, we used diskpn + power-law. We also
explored the bmc model, Comptonization by bulk motion (Titarchuk et al. 1997),
because it has been used to derive mass estimates from QPO frequency scaling argu-
ments, and reference spectral - timing correlations have been derived for a significant
sample of stellar-mass black holes using the parameters derived from this model (see
Shaposhnikov & Titarchuk 2009). We start by describing some of the specifics of
our data extraction and reduction methods.

Since we are interested in exploring the correlations between the timing and the
spectral behavior, we elected to extract energy spectra from the same time intervals
as those used to extract the power density spectra (see the first rows of Tables
2.2 & 2.3). Such synchronous measurements will tend to minimize any offsets that
could be induced by variations in the system properties (both spectral and timing)
within a given observation. In addition to the standard filters described in §2.2, the

(FLAG==0) filter was imposed to get the highest quality spectra. The combined
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(pn+MOS) average count rate of the source varied in the range 1.19 - 1.46 cts s™*

over all the observations. Given such relatively low count rates, source pileup was
not an issue in any of the six observations. Since we are using both the pn and the
MOS data, we individually reduced the energy spectra from each of the detectors
using the same good time intervals. This gave us three energy spectra (pn, MOS1,
MOS?2) for each of the six observations. A given model was fit simultaneously to all
the three spectra to derive the tightest constraints on the best-fit parameters. The
pn and the MOS spectra were binned to 1/3 of the FWHM of the pn and the MOS
spectral resolution, respectively. We used the SAS task specgroup for this purpose.
Given the high number of total counts (~ (6-12)x10,000), this gave us high-quality
spectra in each case.

We began by fitting the spectra with a multi-colored disk (diskpn in XSPEC,
Gierlinski et al. 1999) + power law (powerlaw in XSPEC) + an X-ray hot plasma
(apec in XSPEC) as in Strohmayer & Mushotzky (2009). We used the Tuebingen-
Boulder ISM absorption model (tbabs in XSPEC) to account for interstellar absorp-
tion. The hydrogen column density was set as a free parameter. This model is very
similar to that often used to model the spectra of stellar-mass black holes. Indeed,
it is common to use this or similar phenomenological models to determine the spec-
tral state of a stellar-mass black hole. However, here in addition to a thermal disk
and a corona, there is an X-ray emitting plasma in the model. This was realized
by Strohmayer et al. (2007) after identifying systematic emission-like features in
the residuals of the diskpn + power-law fit to the 2006 data. We confirm their re-

sult that the x? improves significantly (by ~ 40-100 over all the six observations)

45



Table 2.5: Summary of the energy spectral modeling of NGC 5408 X-1
parameters for the tbabsk (diskpn+apec+cutoffpl) model are shown.

. Best-fitting

tbabsx (diskpn+apec+cutoffpl)

Dataset ng, T, e kTS, 0 ema rd E® iover x2/dof

2006 12.037537  0.15375-00¢ 1.0379-0% 1.887020  3.807 2%  375.48/264
+1.78 +0.011 +0.06 +0.33 +3.96

2008 12,9371 78 014670018 0.9719:00 1921033 4207399 214.02/209

2010A  11.967175  0.16079-00% 1.04793-02 1.847025  4.18%5%  357.17/276

2010B  10.53755%  0.17179:059 1.0279-96 1927028 4.92%18%  385.27/287

2011A  12.3077°02  0.16070:05% 0.9870:0% 1.92%020  4.28T1 70 389.94/266
+1.24 +0.010 +0.10 +0.24 +3.72

2011B 11.54712%  0.16770-0%9 1057529 1981028 5567372 307.22/255

@Total column density of hydrogen along the line of sight including the Galactic extinction (in units of 102%cm™2).

We used the tbabs model in XSPEC. ?Accretion disk temperature in keV. We used the diskpn model in XSPEC.

The inner radius of the disk was fixed at 6GM/c2. “The temperature of the surrounding plasma in keV. We used

the apec model in XSPEC. The abundances were fixed at the solar value. 9The photon index of the cutoff power

law. ¢The energy at which the exponential rollover of the spectrum occurs.

with addition of the apec component to the standard multi-colored disk + power-law

model. Such a feature is not exclusive to the ULX in NGC 5408, as NGC 7424

(Soria et al. 2006) and Holmberg IT X-1 (Dewangan et al. 2004) also show evidence

for the presence of an X-ray emitting plasma. In addition, the high-resolution VLA

radio observations at 4.9 GHz of the counterpart of the X-ray source in NGC 5408

X-1 revealed a radio nebula of ~ 40 pc extent (Lang et al. 2007). Based on the

value of the power-law index of the radio spectrum, it was suggested that the radio

emission is likely from an optically thin synchrotron emitting gas. Given this, it

is possible that the putative X-ray hot plasma is coincident with the radio nebula.

The best-fitting parameters of the above model for each of the six observations are
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Figure 2.6: Top Panel: The X-ray energy spectrum (0.3-10.0 keV) of NGC 5408 X-1
derived from the 2010B observation (Table 2.1). The data from all the three detectors
is shown. Black corresponds to EPIC-pn, while green and red represent data from the
MOS1 and MOS2 detectors, respectively. The spectrum was re-binned for clarity to have
a significant detection of at least 10c. However, no more than 10 neighboring bins were
combined to achieve this level of significance, i.e., setplot rebin 10 10 in XSPEC. Middle
Panel: The ratio of the data to the model defined by tbabsx (diskpn + apec + powerlaw) is
shown. Bottom Panel: The ratio of the data to the model defined by tabs*(bmc+apec) is
shown. Both the ratios were re-binned to have a detection significance of at least 20 with
no more than 20 neighboring bins combined, i.e., setplot rebin 20 20 in XSPEC.

shown in the top panel of Table 2.4. We note that the X-ray temperature of the
plasma has remained constant across the suite of our XMM-Newton observations.
We also fit the spectra with a model based on Comptonization by bulk motion

(Laurent & Titarchuk 1999, bmc in XSPEC). As mentioned above, this model has

been used within the context of quantifying timing - spectral correlations in stellar-
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mass black holes (Shaposhnikov & Titarchuk 2009). The underlying physical basis
of this model is similar to that of the multi-colored disk + power-law model, i.e.,
the presence of a thermal disk and a hot electron corona. However, in this case
the power-law is produced by the Comptonization of soft photons (from the disk)
within a converging inflow onto the black hole. In this model, the normalization
parameter derived from the fit mimics the disk flux from the diskpn component in
the other model we have employed. We also include the apec component in this case.
The best-fitting model parameters including the absorbing hydrogen column density
using the thabs in XSPEC for each of the six datasets are shown in the bottom panel
of Table 2.4.

It can be noted straight away that, for a given observation, the plasma tem-
peratures (apec) found from fitting the two spectral models are consistent with each
other (within the error bars). The reduced x? values for the diskpn+powlaw+apec
and the bmc+apec model are in the range of 1.0-1.6 and 1.0-1.3 (~ 210-290 degrees of
freedom: last column of Table 2.4), respectively. Clearly, they both give acceptable
values of reduced x?. The latter model (bmc+apec) fits the data slightly better (see
Table 2.4) than the simple diskpn+apec+powlaw model. However, the improvement
in x? is not statistically significant in all the cases and therefore it is not possible to
rule out one model over the other based on the reduced y? alone. A sample energy
spectrum (using the 2010B data) is shown in Figure 2.6. Also shown in the figure
are the ratios of the data to the folded model in the two cases (diskpn+apec+powlaw
and bmc+apec). We use the spectral parameters derived here and the timing prop-

erties from the previous section to search for correlations between the two. The
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results of which are presented in the next section.

It has been recently suggested (Gladstone et al. 2009) that the high-quality X-
ray spectra of ULXs can be better characterized by complex comptonization models
that predict a rollover at higher energies (2 3 keV). A detailed study of the validity
of such models in the case of NGC 5408 X-1 is beyond the scope of the present work,
however, for the sake of completeness we also fit all our energy spectra with a cut-
off power law component rather than just the simple power law model. In XSPEC
we used the model, thabs*(diskpn+apec+cutoffpl). (the cutoffpl model describes a
power law with a high energy exponential rollover.) The best fitting parameters for
this model are shown in Table 2.5. We note that this model leads to a significant
improvement in the x? compared to the tbabs*(diskpn+apec+pow) model (compare
the last column of Table 2.5 with the last column of Table 2.4). We also searched for
possible timing-spectral correlations within the context of the cutoff powerlaw model,
viz., QPO frequency vs the cutoff energy. We do not detect any clear correlation
between the QPO frequency and the rollover energy. This is mainly due to poor
statistics at the high end (2 5 keV) of the energy spectra which result in large
uncertainties on the rollover energies.

The measurement of fluorescent lines from elements like Fe, Ni, Cr, Ca etc. is
another important probe of the vicinity of the X-ray emitting region. In principle,
these reflection features can be produced by hard X-rays, presumably from the
Comptonizing corona, irradiating cold material, e.g., in the disk. Among all such
emission lines with their rest-frame energies in the XMM-Newton bandpass (0.2-10.0
keV), the iron feature is the most prominent (e.g., Matt et al. 1997). Given the
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subtle changes in the energy spectra over the suite of observations (see Table 2.4),
it does not seem unreasonable to combine all the data while searching for weak
emission features. We searched for iron emission line features in the energy range
of 6.0-7.0 keV, but did not detect any obvious features. Using an effective exposure
of ~ 540 ksecs (all datasets, see Table 2.1), we were able to place tight constraints
on the equivalent width of any feature in the energy range of 6.0-7.0 keV. Assuming
an unresolved narrow feature of width 10 eV, the upper limit (90% confidence) on
the equivalent width of an emission line at 6.4 keV is 5.4 eV. We then check for the
possibility of broad emission lines in the energy range 6.0-7.0 keV. The upper limits
on the equivalent width assuming a broad emission line of width 0.3 keV and 1.0
keV are 11.6 eV and 11.0 eV, respectively.

The apparent weakness of iron emission from the disk can be due to a number
of factors: an accretion disk that is completely ionized, scattering of the reflected
iron-line photons in an optically thick corona (Matt et al. 1997), especially when
the corona is a thin layer above the accretion disk or a low iron abundance in the
accretion disk (Matt et al. 1997). Further, a high inclination angle for the accretion
disk combined with one or more of the above factors can decrease the intensity of
the iron-line. Recently, Gladstone et al. (2009) have analyzed energy spectra of a
sample of ULXs (including NGC 5408 X-1) and have suggested that these sources
might be operating in a new accretion state, with rollover at higher energies (> 2.0
keV) as a characteristic signature of such a state. Thus, the nature of the spectrum
might be such that there are not enough photons at higher energies to generate a

detectable iron-line fluorescent feature (Cole Miller, private communication).
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Table 2.6: Comparing the power density spectral and the energy spectral properties of NGC 5408 X-1 with the steep power-law
state in stellar-mass black holes

X-ray State Definition®

Presence of power-law component with I' > 2.4
Steep Power Law State Power continuum: 1’ < 0.15
Either disk fraction® < 80% and 0.1-30 Hz QPOs present with rms amplitude > 0.01
or disk fraction® < 50% with no QPOs present

X-ray State Data from NGC 5408 X-1¢

Presence of power-law component with I' in the range 2.5-2.7
Steep Power Law State ? Power continuum: r* in the range ~ 0.36 - 0.43
Disk fraction® in the range ~ 30-50% and
10-40 mHz QPOs present with rms amplitude in the range 0.10-0.45

%In case of stellar-mass black holes, the definition is using data in the energy range of 2-20 keV.

bTotal rms power integrated over 0.1-10.0 Hz.

“Fraction of the total 2-20 keV unabsorbed flux.

n case of NGC 5408 X-1, we use the XMM-Newton bandpass of 0.3-10.0 keV.

*We integrate the total power (continuum + QPOs) in the frequency range of 0.001 - 0.5 Hz (same as the frequency range used for power spectra
fitting). The power spectra were derived using all the photons in the energy range of 1.0-10.0 keV (see Table 2.3 for the parameters).

¢Fraction of the total 0.3-10 keV unabsorbed flux.

fFraction of the total 0.3-10 keV unabsorbed flux.



2.5 Timing - Spectral Correlations

A primary goal of the new observations of NGC 5408 X-1 is to further test
the preliminary classification of the mHz QPOs detected from NGC 5408 X-1 as
the analogs of the 0.1-15 Hz Low-Frequency, type-C QPOs (low-frequency QPOs)
detected from accreting stellar-mass black holes. If a strong connection can be
demonstrated, then scaling of the characteristic frequencies (e.g., QPO centroid
frequency) can be better justified to estimate the mass of the black hole within this
source.

As mentioned earlier, scaling relations using the power density spectral break
frequency have been successfully tested using power spectra of both stellar and
super-massive black holes of known mass (McHardy et al. 2006 and Kérding et
al. 2007). Based on the qualitative nature of the power density spectra and the
energy spectra derived using the 2006 and 2008 data, Strohmayer & Mushotzky
(2009) suggested that the mHz QPOs from NGC 5408 X-1 may indeed be low-
frequency QPO analogs. More specifically, they proposed that its X-ray state was
analogous to that of a stellar-mass black hole in the so-called steep power-law state
exhibiting type-C QPOs, but at the same time emitting a fewx 10 higher X-ray flux.
Having analyzed the data from all six observations (§2.3 & 2.4) we confirm that the
derived power- and energy-spectral parameters are qualitatively consistent with the
source being in a steep power-law state exhibiting type-C QPOs (based on the state
descriptions in McClintock & Remillard 2006). A summary of the working definition

of the steep power-law state with type-C QPOs and the power density spectral &
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energy spectral parameters of NGC 5408 X-1 are given in Table 2.6.

A further step in understanding the nature of these QPOs is to determine if
they show the same evolutionary behavior in the QPO parameters as those exhib-
ited by the stellar-mass black hole low-frequency QPOs. One such characteristic
behavior is the QPO rms amplitude versus centroid frequency relationship. Our
results for this relation from NGC 5408 X-1 are shown in the left and right panels of
Figure 2.5 in two different energy bands (1.0-10.0 keV and 0.5-5.0 keV, respectively).
Comparing these plots with those from stellar-mass black holes, as in Figure 11 of
McClintock et al. (2009), the results appear to be at least qualitatively consistent
with the behavior of steep power-law data from some stellar-mass black holes (see
for example, the green triangles in Figure 11 of McClintock et al. 2009). However,
because a tight correlation appears to break down in the steep power-law state it is
hard to conclude definitively that the NGC 5408 X-1 behavior is exactly analogous.

Another important signature of the Type-C low-frequency QPOs in stellar-
mass black holes is their dependence on the energy spectral features, i.e., the timing
- spectral correlations. Using the X-ray state classifications as in McClintock et
al. (2006), low-frequency QPOs in stellar-mass black holes are usually detected in
the low/hard state, the steep power-law state and during the transition between
these two states. Within the context of the multi-colored disk 4+ power-law model
parameters, it is known that the centroid frequency of these low-frequency QPOs
is correlated with the disk flux and the photon index of the power-law component.
In stellar-mass black holes, the typical behavior is that the QPO centroid frequency

is positively correlated with the disk flux and the photon index of the power law.
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Figure 2.7: Timing-Spectral Correlations using the phenomenological model: diskpn +
powerlaw. Six observations/data points were used to search for timing-spectral correla-
tions. Top Left Panel: The photon index of the power-law (Y-axis) is plotted against
the centroid frequency of the QPO (X-axis). Top Right Panel: The disk contribution to
the total flux (Y-axis) in the energy range of 0.3-10.0 keV is plotted against the centroid
frequency of the QPO. Bottom Left Panel: Flux from the power-law component (Y-axis)
is plotted against the QPO centroid frequency (X-axis). Bottom Right Panel: For the
sake of completeness, the disk temperature (Y-axis) is plotted against the QPO centroid
frequency (X-axis). Within the present scheme of X-ray states in stellar-mass black holes,
these results are qualitatively consistent with NGC 5408 X-1 being in the steep power law
state exhibiting type-C QPOs, with the characteristic timescales scaled down by a factor
of =~ a fewx10.

o4



At a certain higher QPO centroid frequency (= 5-10 Hz) the relationship seems to
flatten (saturate) and even appears to start reversing in some cases (Vignarca et al.
2003). Furthermore, the correlation is not exactly the same for all stellar-mass black
holes, i.e., the value of the slope of the correlation and the photon index/disk flux at
saturation are different for different sources and can be different for the same source
in a different outburst (Vignarca et al. 2003; Shaposhnikov & Titarchuk 2009). In
Figure 2.7 we show plots of several derived spectral parameters and fluxes (using the
diskpn + power-law fits) as a function of the QPO centroid frequency. These can be
compared with similar plots derived from stellar-mass black hole systems (see, for
example, Figures 8 & 9 in McClintock et al. 2009; Figure 10 of Vignarca et al. 2003).
Again, there appears to be qualitative consistency between the behavior exhibited
by NGC 5408 X-1 and stellar-mass black holes, but the full range of behavior is
not yet seen, again because the range of spectral variations in NGC 5408 X-1 (most
notably in the power-law index) is too modest. Additional measurements of QPO
properties at lower values of the power-law photon index, for example, could provide
a more definitive test.

One can also investigate the spectral - temporal correlations in the context
of the spectral parameters derived using the bmec model. Indeed, Shaposhnikov &
Titarchuk (2009) explored such correlations in detail for a sample of stellar-mass
black holes using RXTE data. They also developed a set of fitting functions to
quantify the observed correlations and used these to obtain mass estimates by scaling
arguments. Figure 2.8 compares the results from NGC 5408 X-1 with those from

stellar-mass black holes using the bmc spectral fits. We used the published data from
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Figure 2.8: Timing-Spectral Correlations using the BMC model. Top Panels: The be-
havior of a typical stellar-mass black hole (1998 outburst of stellar-mass black hole XTE
J1550-564) is shown (we plot data from Shaposhnikov & Titarchuk 2009). For clarity, the
X-ray state of the source is highlighted using the following color scheme. Blue squares
indicate the low/hard state, magenta corresponds to a state intermediate between the
low/hard and the steep power-law state while the green triangles highlight the steep power-
law state. From left to right, the dependence of the centroid frequency of the QPO, BMC
normalization (disk flux) and the Comptonized fraction on the power law index are shown.
The error bars are not indicated when their size is smaller than the size of the data point.
Bottom Panel: Similar plots using the data from NGC 5408 X-1. The results from the
ULX NGC 5408 X-1 are qualitatively consistent with the source being in an X-ray state
very similar to the steep power-law state in stellar-mass black holes (Compare with the
green triangles on the top panel).

Shaposhnikov & Titarchuk (2009) to produce representative plots for a stellar-mass
black hole (XTE J1550-564, top panels). Shown from left to right are the QPO
centroid frequency versus the power-law photon index (I'), the bmc normalization

(disk flux) versus I' and the Comptonized fraction, f versus I', respectively. The
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data points are color coded to highlight the low/hard state (blue) and the steep
power-law state (green). We used the data from the 1998 outburst of XTE J1550-
564 which clearly demonstrates the typical behavior of stellar-mass black holes (top
panels). Comparisons of these plots with those in, for example, Shaposhnikov &
Titarchuk (2009) lead to similar conclusions as with the results in Figure 2.7. There
is qualitative consistency with the Type-C identification, but the classification is not
definitive. In order to make a more secure association of the QPOs in NGC 5408
X-1 with Type-C (steep power-law state) QPOs in the stellar-mass black holes, we
need, at a minimum, to obtain observations of the source over a greater range of

power-law spectral indices.

2.6  Discussion

It has been established that black hole masses scale with the break frequency
of their power density spectra (McHardy et al. 2006, Kording et al. 2007) and this
relation is known to hold over 6 orders of magnitude in mass, i.e., from stellar-mass
to super-massive black holes. Furthermore, at least in stellar-mass black holes, the
break frequency of the power density spectra is known to strongly correlate with
the centroid frequency of the low-frequency QPOs (Wijnands & van der Klis 1999).
Therefore, it is reasonable to assume that the mass of the black hole scales with
the centroid frequency of the low-frequency QPOs. This can be especially useful
in cases where black hole mass measurements are otherwise difficult, viz., in ULXs.

However, an important caveat is to ensure that the QPOs used for comparison are
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similar in nature.

Our new results confirm the earlier result from Strohmayer & Mushotzky
(2009) that the qualitative nature of the power density spectrum and the energy
spectrum of NGC 5408 X-1 are very similar to that of stellar-mass black holes in
the steep power-law state (see Table 2.6). At the same time, the characteristic
timescales within the power density spectra are lower by a factor of ~ 100, while
the X-ray luminosity is higher by a factor of a fewx10, when compared to a typi-
cal stellar-mass black hole in such a state. However, based on the scaling between
the break frequency of the power density spectrum and the centroid frequency of
the low-frequency QPOs (Centroid frequency of low-frequency QPOs a 12xbreak
frequency of the power density spectra), the association of the mHz QPOs from
NGC 5408 X-1 with the low-frequency QPOs from stellar-mass black holes has been
questioned (Middleton et al. 2011)

A striking feature of the behavior of NGC 5408 X-1 is that the energy spectrum
of the source has remained roughly constant over the current suite of observations,
while the properties of the most prominent QPO (e.g., rms amplitude, centroid fre-
quency) have changed significantly. These results appear consistent with the source
being in a spectral state similar to the steep power-law state in stellar-mass black
holes. More specifically, in stellar-mass black holes, certain spectral properties like
the disk flux, the photon index of the power-law correlate positively with the QPO
centroid frequency up to a certain frequency (=~ 2-10 Hz) beyond which the rela-
tionship turns around or remains roughly constant. Detailed analysis of the timing
- spectral correlations in stellar-mass black hole sources such as XTE J1550-564 and
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H1743-322 has revealed a comprehensive picture (McClintock et al. 2009) of their
behavior. Tracking these two sources as they evolved from the low/hard state into
the steep power-law state, it was realized that the spectral properties like the disk
flux and the power-law photon index are tightly correlated with the QPO centroid
frequency during the low/hard state and during a transition phase intermediate be-
tween the low/hard and the steep power-law state; and the relationships seem to
saturate/breakdown (spectral properties remain roughly constant with increase in
the QPO frequency) as the sources entered the steep power-law state. It may be
that we are in fact seeing NGC 5408 X-1 in a similar state, i.e., we may be seeing
the “saturated” portion of the relation.

Given that the overall accretion timescales change with the mass of the black
hole (timescales increase as the mass increases from stellar-mass black holes to super-
massive black holes, e.g., McHardy et al. 2006), it is possible that we are seeing
a similar timing - spectral behavior, and that the apparent longevity of the source
in the steep power-law state might also be due to its having a higher mass. There
may be a useful analogy to AGN in that their spectra are known to remain roughly
constant on timescales of at least a few years (Markowitz et al. 2003) while transient
stellar-mass black hole systems undergo strong energy spectral changes on timescales
of the order of a few days (McClintock et al. 2006 and references therein). It could
be that the persistence of NGC 5408 X-1 in the approximately same spectral state
is related to it being of intermediate mass between stellar-mass black holes and
AGN. Alternatively, perhaps the source is in an accretion state, like the so-called

ultraluminous state of Gladstone et al. (2009), that is just not well sampled by
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the behavior of Galactic stellar-mass black holes. We note that the indication for a
rollover in the power-law at 4-5 keV (see §2.4 and Table 2.5) provides some support
for this interpretation, in which case the spectral state of NGC 5408 X-1 may not
be exactly analogous to the steep power-law state of stellar-mass black holes.

However, either conclusion will remain tentative until NGC 5408 X-1 is ob-
served in a state with a lower value of the power-law photon index, i.e., a state
similar to the low/hard state in stellar-mass black holes. Such an observation would
clearly be important in order to make a more definitive identification of its QPOs
in the context of those observed in stellar-mass black holes.

Assuming the constancy of the energy spectral features, i.e., disk flux, T,
with the increasing QPO centroid frequency (see Figure 2.7) is analogous to the
saturation observed in the timing - spectral correlations in stellar-mass black holes,
one can estimate the minimum mass of the black hole in NGC 5408 X-1. If we are
indeed seeing only the saturated portion of the complete timing - spectral correlation
curve, then the minimum QPO frequency observed in NGC 5408 X-1 serves as
an upper limit on the so-called transition frequency, i.e., the frequency beyond
which the timing - spectral correlations tend to saturate. In order to derive a
mass estimate, this particular frequency can be scaled to a reference stellar-mass
black hole of known mass with a measured transition frequency (Virans). We can
use the transition frequency as defined by Shaposhnikov & Titarchuk (2009) in
their fits of QPO and spectral parameters. We find a sample of three stellar-mass
black holes with mass and transition frequency measurements in Shaposhnikov &

Titarchuk (2009) that are suitable for this purpose. Further, it is known that the
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same source can exhibit different tracks (timing - spectral correlation curves), i.e.,
different transition frequencies, in various outburst episodes. Given that we are
interested in a lower limit on the mass of the black hole in NGC 5408 X-1, we consider
the lowest transition frequency for a given source. The minimum mass of the black
hole in NGC 5408 X-1, can then be calculated as 4qns X Massge ference/ (minimum
QPO frequency). The mass estimates using the three reference sources, GRO 1655-
40, XTE J1550-564 and GX 339-4 are reported in Table 2.7 (~ 1000 M), and show

substantial overlap with those reported by Strohmayer & Mushotzky (2009).

2.7 Summary

The ULX in the irregular dwarf galaxy, NGC 5408 has been suggested to har-
bor an intermediate-mass black hole (Masspy ~ 100 - a fewx 1000 M) (Strohmayer
& Mushotzky 2009). This mass estimate was strictly based on the assumption that
the mHz QPOs seen from this source are the type-C analogs of the low-frequency
QPOs (0.1-15 Hz) from stellar-mass black holes. Here we have presented results
from new observations of NGC 5408 X-1 in which we searched for timing - spectral
correlations similar to those often exhibited by the type-C low-frequency QPOs from
stellar-mass black holes. Our analysis of multi-epoch XMM-Newton data from NGC
5408 X-1 reveals that certain characteristic features of the power spectra, especially
the QPO centroid frequency, changed significantly. However, the energy spectrum
has remained roughly constant. These results can be interpreted in two ways. This

could be due to complete independence of the timing properties on the energy spec-
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Table 2.7: Mass estimate of the black hole in NGC 5408 X-1

Minimum
Reference Mass Virans Mass?,s  References
(Mo) (Hz) (Mo)
GRO J1655-40 6.3+0.5 3.0£0.1 1720 1,4
XTE J1550-564 9.5+1.1 1.84+0.07 1490 2,4
GX 339-4 > 6 1.44+0.2 820 3,4

“The transition frequencies were estimated by Shaposhnikov & Titarchuk (2009).
The fitting functions for the timing-spectral correlations are described therein.
®Minimum mass of the black hole in the ULX =

(Vtrans XMAaSS) ge ferencestellar—massblackhole/ 10.28 mHz, where 10.28 mHz is the
minimum QPO frequency detected from NGC 5408 X-1. We consider the error
bars on the individual parameters and report the lower value of the mass.
References - (1) Greene et al. (2001) (2) Orosz et al. (2002) (3) Munoz-Darias et al.
(2008) (4) Shaposhnikov & Titarchuk (2009).

tra, unlike stellar-mass black holes, in which case mass scalings derived from the
QPOs are likely to be problematic; or there is in fact a correlation, but we are see-
ing only the saturated part of the correlation behavior (constancy of the I'/disk flux
with increasing QPO frequency). Such saturation is often seen in stellar-mass black
holes (e.g., Vignarca et al. 2003). Assuming we are seeing this saturated portion of
the correlation curve, we estimate the lower limit on the mass to be &~ 800 M. At
least one observation with the source in a low/hard-like state (I < 2.0) is necessary
to resolve the issue of whether the timing and spectral properties are correlated as

in stellar-mass black holes or not.

62



Chapter 3:  On the Nature of the mHz X-ray QPOs from ULX M8&2

X-1: Search for Timing-Spectral Correlations

3.1 Introduction

In this chapter, we test the hypothesis that the mHz QPOs of ULX M&82
X-1 are the analogs of the type-C low-frequency QPOs of stellar-mass black holes
by investigating if its QPOs show the same characteristic behavior of type-C low-
frequency QPOs of stellar-mass black holes, i.e., whether M82 X-1’s QPO frequency
is correlated with the power-law index of its energy spectrum. Similar attempts have
been made earlier by Fiorito & Titarchuk (2004) for the case of M82 X-1 and Dheerajj
& Strohmayer (2012) for the case of NGC 5408 X-1 (see Chapter 1). The work
by Fiorito & Titarchuk (2004) considered only one XMM-Newton observation and
three RXTE/PCA observations and was severely limited by the observed variability
of M82 X-1’s QPO frequencies, i.e., 50-100 mHz. In addition, they did not consider
the contamination by a nearby bright X-ray source! in their spectral modeling. Here
we include analysis using all of the archival XMM-Newton observations that show

QPOs in the frequency range of 36 mHz (the lowest ever reported from M82 X-1)

IThis source is identified as source 5 by Matsumoto et al. (2001) and as X42.3+59 by Feng &
Kaaret (2007)
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to 210 mHz (the highest QPO frequency reported from M82 X-1).

This chapter is arranged as follows. In Section 3.2, we describe all the XMM-
Newton observations used in the present study and carry out surface brightness
modeling of their MOS1 images. In Section 3.3, we show results from our timing
and energy-dependent surface brightness modeling analysis. We also show the two
primary results of this chapter: (1) evidence for a correlation between the average
count rate and the centroid frequency of the QPO and (2) no apparent correlation
between the centroid frequency of the QPO and the hardness ratio which is an in-
dicator of the power-law index of the energy spectrum. In Section 3.4, we compare
these results with stellar-mass black holes with type-C QPOs. We discuss the im-
plications of the observed correlations on the mass of the black hole within M82

X-1.

3.2 XMM-Newton observations and surface brightness modeling

Prior to the present work, QPOs have been reported from M82 X-1 using the
RXTE/PCA (Strohmayer & Mushotzky 2003; Kaaret et al. 2006; Mucciarelli et al.
2006) and the XMM-Newton/EPIC data (Strohmayer & Mushotzky 2003; Muccia-
relli et al. 2006; Dewangan et al. 2006). RXTFE’s PCA is a non-imaging detector
whose field of view includes various point sources nearby M82 X-1. Its data does not
allow one to disentangle the contribution from the nearby bright sources. However,
data acquired with XMM-Newton allows for surface brightness modeling that can

help us understand M82 X-1’s relative brightness with respect to the nearby sources.
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Table 3.1: Resolved average count rates (3-10 keV) of M82 X-1 and source 5 derived
from the surface brightness modeling of XMM-Newton’s MOS1 images.

ObsID* Source 5 M82 X-1 X2/ dof*
(counts s71)*  (counts s71)®
0112290201 0.071 £0.003 0.041 £0.003 627/437
0206080101 0.011 +0.002 0.046 + 0.002 509/437
0657800101 0.034 £0.003 0.037 £0.003 417/437
0657801901 0.015+0.002 0.035+0.002 400/437
0657802101 0.025 + 0.003 0.040 + 0.003 435/437
0657802301 0.047 £0.004 0.053 £0.004 571/437

*The XMM-Newton assigned observation ID.
*The count rates are calculated using the formula described in the text (see Section
2)

[

he x?/dof was obtained by fitting two point spread functions to MOS1 images of
size 21”7 x21” binned to 17 x1” and centered on M82 X-1.

Also, XMM-Newton observations have longer exposures which allow firm detection
of the QPOs. Due to these reasons, we decided to use only XMM-Newton data. To
date, XMM-Newton has observed M82 on twelve occasions. Three of these observa-
tions were severely effected by flaring. We analyzed the remaining nine observations
to search for the presence of QPOs. We detected QPOs in six of them. Since
the present work relies on searching for a correlation between the QPO frequency

and the energy spectral power-law index, we only considered the observations with

QPOs. The XMM-Newton assigned IDs of the six observations used in this chapter
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are 0112290201, 0206080101, 0657800101, 0657801901, 0657802101 and 0657802301.
The total observing times were 30 ksecs, 104 ksecs, 26 ksecs, 28 ksecs, 22 ksecs and
23 ksecs, respectively.

At XMM-Newton’s spatial resolution the flux from M82 X-1 is contaminated
by the diffuse X-ray emission from the host galaxy (e.g., Strickland & Heckman
2007) and the nearby point sources (Matsumoto et al. 2001). Careful X-ray spectral
modeling by various authors including Mucciarelli et al. (2006) and Caballero-Garcia
(2011) has shown that the diffuse component is dominant at energies below 3 keV.
Therefore, to eliminate its contribution, we only included events in the energy range
of 3.0-10.0 keV. Similar exclusions have been employed by Strohmayer & Mushotzky
(2003), Fiorito & Titarchuk (2004) and Dewangan et al. (2006). The observations
taken by the high-resolution camera on board Chandra have revealed that there are
a total of nine point sources within the 10” x10” region around M82 X-1 (Matsumoto
et al. 2001). In principle, the flux contribution from all these point sources can bias
the modeling of M82 X-1. Chiang & Kong (2011) have analyzed all of the archival
Chandra observations of M82 to study the long-term (1999-2007) variability of the
X-ray point sources within M82. They find that while the X-ray sources nearby
M82 X-1 are variable, the maximum observed X-ray (0.3-8.0 keV) luminosity of
these sources is < 1/5" the average luminosity of M82 X-1 (see Table 2 of Chiang
& Kong 2011). However, source 5 (as defined in Matsumoto et al. 2001) is an
exception. It can reach X-ray luminosities comparable to M82 X-1 (Feng & Kaaret
2007). Therefore, to estimate the amount of contamination by source 5 in each of

the observations, we carried out surface brightness modeling of the images assuming
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they are dominated by two point sources.

We used only the MOS1 data for the purposes of surface brightness modeling.
This is becasue the MOS data offers the finest pixel size of 1.1” compared to the
4.17 of the EPIC-pn. Furthermore, the image resolution of EPIC-pn is close to the
separation (= 5”) between source 5 and M82 X-1 (Feng & Kaaret 2007). We avoid
MOS2 data because its point spread function (PSF) is non-axisymmetric at the core.
The on-axis PSF of MOS1 can be adequately described by an axisymmetric 2D king
model (XMM-Newton current calibration file release notes 167). Similar to the
analysis of Feng & Kaaret (2007) (who also carried out surface brightness modeling
of XMM-Newton’s MOS1 data of M82 using a king model), we used the calview tool
with an EXTENDED accuracy level to extract an on-axis PSF at an energy of 3.0
keV. We then fit a king model? to this PSF. The best-fit values of the core radius and
the index are 4.0” and 1.39, respectively. We note that these values are consistent
with the best-fit parameters given in the calibration file XRT1_XPSF_0014.CCF and
also with the values reported in the MOS calibration documentation (XMM-Newton
current calibration file release notes 167).

From each of the six XMM-Newton observations, we extracted an exposure-
corrected (using XMMSAS task eexpmap) MOS1 image of size 21”7 x21” binned to
17 %17 (square pixels) and roughly centered on M82 X-1. The standard filters of

FLAG==0and PATTERN< =12 were applied. As mentioned earlier, all the images

2

N

()]

where rg, o and N are the core radius, index and the normalization, respectively.

PSFking =
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Figure 3.1: Surface brightness contour maps of the MOS1 images (3-10 keV) of
M82 during six different epochs. The XMM-Newton assigned observation IDs are
indicated at the bottom right of each panel. M&82 X-1 is at the origin in all the
plots and the best-fit positions of source 5 and M82 X-1 are represented by plus
signs. Contour levels are different for different observations. Top left panel: The
contour levels are 1.0, 1.75, 2.5 (1073 counts s~! arcsec™2). Top right panel: The
contour levels are 0.5, 1.0, 1.5 (1073 counts s™! arcsec™2). Middle left panel: The
contour levels are 0.75, 1.0, 1.25 (1073 counts s~! arcsec™2). Middle right panel: The
contour levels are 0.75, 1.0, 1.25 (1073 counts s~* arcsec™2). Bottom left panel: The
contour levels are 0.75, 1.0, 1.25 (1072 counts s~! arcsec™2). Bottom right panel:
The contour levels are 0.75, 1.0, 1.5 (1073 counts s™! arcsec™?).
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were extracted in the energy range of 3.0-10.0 keV to reduce the influence of the
diffuse X-ray emission from the host galaxy. Each of these MOS1 images were then
modeled with two PSFs to represent source 5 and M82 X-1. The core radius and
the spectral index of the two PSFs were fixed at the best-fit values, i.e., 4.0” and
1.39, respectively. The centroids (x, y) and the normalizations of the two PSFs were
allowed to vary. However, the distance between the two sources was fixed to the
values found using the co-ordinates reported by Feng & Kaaret (2007). We ignore
the background as it was negligible in all of the six observations. For bins with
less than 5 counts, we assign error bars as derived by Gehrels (1986), i.e., 1.0 +
Vcounts + 0.75; And for bins with greater than 5 counts we assign Poisson errors
of \/counts. The model with two PSFs yielded acceptable values of y? in all the six
cases. The best-fit 2 value for each case is reported in the last column of Table 3.1.
It should be noted that the effective exposure of all but observation ID 0206080101
are comparable. The observation length of 0206080101 is ~ 100 ksecs while that
of the rest of the observations is ~ 25 ksecs. This dataset was also analyzed by
Feng & Kaaret (2007) and they find that the long exposure causes the other dim
sources nearby to be significant for surface brightness modeling. Therefore, to be
consistent across all the observations we choose data from one of the good time
intervals of MOS1 with an effective exposure of 30 ksecs. This is comparable to
the exposure times of the other five observations. The X-ray (3-10 keV) surface

brightness contour maps of all of the six observations are shown in Figure 3.1.
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3.3 Results

3.3.1 Timing analysis

The following analysis was carried out primarily using the EPIC-pn data with
events in the energy range of 3.0-10.0 keV. We used the standard Science Analysis
System (SAS) version 12.0.1 to extract the filtered event lists and the light curves.
The standard filters of (FLAG==0) and (PATTERN<=/) were applied to all the
datasets. The source events were extracted from a circular region of 33" centered
around the brightest pixel in each observation. This particular radius value was
chosen to include roughly 90% of the light from the source (as estimated from the
fractional encircled energy of the EPIC-pn instrument). The background events
were extracted from a nearby circular region of radius 50” and free of other sources.
We also removed episodes of high background flaring from our analysis.

We constructed PDS from each of the five observations. These datasets, ex-
cluding observation 0206080101, have not been analyzed earlier and became public
only recently (December 7" 2012). The data from observation 0206080101 has al-
ready been analyzed by Mucciarelli et al. (2006) & Dewangan et al. (2006). We
reanalyzed this observation to provide a consistent study of all the available data.
All the PDS are shown in Figure 3.2 and Figure 3.3. All the power spectra shown
here are so-called Leahy normalized where the Poisson noise level is equal to 2 (Leahy
et al. 1983). It is clear that the overall behavior of all the PDS is the same. The

power rises below &~ 70-400 mHz with evidence for a QPO in the range of ~ 30-220

70



40 AL T 5[ T T Ay
[ 0206080101 b 0657800101
35f ] i :
b 1 4 ]
sof i
= i =
< r < N
8 i 8 3f
— —
= 25} =
@ [ s
= E
o [ [e] N
a k o
2.0_— 2r
1.5F ]
I 1F
1.0L R | | , N b Ll | |
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
Frequency (Hz) Frequency (Hz)
5F T T T r T T T
: 0657802101 sol 0657802301
4r
=X I -
< [
g 3F
5 f
¢ I
R
o B
2r
1F i ]
C Ll M| Ll L . | M| Lol
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000

Frequency (Hz) Frequency (Hz)

Figure 3.2: The EPIC-pn 3-10 keV power density spectra (histogram) and the best-
fit model (solid) of four of the five XMM-Newton observations. The error bars are
also shown. The XMM-Newton assigned observation IDs are shown on the top right

of each panel.

mHz; And essentially Poisson noise at higher frequencies. To quantify this behavior,
we fit a power law to the continuum and a Lorentzian to model the QPO (Belloni
et al. 2002). The mathematical representation of the model can be found within
the index of Table 3.2. This model fits adequately in all the cases with reduced y?

in the range of 0.9-1.2. The best-fitting model parameters (derived from a fit in
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the frequency range of 0.001 Hz - 2.0 Hz) for each of the observation are shown in
Table 3.2. We also indicate the x?/dof (degrees of freedom) values for each of the
fits along with the x?/dof corresponding to the continuum model (in braces). The

change in the x? serves as an indicator of the statistical significance of the QPOs.
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Figure 3.3: Left Panel: The EPIC-pn 3-10 keV power density spectrum (histogram)
and the best-fit model (solid) of the observation ID 0657800101. Right Panel: The
combined EPIC-MOS1 and EPIC-MOS2 3-10 keV power density spectrum (his-
togram) and the best-fit model (solid) of the same observation. In the EPIC-pn
data the QPO is significant at only 3o level. However, in the combined MOS power
density spectrum the QPO is significant at 50 level.

We estimated the individual average count rates of source 5 and M82 X-1 as
follows. First, we estimated the total counts from a given source by integrating its
best-fit PSF until the core radius. We then divide this by the total exposure time

to calculate an average count rate. The formula for the count rate is therefore:

g 2m|r| dr

trat 1>< /TO N
countrate = — e
T 0 [

(@]
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where r is the radial distance from the centroid of the source and is defined as:

r=/(z—20)2+ (y — yo)?

where (xg, yo) is the best-fit centroid position of a given source. N is the best-
fit value of the normalization of a given source. T is the effective exposure time.
The count rates of source 5 and M82 X-1 estimated with the method described
above are shown in the second and the third columns of Table 3.1, respectively.
In observation 0112290201, source 5 clearly dominates the overall X-ray flux from
MS&2. However in the rest of the observations M82 X-1’s flux is greater than the flux
from source 5. To minimize the contamination, we only considered observations
in which M82 X-1’s flux is 2 source 5 flux. This filtering criterion resulted in a
total of five observations (excluding observation 0112290201) to test for the timing-
spectral correlation. We present the timing (PDS analysis) and the spectral analysis
(energy-dependent surface brightness modeling) of these datasets in the following
section.

The longest available EPIC-pn good time interval during the observation
0657801901 was only 8.8 ksecs. The significance (ftest) of the QPO detected in the
PDS extracted from this short exposure was ~ 30. Fortunately, long uninterrupted
data of duration ~ 24 ksecs each was available from the MOS detectors. Therefore,
to confirm the presence of the QPO, we extracted a PDS from the combined MOS
data. The QPO is clearly evident in the MOS data with a detection significance of

~ Ho. The 3-10 keV EPIC-pn and combined EPIC-MOS PDS are shown in the left
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Table 3.2: Summary of the 3-10 keV power spectral modeling.

ObsID 0206080101 0657800101  0657801901¢  0657801901¢ 0657802101 0657802301
(pn) (MOS)

Exposure?® (ksecs) 60.0 22.0 8.8 24.2 17.4 17.0

A* 1.94 +0.04 1.96 £+ 0.01 1.92 £ 0.02 1.97 £0.02 1.95£0.01 1.97+0.01
B* 0.03 +£0.03 0.01 +£0.01 0.01 +£0.01 0.01 +£0.01 0.01 £0.01 0.01 +£0.01
= 0.55+0.23 1.09 +£0.29 0.92 +0.64 0.76 +0.30 1.12+£0.22 1.28 +0.52
NQPO1L 0.81+0.16 1.25+0.29 1.19+0.39 0.71+0.18 1.13£0.31 0.444+0.18
V()T(mHZ) 121.4£29 493+ 1.5 474 +£25 454+1.3 36.7+2.1 204.8 +6.3
AI/T(H’IHZ) 23.15 £ 6.22 8.6 £2.6 15.3+6.8 12.0+4.5 9.2+£3.6 51.8 £ 31.7
x2 /dof 137/150 381/338 310/269 442/434 317/294 53/62
(continuum?) (181/153)  (409/341)  (329/272) (478/437))  (338/297) (78/65)
Significance > 50 =~ 3.90 =~ 30 ~ bo > 30 ~ 3.90

(ftest)

®The effective exposure used for extracting the power density spectra.
*We fit the continuum with a power-law model described as follows:

Continuum = A+ By~

where, I' is the power-law index of the continuum.
T We model the QPOs with a Lorentzian. The functional form is as follows:

QPO = 41+(12\]8§,?0>)2

v

where, vp is the centroid frequency and Av is the FWHM of the QPO feature.
bThe x2/dof for the continuum are shown in braces.
¢Owing to only 8.8 ksecs of available good time interval, the significance of the QPO in the pn data was only 30. To confirm the presence of the QPO, we extracted a power

density spectrum from combined MOS data.



and the right panels of Figure 3.3, respectively. Finally, we analyzed the PDS of
the backgrounds from each of the six datasets (five pn and one MOS) and note that

they all are consistent with a constant Poisson noise.

3.3.1.1 Origin of the mHz QPOs

As mentioned earlier, the source region of M82 X-1 — used for constructing the
PDS — is contaminated by the nearby point sources. The major source of contami-
nation is source 5 which can reach flux levels comparable to M82 X-1. Therefore it
is a concern as to which source (M82 X-1 or source 5) produces the QPOs. Work by
Feng & Kaaret (2007) has clearly shown that the fewx10 mHz QPOs originate from
M82 X-1. More specifically, they demonstrate that the 54 mHz QPO during the ob-
servation 0112290201 and the ~ 120 mHz QPO during the observation 0206080101
originate from M82 X-1. Furthermore, Feng et al. (2010) used the high angular
resolution observations by Chandra to construct a clean PDS of source 5. They find
that in the frequency range of ~ 30-220 mHz the PDS of source 5 is essentially noise
(see Figure 1 of Feng et al. 2010), suggesting that the power spectral contamina-
tion by source 5 is negligible. It is therefore likely that all the QPOs reported here
(36-210 mHz) originate from M82 X-1.

To confirm that M82 X-1 is indeed the origin of the mHz QPOs reported here,
we carried out the same analysis as Feng & Kaaret (2007). For each observation, we
divided the source region into two semi-circles, one containing the majority of the

flux from M82 X-1 (region A of the top panel of Figure 3.4) and the other dominated
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by the flux from source 5 (region B of the top panel of Figure 3.4). We then extracted
the PDS from each of these individual half-circles. The PDS using only events from
region A and from region B of observation 0657802301 (with the 210 mHz QPO)
are shown in the middle and the bottom panel of Figure 3.4, respectively. It is clear
that the QPO is evident in region A which is dominated by flux from M&82 X-1. We
found this to be the case in all the five observations. This analysis suggests that

MS82 X-1 is indeed the source of the mHz QPOs.

3.3.2 Spectral analysis: Energy-dependent surface brightness mod-
eling

Due to contamination by point sources within the PSF of EPIC data a clean
energy spectrum of M82 X-1 cannot be extracted. Energy spectral modeling of the
previous high resolution Chandra observations of M82 X-1 suggests that its X-ray
spectrum can be modeled by a simple power-law (see Kaaret et al. 2006). Further-
more, work by Feng & Kaaret (2007) indicates that the absorbing column towards
the source does not change significantly between observations that are randomly
spread in time. Therefore, assuming the 3-10 keV X-ray spectrum of M&82 X-1 can
be modeled with a simple power-law, its hardness ratio (say ratio of the count rates
in 3-5 keV and the 5-10 keV bands) will suffice as an indicator of the energy spec-
tral power-law index. Therefore, we extracted the hardness ratio from each of the
five observations by first carrying out the surface brightness modeling — using the

procedure described in Section 3.2 — in the soft (3-5 keV) X-ray band and then in
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Figure 3.4: Top Panel: A circular source extraction region (radius of 33” and cen-
tered on M82 X-1) demarcated as region A (not containing source 5) and region B
(containing source 5). Similar to Feng & Kaaret (2007), the dashed line is perpendic-
ular to the line connecting M82 X-1 and source 5. Middle Panel: 3-10 keV EPIC-pn
power density spectrum of region A. A best-fit model (bending power-law for the
continuum and a Lorentzian for the QPO) is also shown (solid). Bottom Panel: 3-10
EPIC-pn power density spectrum of region B (histogram). This analysis shows that
MS&2 X-1 is the source of the mHz QPOs.
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the hard band (5-10 keV). The resolved soft and hard count rates of M82 X-1 are
indicated in the second and the fourth columns of Table 3.3. The corresponding
hardness ratios are also shown.

Furthermore, we ran simulations in XSPEC (Arnaud 1996) to constrain M82
X-1’s spectral shape, i.e., the value of its power-law index. Our procedure is de-
scribed as follows. First, using the fakeit command in XSPEC, we simulated a num-
ber of energy spectra (1000 in our case) each of which was described by a simple
power-law modified by absorption, i.e., phabs*pow in XSPEC. We used the MOS1
responses generated using the arfgen and the rmfgen tasks for this purpose. These
energy spectra spanned a wide range of power-law indices (1-4) and normalizations
(0.0001-0.01) with exposure time equal to the observing time of a given dataset.
In essence, we generated a set of energy spectra as observed by EPIC-MOS1 and
each prescribed by a power-law model with index and the normalization values in
the range of 1-4 and 0.0001-0.01, respectively. From each of the five XMM-Newton
observations (see Table 3.3), we calculated the MOS1 count rate of M82 X-1 in
seven energy bands (3-10 keV, 3-9 keV, 3-8 keV, 3-7 keV, 3-6 keV, 3-5 keV and
3-4 keV) using surface brightness modeling technique described earlier. Within the
suite of simulated spectra, we searched for the energy spectra whose count rates
in the above bands are equal to the measured values (within the error bars) from
surface brightness modeling of the real image. We find that the power-law index of
MS&2 X-1 measured this way is only weakly constrained with a value in the range
of 1.3-1.8. Note that this is consistent with the previous Chandra measurement of

1.67 (Kaaret et al. 2006).
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3.3.3 Timing-Spectral correlations

The primary goal of the present work is to understand the nature of the mHz
QPOs from ULX M82 X-1 by testing for a timing-spectral correlation similar to that
seen in stellar-mass black holes with type-C low-frequency QPOs. The basic correla-
tion that is characteristic of type-C low-frequency QPOs in stellar-mass black holes
is the dependence of the power-law index of the energy spectrum on the centroid
frequency of the strongest QPO. Using all of the archival XMM-Newton observa-
tions we detected QPOs at five distinct frequencies from ULX M82 X-1 (see Section
3.3.1). Since a clean energy spectrum cannot be extracted with the present data
we used the hardness ratio to represent the power-law index in each of these cases
(see Section 3.2). Compiling all the results, we find that the hardness ratio shows
no apparent dependence on the centroid frequency of the QPO. We find that as the
centroid frequency of the QPO increases the hardness ratio appears to be constant.
This is shown in the right panel of Figure 3.5. In addition, we plot the resolved
MOS1 X-ray (3-10 keV) count rate of M82 X-1 against the centroid frequency of the
QPO. We find a strong correlation with a Pearson’s correlation coefficient of +0.97.
We find that as the count rate of the source increases, the centroid frequency of the

QPO also increases. This correlation is shown in the left panel of Figure 3.5.

3.4 Discussion

The so-called type-C low-frequency QPOs of stellar-mass black holes are known

to occur in the frequency range of ~ 0.2-15 Hz. They are characterized by high qual-

79



L B L R A L 06~ T "~ T 1 T ]

0.4 E

0.060 r Pearson's correlation coefficient = 0.97 ]

0.055 ]

0.050 ]

0.045 + ]
0.040 | \ / -
0.035[ A ]

oozol . . v v o] oob o o v ooy

50 100 150 200 50 100 150 200
QPO Frequency (mHz) QPO Frequency (mHz)

Count rote in 5—-10 keV
Count rate in 3-5 keV ]
0.1F 3

Hordness ratio =

Resolved MOS1 Countrate (counts s™') of M82 X—1
Hardness ratio (Indicator of powerlow index) of M82 X—1

Figure 3.5: Timing-Spectral correlations. Left Panel: The correlation between the
resolved MOS1 3-10 keV count rate of M82 X-1 ( Y-azis) and the centroid frequency
of the QPO (X-azis). The error bars are also shown. The value of the Pearson’s
correlation coefficient, which measures the significance of the correlation, is indicated
at the top of the panel. The best-fit straight line (dashed) is also shown. Right Panel:
The dependence of the hardness ratio of M82 X-1 ( Y-axis) on the centroid frequency
of the QPO (X-azis). The error bars are also shown. Using XMM-Newton data it is
not possible to extract a clean energy spectrum, therefore, we use the hardness ratio
instead which serves as an indicator of the power-law index of the energy spectrum.
Compare with Figure 5 of Dheeraj & Strohmayer (2012).

ity factors (QQ = centroid frequency/FWHM) of ~ 7-12 and high fractional RMS
amplitudes of ~ 7-20% (see Table 1 of Casella et al. 2005, Table 2 of Remillard et
al. 2002b and Table 1 of McClintock et al. 2009). Another distinct feature of the
type-C low-frequency QPOs of stellar-mass black holes is that their centroid fre-
quency is tightly correlated with the power-law index of the X-ray energy spectrum
(Sobezak et al. 2000a; Vignarca et al. 2003). The relationship can be described
as an increase in the power-law index with the QPO frequency with evidence for

either a turn-over or constancy (saturation) beyond some higher value of the QPO
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Table 3.3: Summary of energy-dependent surface brightness modeling. We modeled
all the MOSI images in two energy bands: the soft (3-5 keV) and the hard (5-10
keV) X-ray bands.

ObsID® 3-5 keV? x2/dof® 5-10 keV¢ x?/dof®  Hardness’
count rate (cts s~1) count rate (cts s—1) ratio
0206080101 0.030 £+ 0.002 392/437 0.014 £ 0.001 233/437 0.47 +0.05
0657800101 0.026 £+ 0.003 352/437 0.011 £ 0.002 219/437 0.42+0.09
0657801901 0.024 £ 0.002 293/437 0.011 £ 0.002 140/437 0.46 +0.09
0657802101 0.028 £ 0.003 362/437 0.012 £ 0.002 156/437 0.43 +0.09
0657802301 0.036 = 0.003 432/437 0.015 £ 0.003 280/437 0.42+0.09

%The XMM-Newton assigned observation ID.
bResolved 3-5 keV MOS1 count rate of ULX M82 X-1. All the count rates are calculated
using the formula described in the text (see Section 2).
“The best-fit x2/degrees of freedom (dof) from the surface brightness modeling using

only the photons in the energy band of 3-5 keV.

dResolved 5-10 keV MOS1 count rate of ULX M82 X-1.
°The best-fit x?/degrees of freedom (dof) from the surface brightness modeling using

only the photons in the energy band of 5-10 keV.

JHardness ratio of ULX M82 X-1 defined as the count rate in 5-10 keV over the count
rate in 3-5 keV band.

frequency, i.e., beyond a certain high QPO frequency (~ 5-10 Hz) the power-law

spectral index either decreases or remains constant (saturates) with increasing QPO

frequency. The turn-over/saturation is known to hold over a small range (~ 5-15

Hz) of QPO frequencies (see Figure 10 of Vignarca et al. 2003). This general be-

havior has now been observed from various stellar-mass black holes including XTE

J1550-564 (Sobczak et al. 2000a; Vignarca et al. 2003; Shaposhnikov & Titarchuk
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2009; McClintock et al. 2009), GX 339-4 (Revnivtsev et al. 2001; Shaposhnikov
& Titarchuk 2009; Stiele et al. 2013), GRO J1655-40 (Sobczak et al. 2000a; Vig-
narca et al. 2003; Shaposhnikov & Titarchuk 2009), Cygnus X-1 (Shaposhnikov &
Titarchuk 2007, 2009), H1743-322 (Shaposhnikov & Titarchuk 2009; McClintock et
al. 2009; Stiele et al. 2013), 4U 1543-475 (Shaposhnikov & Titarchuk 2009) and
GRS 19154105 (Vignarca et al. 2003; Titarchuk & Seifina 2009). While the slope
of the correlation is different for different sources and sometimes different for the
same source in a different outburst, the overall trend is the same.

It is interesting to note that the hardness ratio of M82 X-1, an estimator of
the energy spectral power-law index, remains constant over a wide range of QPO
frequencies (36-210 mHz). There are two ways to interpret this result: (1) the
mHz QPOs of M82 X-1 are indeed the analogs of type-C low-frequency QPOs of
stellar-mass black holes with the observed relationship representing the saturation
portion of the trend or (2) the mHz QPOs of M82 X-1 are fundamentally different
from the type-C low-frequency QPOs of stellar-mass black holes as they show no
apparent dependence on the power-law spectral index which is different from the
positive correlation seen in stellar-mass black holes. Assuming the former to be the
case, one can estimate the mass of the black hole in M82 X-1 by simply scaling the
turn-over frequency of M82 X-1 (~ 40 mHz) to the turn-over frequency observed
in various stellar-mass black holes (=~ 5-10 Hz). Under the assumption that the
turn-over frequency scales inversely with the mass of the black hole, the mass of the
black hole in M82 X-1 can be estimated to be in the range of ~ 500-1000 M, i.e., an
intermediate-mass black hole. But on the other hand, saturation of the power-law
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index with the QPO frequency has never been seen over such a wide range of QPO
frequencies in stellar-mass black holes. In stellar-mass black holes such a saturation
is known to hold for QPO frequency changes of a factor of &~ 1.5-3 (see Figure 10 of
Vignarca et al. 2003; Shaposhnikov & Titarchuk 2009). The QPOs observed from
M82 X-1 occur in the frequency range of 36-210 mHz. This represents a factor of
~ 6 change in the centroid frequency of the QPOs. Given such a large range in
the QPO frequencies, it seems unlikley that the observed relationship represents the
saturated portion of the type-C low-frequency QPOs of stellar-mass black holes. In
other words, the mHz QPOs of M82 X-1 may be fundamentally different compared to
the type-C' low-frequency QP Os of stellar-mass black holes. This is not surprising as
similar dependence has now been seen from another ULX NGC 5408 X-1 (Dheeraj
& Strohmayer 2012).

Furthermore, mHz QPOs in the range of ~ 2-300 mHz (a frequency range
comparable to the QPOs of M82 X-1) have been observed from various stellar-mass
black holes. These include GRO J0422+432 (QPOs with centroid frequencies of 300
mHz, 230 mHz and 200 mHz using Granat/SIGMA (40-150 keV), OSSE (35-60
keV) and BATSE (20-100 keV), respectively: Vikhlinin et al. 1995; Grove et al.
1998; van der Hooft et al. 1999), GRO J1719-24 (QPOs with centroid frequencies
as low as 40 mHz and 300 mHz using BATSE (20-100 keV): van der Hooft et al.
1996), XTE J1118+4480 (70-150 mHz QPOs detected using the USA experiment
and RXTE: Wood et al. 2000; Revnivtsev et al. 2000), GX 339-4 (90-660 mHz
QPOs using RXTE/PCA: Revnivtsev et al. 2001), GRO J1655-40 (100 mHz QPO
using RXTE/PCA: Remillard et al. 1999), XTE J1550-564 (80-300 mHz QPOs
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using RXTE/PCA: Remillard et al. 2002b; Cui et al. 1999), GRS 1915+105 (2-
160 mHz QPOs using RXTE/PCA: Morgan et al. 1997), Cygnus X-1 (40-70 mHz
QPOs using Granat/SIGMA: Vikhlinin et al. 1994) and H1743-322 (11 mHz QPO
using RXTE and Chandra: Altamirano & Strohmayer 2012). Moreover, the overall
PDS of M82 X-1 show similarities with the PDS of GRS 1915+105 when it exhibits
a fewx10 mHz QPOs and XTE J1550-564 when it shows a fewx10 mHz QPOs
(compare Figure 3.2 & 3.3 with Figure 2 of Morgan et al. 1997 and Figure 2 of
Cui et al. 1999). The continuum of the PDS of these three sources appear to be
a simple power-law or a bending power-law. It is therefore possible that the mHz
QPOs of M82 X-1 may be similar to the mHz QPOs of stellar-mass black holes and
we are not able to observe the “higher-frequency” QPOs (~ 1-15 Hz) owing to very
low count rate of M82 X-1 (Heil et al. 2009). If that were the case, the accreting
black hole within M82 X-1 can be of stellar-mass. The large X-ray output may
then be produced via some sort of a super-Eddington mechanism (see, for example,
Begelman 2002).

On the other hand it is interesting to note that the X-ray intensity of the source
correlates with the QPO centroid frequency. Such a dependence has been observed
from some stellar-mass black holes exhibiting type-C low-frequency QPOs. These
sources include XTE J1550-564 (see Figure 7 of Vignarca et al. 2003 and Table 1
of Sobczak et al. 2000b) and GRS 19154105 (Figure 1 of Muno et al. 1999; Figure
1 of Reig et al. 2000; see Figure 2 & 3 of Rodriguez et al. 2002). In addition,
the constancy of the hardness ratio indicates that the energy spectral power-law

index remains the same across these observations. Assuming that the 3-10 keV
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X-ray spectrum can be described by a simple power-law (previous high-resolution
Chandra observations suggest this may be the case: see Kaaret et al. 2006) the X-
ray count rate is directly proportional to the total X-ray/power-law flux. In which
case, the left panel of Figure 3.5 is indicating a positive correlation between the
X-ray /power-law flux and the QPO centroid frequency.

Finally, we would like to point out that the implied spectral indices are in
the range of 1.3-1.8, which is within the range that low-frequency QPO frequency
increases with the spectral index in stellar-mass black holes (see, for example, Sha-
poshnikov & Titarchuk 2009). In other words, there could be an increase in the
spectral index of M82 X-1 with the mHz QPO frequency but the hardness ratio
constraints are just not precise enough to show it. An effective way to know for cer-
tain if the QPO centroid frequency of ULX MS&2 X-1 is correlated or not correlated
with its power-law spectral index is through joint Chandra/XMM-Newton observa-
tions; Where the Chandra data can be used to extract clean energy spectra of M82
X-1 and the XMM-Newton data can be used to estimate the QPO parameters of

the source.
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Chapter 4: Discovery of a 7 mHz X-ray Quasi-periodic Oscillation
from the most Massive Stellar-mass Black Hole IC 10

X-1

4.1 Introduction

The X-ray light curves of numerous accreting neutron star and stellar-mass
black holes show evidence for the presence of quasi-periodic oscillations (QPOs),
which appear as finite-width peaks in their power density spectra (PDS) (see van
der Klis 2006 and McClintock & Remillard 2006 for reviews of neutron star and
stellar-mass black hole QPOs). While it is known that QPOs occur with a wide
range of centroid frequencies—a few mHz to above a kHz in neutron stars and a few
mHz to a few hundred Hz in the case of stellar-mass black holes—the exact nature
of the physical processes producing such oscillations is still a mystery.

Based on the observed properties, i.e., their centroid frequencies, widths, am-
plitudes, and the overall nature of their power spectra, etc., QPOs have been cat-
egorized into different groups. In neutron star binaries the QPO phenomenon con-
stitutes the kilohertz QPOs (centroid frequencies in the range of 300-1200 Hz: see

the review by van der Klis 2000) seen from over two dozen sources (e.g., Méndez et
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al. 2001; Barret et al. 2008 and references therein), the hectohertz QPOs (~100-300
Hz: e.g., van Straaten et al. 2003; Altamirano et al. 2008a) seen predominantly in
a special class (atoll) of neutron star binaries, the low-frequency QPOs (0.01-50 Hz:
e.g., van Straaten et al. 2003), the 1 Hz QPOs observed in two accreting millisecond
X-ray pulsars (e.g., Wijnands 2004), the ~ 0.6 — 2.4 Hz QPOs observed only from
dipping (high-inclination) neutron star binaries (e.g., Homan et al. 1999; Jonker et
al. 1999, 2000) and the very low-frequency 7-15 mHz QPOs observed from at least
three systems (e.g., Revnivtsev et al. 2001, Altamirano et al. 2008b).

Similarly, black holes also show a variety of QPOs (McClintock & Remillard
2006). They can be broadly classified into two categories: (1) high-frequency QPOs
with centroid frequencies in the range of a fewx(10-100) Hz (e.g., Miller et al.
2001; Strohmayer 2001a, b; Remillard et al. 2006; Belloni & Altamirano 2013)
and (2) low-frequency QPOs that occur in the range of 0.1-15 Hz (e.g., Casella et
al. 2005). Based on their broadband properties, viz., shape, fractional amplitude
of the PDS and the QPOs, etc., the low-frequency QPOs have been further sub-
divided into type-A, B and C (e.g., Homan et al. 2001; Remillard et al. 2002a). In
addition to the high-frequency QPOs and the low-frequency QPOs of stellar-mass
black holes, two black hole sources, GRS 1915+105 and IGR J17091—3624, show
so-called “heartbeat” QPOs which occur in the mHz frequency regime (e.g., Belloni
et al. 2000; Altamirano et al. 2011). Furthermore, as described in this thesis,
some ULXs show a fewx10 mHz QPOs (e.g., Dewangan et al. 2006; Pasham &
Strohmayer 2013b). More recently, an 11 mHz X-ray QPO and the recurrence of

a fewxmHz QPOs were detected from the black hole candidates H1743—322 and
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Cygnus X-3, respectively (Koljonen et al. 2011; Altamirano & Strohmayer 2012).
IC 10 X-1 is an eclipsing, Wolf-Rayet binary. Current evidence suggests that
it contains a massive stellar-mass black hole with an estimated mass of 23-34 Mg
(Prestwich et al. 2007; Silverman & Filippenko 2008). The presence of an eclipse
suggests that the system is highly inclined, i.e., close to edge-on. This source was
observed previously with XMM-Newton (ID: 0152260101) for a duration of roughly
45 ksecs. After accounting for background flaring only a mere 15 ksecs of useful
data was available, analysis of which showed some evidence-although at modest
statistical significance—for the presence of a QPO at ~ 7 mHz. Motivated by this,
and to carry out eclipse mapping, a long XMM-Newton observation was proposed
to confirm the presence of this mHz QPO (ID: 0693390101; PI: Strohmayer). Here
we present results from our timing analysis of this new data set and confirm the

presence of the QPO at 7 mHz.

4.2  XMM-Newton observations

Beginning 2012 August 18 at 22:05:46 (UTC) XMM-Newton observed 1C 10
X-1 for roughly 135 ksecs, a duration approximately equal to its orbital period (34.93
hrs: Prestwich et al. 2007; Silverman & Filippenko 2008). For our study we only
used the EPIC data (both pn and MOS). We used the standard analysis system
version 13.0.0 for extracting the images and the event lists. The source was easily
identifiable and there were no source confusion problems (see Figure 4.1). The source

events were extracted from a circular region of radius 33” centered around the source
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Figure 4.1: EPIC-pn X-ray (0.3-10.0 keV) image of IC 10 X-1. Clearly there is only
one point source, IC 10 X-1, and no obvious evidence for source contamination. The
extraction region of radius 33” is indicated by a green circle.

and the background events were extracted from a nearby circular region of the same
size. The observation was affected by flaring only briefly at the very beginning and
the end of the pointing. These epochs were removed from our analysis.

The combined pn and MOS 0.3-10.0 keV light curve of IC 10 X-1 is shown in
Figure 4.2 (black) along with the background (red). Also overlaid are the good time
intervals (GTIs) during which a given EPIC instrument (pn/MOS1/MOS2) was
continuously active for more than 5 ksecs. For a given instrument the horizontal
line, which is offset to an arbitrary value, indicates the active time, while a vertical
line marks the beginning or the end of a continuous GTI. It is clear that EPIC-pn
has three GTIs of duration roughly 23 ksecs, 75 ksecs and 27 ksecs, while MOS1 has

two G'TTs of length 30 ksecs and 99 ksecs and MOS2 has one long GTT of 130 ksecs.
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4.3 Results

It is clear even by eye that the source varies significantly. Since the pn detector
offers the highest effective area among the three EPIC instruments, we started our
analysis with its longest available GTI of ~ 75 ksecs (between hour 8.5 to 29.5 in
Figure 4.2). Using all the 0.3-10.0 keV photons we constructed a Leahy-normalized
PDS where the Poisson noise equals 2 (Leahy et al. 1983). This is shown in the top
left panel of Figure 4.3 (histogram). It is evident that the overall power spectrum
can be described by a simple power-law noise at the lowest frequencies with a QPO-
like feature around 7 mHz and essentially Poisson noise at frequencies above 2 0.02
Hz. In order to test the significance of the QPO we followed a rigorous Monte Carlo
approach described below.

First, we fit the continuum of the PDS using a model consisting of a power-law
plus a constant. While modeling the continuum we used the frequency range 0.0001
(the lowest that can be probed) - 0.1 Hz and excluded the region containing the
apparent QPO feature, i.e., 5-9 mHz. The best-fit continuum model parameters
are shown in the first column of Table 4.1. Thereafter, following the prescription
described by Timmer & Koenig (1995), we simulated a large number of light curves
(and their corresponding PDS) that have the same shape, i.e., same parameters, as
in the 1%* column of Table 4.1, and the same frequency resolution as the spectrum
used for obtaining the best-fit continuum parameters. A sample PDS simulated
with the above technique (red) along with the real PDS (black) is shown in the

top right panel of Figure 4.3. We simulated 370 such power spectra and found the
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maximum value in each frequency bin. This gave us the 99.73% (3c) significance
within that particular bin. A similar estimate for each frequency bin gave us the
complete confidence curve. Similarly we simulated 10000 PDS and estimated the
99.99% (3.90) confidence curve. It should be noted that the confidence curves are
sensitive to the chosen values of the continuum model parameters. Given the error
on each of the individual model parameters, i.e., best-fit power-law normalization
and the power-law index, we estimated the 99.73% and the 99.99% curves for various
combinations of the power-law normalization and the index within the error bars
quoted in column 1 of Table 4.1. To be conservative we picked the maximum of
these curves. These confidence levels are overlaid in the figure. It is clear that the
QPO feature is significant at the 99.99% level.

To further confirm the presence of this QPO feature we extracted another
PDS using the combined MOS data. For this purpose we used the longer GTI
of roughly 95 ksecs (from hour 8.5 to hour 34.5 in Figure 4.2). The 0.3-10.0 keV
combined MOS PDS is shown in the bottom left panel of Figure 4.3. The QPO
feature is again evident at 7 mHz. To quantify the variability we first modeled the
PDS with a power-law plus a constant. This gave a x? of 245 with 192 degrees of
freedom (dof). We then added a Lorentzian component to model the QPO feature
at 7 mHz. This improved the x? by 28 with an addition of three parameters, i.e.,
a x? of 217 with 189 dof (se