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ABSTRACT

X-rAY TIMING ANALYSIS OF NGC 6814
by Thomas Hodd

submitted on April 20, 2024:

We perform an X-ray timing analysis of the type 1.5 Seyfert galaxy NGC 6814 to
characterise its variability as a means of understanding the structure and properties
of its active galactic nucleus (AGN). Using data from five observations by the XMM-
Newton and NuSTAR observatories, we employ a number of X-ray timing analysis
techniques to investigate the relationships between the different components of the
AGN. We find that variability in NGC 6814 during the 2016 eclipse was dominated
by changes in the absorption, and that at all other epochs behaviour was similar to
that of normal AGN. Our analysis of hardness ratio against flux confirms that NGC
6814 follows the “softer when brighter” trend observed in other AGN, and, from the
fractional variabilities, the amplitude of these variations is found to decrease with
increasing energy. No significant frequency or energy dependent lags are detected in
any of the observations, indicating that the inner-disc blurred reflection component is
quite weak in this source. We discuss the implications of these findings and how they
support previous works that suggest a compact source of high-energy X-rays and the

possibility of a non-standard accretion disc.
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Chapter 1

INTRODUCTION

1.1 AcTIVE GALACTIC NUCLEI

1.1.1 BACKGROUND

Supermassive black holes (SMBHs) are found at the centres of many galaxies including
our own and some of them are active, meaning they interact with their surroundings
which results in high variability over observable timescales and emission of radiation
across the entire electromagnetic spectrum. Galaxies that are home to an active
SMBH are called active galaxies, and their SMBH and accretion disc is the central
engine of an active galactic nucleus (AGN) (Carroll and Ostlie, 2017). AGN are
distant and comparatively small compared to the entire host galaxy. The SMBH has
a mass only around 0.3% of the stellar mass in the galaxy (Jones et al., 2015). They
are unresolvable and indirect methods of observation are required to determine their
structure (Gallo, 2011).

AGN are complex regions where the viewing angle through an obscuring torus
results in differences in the appearance of their spectra. If viewed face-on, we observe
both narrow (with widths of &~ 400kms™) and broad (widths of &~ 10000kms™)

emission lines, and the galaxy is classed as a Type I Seyfert galaxy. If viewed side-on
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through the torus only narrow emission lines are observed and the galaxy is classed as
a Type II Seyfert (See Fig 1.1) (Jones et al., 2015). For intermediate viewing angles
Types 1.2, 1.5, 1.8, are used to describe the galaxy. These AGN have spectra in
between that of Types I and II, displaying some broad emission lines that are weaker

than Type I.

Observer sees blazar
Observer sees
radio loud quaser

! Observer sees

radio galaxy

Gas clouds in narrow
line region

. -SMBH 4%

/ B - Observer sees
Jet "L

Seyfert 2 galaxy
Accretion disk

Broad line region

Observer sees
Seyfert 1 galaxy
=

Figure 1.1: The Unification Model of AGN (Horvath, 2022). Different viewing angles
relative to the obscuring torus results in different manifestations of the
AGN.

1.1.2 AccrRETION Disc & CORONA

Gas and dust surrounding the black hole fall inwards to form the accretion disc.
The friction between particles in the rapidly rotating disc releases a large amount of
radiation in a highly efficient process as angular momentum is lost. Theoretically, up

to 42.3% of the mass can be converted to radiation (Carroll and Ostlie, 2017).
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Photons emitted by the accretion disc travel to the corona, an atmosphere of hot,
relativistic electrons surrounding the central engine, where collisions with electrons
up-scatter the photons to X-ray energies. This process, called Comptonisation, results
in a power law spectrum in the X-ray band that is referred to as the primary emission

(Fig 1.2).

UVf;io%)

Accretion disc
Black hole

Figure 1.2: The X-ray emitting inner region of an AGN (Gallo, 2011).

Some of the X-rays emitted by the corona shine on the accretion disc where
they ionise atoms. Heavier atoms will then emit photons through fluorescence to
produce the reflection spectrum, which contains information about the composition
and ionisation of the inner accretion disc. Often, light bending close to the black
hole results in the reflected emission dominating, as paths taken by many primary
emission photons are bent back towards the accretion disc and black hole.

As the corona and the accretion disc are separated by some distance, and the
reflection spectrum is driven by the primary emission, the reflected component will
respond to variability in the primary emission with some delay due to the light travel

time between regions (Fig 1.2).
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1.1.3 Broabp-LINE REGION & TORUS

The source of optical-UV broad emission lines in AGN is the broad-line region (BLR),
an area of dense, clumpy, and partially ionised gas clouds that display variability on
timescales of months near the AGN central engine (Carroll and Ostlie, 2017). The
lines are broadened by the high speed of material orbiting close to the SMBH.

The torus is a ring of dust particles surrounding the central engine at sufficient
distance that the temperature is low enough for grains of dust to survive without
being vapourised (Jones et al., 2015). The torus absorbs UV and X-ray photons and
re-emits them in the IR. It is thought that all AGN have a broad-line region, but due
to the viewing angle through the obscuring torus, the BLR is not visible in type II

Seyfert galaxies.

1.1.4 NARROW-LINE REGION

The narrow-line region (NLR) lies outside the torus and has a much lower electron
density than the broad-line region (10 m™ instead of up to 10 m3). It is thought
to be a spheroidal and clumpy distribution of clouds that is more massive and larger
than the broad-line region (Carroll and Ostlie, 2017). The NLR is located beyond
the gravitational potential of the black hole and its motions are driven by the smooth

galactic potential.



Chapter 1. INTRODUCTION 5

1.2 AGN TIMING ANALYSIS TECHNIQUES

Timing analyses of AGN require the measurement of flux (counts/s) over time to
form a light curve (Fig 1.3), a list of the number of counts within each time interval.

From this we can use a number of different methods to probe various properties of

the AGN.
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Figure 1.3: An example of the X-ray (0.3 — 10keV) light curve of the AGN 1H 0707-
495 taken with XMM-Newton (Zoghbi et al., 2010).

1.2.1 HARDNESS RATIO

The hardness ratio of two energy bands can be used to analyse the energy dependent

variability of a source. It can be defined as:

(1.1)

Where H is the count rate in the high-energy band (hard) and S is the count rate in
the low-energy band (soft). The difference (H — S) is normalised to the total count

rate (H+S) (Gonzalez et al., 2020). In our timing analysis, we bin data and calculate
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the hardness ratio of each bin, against time. This can reveal changes in spectral shape
as a function of time. In the X-ray, the hard band flux is typically dominated by the

power law spectrum, and the soft band flux by the reflection component.
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Figure 1.4: An example of hardness ratio against time, HR = (H—S)/(H+S). Here
the hard band is 2-10keV and the soft band is 0.3-1keV. From XMM-
Newton observations of the AGN IRAS 17020+4544 (Gonzalez et al.,
2020).

Hardness ratios are one of the components studied in Gonzalez et al. (2020), where
they used it to confirm whether TIRAS 17020+4544 follows the typical “softer when
brighter” trend. For IRAS 1702044544, it is found that it sometimes does not -
instead tending to be harder when brighter. A number of possible reasons are given,

including a variable power law or the jet emission influencing or otherwise being

connected to the X-ray emission.

1.2.2 FRACTIONAL VARIABILITY

To gain some insight into the intrinsic variability of a source, we may consider the
excess variance. This is the variance remaining after accounting for the errors in the
measurement (Vaughan et al., 2003):

0% =5%—02, (1.2)

err
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Here, S? is the variance and o2, is the mean squared error. This can then be nor-

2

malised by dividing by the mean square flux z°. The fractional variability is the

square root of this:

2 _ 32
F,, = M (1.3)

72
By splitting the light curve of an AGN into different energy bands we can determine
whether the X-ray variability is dependent on the energy by plotting F,,,. against
energy. For this to be useful we must be able to distinguish between features that
result from random noise in the data and features that result from intrinsic variations
of the AGN, so it is necessary to estimate the uncertainty in Fl,.. Vaughan et al.
(2003) uses a Monte Carlo approach to determine the uncertainty and finds that the

error due to Poisson noise to be:

2
- 2
1 O-g'rr O-grr =
GT’T(FvaT) = { ﬁ . 2F } + T T (14)

With this we can determine whether the flux variability in any two simultaneously
observed light curves is consistent across bands (achromatic) or not. If the difference
between the two bands is significant then some of the variability results from the
intrinsic properties of the source and is not entirely due to measurement errors.
Gonzalez et al. (2020), found the fractional variability in IRAS 1702044544 to be
unlike many AGN. TRAS 1702044544 was observed to have higher fractional vari-
ability at higher energies. This was unusual as in most AGN the expected trend is

a peak at lower energies or a flat curve. Combined with the “harder when brighter”



Chapter 1. INTRODUCTION 8

trend they found, this suggested that there was jet activity and that the power law
spectral component produced by the X-ray corona might be linked to the base of the

radio jet.

1.2.3 FOURIER ANALYSIS TECHNIQUES

Timing analysis of AGN in the X-ray typically uses Fourier techniques. The Fourier
power spectrum easily describes the underlying structure of stochastic variable pro-
cesses, where the statistical errors are nearly independent between frequency bins
(Uttley et al., 2014). While Fourier techniques are difficult to apply to non-continuous
datasets, they work well for the continuous and long (100 ks or more) XMM-Newton
and NuSTAR observations that we will be analysing.

The starting point for the Fourier analysis methods reviewed in Uttley et al. (2014)
is the power spectral density function (PSD), which describes the average variance
per unit frequency of a signal at a given temporal frequency f. An estimate of the
PSD can be obtained from the discrete Fourier transform (DFT) of a light curve x

with fluxes binned into N contiguous time bins of widths At:

N-1
X, = Z xkew (1.5)
k=0

Here, x;, is the k™" value in the light curve. X, is the DFT at Fourier frequency
fn = Fxp> 50 the minimum frequency is 1/NAt and the maximum is the Nyquist

frequency: fia: = 1/2At. From the DFT, the estimate of the PSD is given by the



Chapter 1. INTRODUCTION 9

periodogram of the product X,, with its complex conjugate X:

X, 2= XX, (1.6)

The periodogram can be normalised by dividing by the Nyquist frequency, the number

of time bins, and the square of the mean flux ()%

2At

‘Pn|:<x>—2N

| X ? (1.7)

We explore two useful applications of this technique in the following sections.

1.2.4 LAG-FREQUENCY SPECTRA

To compare two light curves at two different energy bands z(t) and y(t), we can

calculate the Fourier cross-spectrum:

C’XY,n - X:;Yn (18)

Then by considering the complex polar form of the Fourier transform we can use the
cross-spectrum to derive the frequency dependent lag between the two light curves
(Uttley et al., 2014). This led to the discovery of soft lags and reverberation at high
frequencies when Fabian et al. (2009) found that the hard band flux changes before
the soft band flux in the active galaxy 1H 0707-495. By convention, positive lags

indicate the hard band flux lags the soft band.
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One of the first identifications of a soft lag in AGN was made by Zoghbi et al.
(2010) where they used this technique to detect a soft lag in 1H0707-495 (Fig 1.5).
In their analysis they found that below 5 - 10~* Hz the soft flux leads the hard by
about 150s, and that at 6 - 107* Hz the lag becomes negative, so that the hard band
is now leading. In their discussion they suggest a possible model to explain the hard
lag is the propagation of accretion fluctuations. This model involves accretion rate
variations that are produced at different radii in the accretion disc, and propagate
inward, modulating the central X-ray emitting region. The source of the soft lag was
uncertain as none of the models they discussed could accurately describe all their

observations.

200 T T
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Figure 1.5: An example of a lag-frequency spectrum of the AGN 1H 070-495, showing
that the hard band flux lags the soft band flux by around 150s in the
region below 2 - 1074 Hz. Above 2-107% Hz, the hard band leads (Zoghbi
et al., 2010).
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1.2.5 LAG-ENERGY SPECTRA

Plotting a lag-energy spectrum allows for the determination of which spectral com-
ponents contribute to the lags in the lag-frequency spectra (Uttley et al., 2014). To
do this, we must prepare separate light curves for each energy band we want to inves-
tigate, then perform the Fourier analysis techniques discussed above for each energy
band. We can then plot the lag as a function of energy, compared to some reference

band, to obtain the lag-energy spectrum (Fig 1.6).
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Figure 1.6: An example of a lag-energy plot for the AGN IRAS 1702044544, showing
that the lag at a given frequency is also energy dependent (Gonzalez et al.,
2020).
For IRAS 17020+4544, Gonzalez et al. (2020) plot a lag-energy spectrum to search
for an expected lag. The lag-energy spectrum did not show such a lag, suggesting that

the emission feature was not responding to continuum variations. This could be the

case if the emission region was significantly further away from the inner disc region
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than their modelling suggested. When they added this distant reflection scenario
into their model a significant portion of their Fe K band deviations were reduced,
although a broad emission line provided a substantial statistical improvement over
the distant reflection. Other possibilities put forward included ultra-fast outflows, or

a more complex reflection scenario.

1.3 PYLAG: AN X-RAY TIMING PACKAGE

pyLag is an X-ray timing analysis package written in Python (Wilkins, 2022), based on
the methods reviewed in Uttley et al. (2014). It provides an object-oriented approach
to generating the various calculations discussed above, meaning there is a class for
each type (e.g. light curve, periodogram, cross-spectrum) with docstrings explaining
their use. This allows us to input our light curves into Python and easily arrive at
the lag-frequency or lag-energy plots of our light curves, with the Fourier methods
performed automatically, including the estimation of errors. Additionally, pyLag
includes a class to calculate the fractional variability of a set of light curves.

The LightCurve class provides tools for reading, writing, and manipulating light
curves. LightCurve objects have arrays containing the time points, count rate at
each time, count rate errors, time between bins, and length of bins. They can be
constructed by inputting the name of the FITS file to be read into a LightCurve
object. Additionally, these objects allow for light curves to be easily added and
subtracted from one another, which is useful when calculating hardness ratios.

The LagFrequecySpectrunm class computes and stores the lag-frequency spectrum
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from pairs of input light curves, which should be passed as LightCurve objects, with
the harder bandas the first argument and the softer band as the second. The class will
then automatically calculate the lag-frequency spectrum and the errors by using the
CrossSpectrum and Coherence classes that perform the Fourier techniques discussed
in Sections 1.2.3 and 1.2.4.

Similarly, the LagEnergySpectrum class computes and stores the lag-energy spec-
trum of an input set of light curves within a specified frequency range. A reference
band is constructed by summing all the energy bands. It then calculates the lag-
energy spectrum and errors using the CrossSpectrum and Coherence classes.

The Plot class generates plots using the Matplotlib library (Hunter, 2007). This
can be done automatically if the input is a compatible pyLag class such as
LagFrequecySpectrum or LagEnergySpectrum, or manually by supplying arrays of
x values, y values, their errors, and labels. Plots can be scaled and customised using

various Matplotlib functions, and saved to a file.

1.4 NGC 6814

NGC 6814 is a Seyfert 1.5 grand-design spiral galaxy about 22 Mpc (z=0.00521) from
Earth in Aquila, and it is characterised by moderate absorption in its X-ray spectrum
(Walton et al. 2013, Gallo et al. 2021). NGC 6814 exhibits X-ray variability on time
scales of hours (Walton et al., 2013) and on longer time scales of years (Mukai et al.,
2003). The central black hole has a mass of about 1.4 - 10" M, (Bentz and Katz,

2015).
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XMM-Newton took long observations of NGC 6814 in 2016 and 2021. The 2016

observation shows a distinct eclipse beginning 55ks into the observation (Fig 1.7),

with symmetric ingress and egress (Gallo et al., 2021). This eclipse was used to find

the properties of the cloud of gas that caused it. By estimating the electron densities,

distance and velocity, Gallo et al. (2021) found that the cloud was in the broad-line

region. Furthermore, comparing the duration of ingress with the duration of the

low-flux interval provided an estimate on the size of the X-ray source (~ 257,).
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Figure 1.7: The 2016 XMM-Newton observation of NGC 6814. Upper left: Light

curve recorded by XMM-Newton, showing the eclipse. Lower left: Hard-
ness ratio curve shows hardening during the eclipse. Right: Diagram of

a generic transient eclipse of the X-ray region in an AGN. (Gallo et al.,
2021).
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This work was followed up by Pottie et al. (2023), which performed a colour-colour
analysis to investigate the changes in physical parameters during the eclipse. They
found that there were changes in both covering fraction and column density. These
variations proved to be inconsistent with a single, homogenous cloud, suggesting that
the eclipse was caused by the combined movements of multiple individual clouds.

Gonzalez et al. (2024) presented the results of a multi-wavelength study of NGC
6814 through the X-ray, UV, and optical wavebands through a Swift monitoring cam-
paign. They used structure function analysis to determine the X-ray and UV /optical
power laws, finding the X-ray to be much flatter, suggesting different physical mech-
anisms drive the variability in each emission region. This leads to the possibility that
NGC 6814 may have a non-standard accretion disc, which they plan to explore in

future work.

1.5 MOTIVATION

In this project we will be performing an X-ray timing analysis of NGC 6814 using
a number of different techniques and simultaneous data from XMM-Newton and
NuSTAR telescopes. Firstly, by studying the hardness ratios we will observe whether
NGC 6814 follows the “softer when brighter” trend seen in AGN. Secondly, we will
determine how the fractional variability varies depending on the energy band to see if
it peaks at the low energies, is flat, or something else. Then we shall use the discussed
Fourier analysis methods to search for and investigate any lags between the soft and

hard energy bands. This will allow us to explore the interaction between the X-ray
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emitting regions of the accretion disc and the corona in NGC 6814 and to identify
any unusual behaviours or properties that require further explanation. This will help

further our understanding of the nature and structure of NGC 6814.
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Chapter 2

OBSERVATIONS

In our analysis we used data from the XMM-Newton (Jansen et al., 2001) and
NuSTAR (Harrison et al., 2013) X-ray observatories. NGC 6814 was observed by

XMM-Newton for ~30ks in 2009 and ~130ks in 2016 and 2021 (Table 2.1). These

Observation Start date Duration Exposure Energy Range
(YYYY/MM/DD) (ks) (ks) (keV)
XMM 2009 2009/04/22 30 26 0.3-10
XMM 2016 2016/04/08 128 118 0.3-10
XMM 2021 2021/10/01 122 113 0.3-10
NuSTAR 2016 2016/07/04 305 148 4-50
NuSTAR 2021 2021/10/01 270 128 4-50

Table 2.1: List of observations used for our X-ray timing analysis.

observations were in the 0.3-10keV band, and were taken with the EPIC-pn detector
(Striider et al., 2001) operating in large window mode with the medium filter. The
observed light curves were split into three broad energy bands: Soft (0.3-1keV), Mid
(1-4keV), Hard (4-10keV), and, for 2016 and 2021, sixteen narrow energy bands.
This allowed us to use either broad or narrow energy bands for different parts of our
analysis depending on which type was most useful for each method. The 0.3-10 keV
light curves from each of the XMM-Newton observations are shown in Fig. 2.1. The
eclipse reported by Gallo et al. (2021) is present in the 2016 light curve between
50-120 ks.

NGC 6814 was also observed by NuSTAR, for ~300 ks in 2016 and ~270 ks in 2021
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XMM-Newton Light Curves
2009 2016 2021
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Figure 2.1: XMM-Newton EPIC-pn 0.3-10keV light curves binned by 200s. 2009 is
in pink, 2016 is in red, and 2021 is in dark red. When the eclipse is

excluded from our analysis, we take only the first 60 ks of the 2016 light
curve.

(Table 2.1). During these observations both Focal Plane Modules A and B (FPMA
and FPMB) were used, with data from both being combined for our analysis. Unlike
the XMM-Newton observations, the NuSTAR observations are at higher energies
and are not continuous. The NuSTAR light curves were split into two broad bands:
Soft (4-10keV), and Hard (10-50keV), and in ten narrow bands (2021 only). The
4-50keV light curves are shown in Fig. 2.2. The 2021 NuSTAR and XMM-Newton
observations overlap, both starting on the same day and observing for 270ks and
122 ks, respectively.

All the light curves were processed and background subtracted so that they could
be read directly from FITS files into Python using the pyLag LightCurve class. These
objects provide easy access to the data, as well as functions to add/subtract, rebin,

replace gaps with zeroes, and split/join light curves. Light curves were edited where
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NuSTAR Light Curves
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Figure 2.2: NuSTAR FPMA+FPMB 4-50keV light curves binned by 200s. 2016 is
in light blue, and 2021 is in dark blue.

necessary, for example to remove the eclipse from the 2016 data, using HEAsoft
(NASA High Energy Astrophysics Science Archive Research Center (HEASARC),
2014) and viewed using the FITS viewer fv (Pence and Chai, 2012). Due to the dif-
ferences between the telescopes, the count rates between XMM-Newton and NuSTAR
are not directly comparable. By taking data from both, we can survey the widest

possible range of energies in our analysis to give ourselves the best understanding of

the nature of NGC 6814.
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Chapter 3

DATA ANALYSIS

3.1 HARDNESS RATIOS

To begin our analysis, we took each of the soft and hard band XMM-Newton and
NuSTAR light curves, binning the data by 200s. We then calculated the hardness

ratio (Eq. 1.1) in each bin and plotted this against time (Figs. 3.1, 3.2). Both 2009

XMM-Newton Hardness Ratios
2021

0.2
2009

0.0f----------1

Hardness Ratio

0 25 0 25 50 75 100 125 O 25 50 75 100 125
Time (ks)

Figure 3.1: The XMM-Newton hardness ratios (H — S)/(H + S) over time for each
observation, binned by 200s, where S = 0.3 — 1keV, H =4 — 10keV.

and 2021 display a similar softness (HR ~ —0.56) in the XMM-Newton data, whilst
2016 is generally harder (HR ~ —0.24). This trend is matched by the NuSTAR

data, although the difference between the observations is much less. The 2016 eclipse
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NuSTAR Hardness Ratios
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Figure 3.2: The NuSTAR hardness ratios (H — S)/(H + S) over time for each obser-
vation, binned by 200s, where S =4 — 10keV, H = 10 — 50keV.

is clearly seen with a shift to a much harder ratio beginning around 60ks into the
observation. The mean count rate, mean hardness ratio, and fractional variability for

each observation is given in Table. 3.1.

Observation Mean rate Foor Mean HR
(countss™) (%)

XMM 2009 10.056£0.02 10.9+0.7 -0.543+£0.002
XMM 2016  7.079+£0.008  43+£1 -0.239£0.002
XMM 2021 13.13+£0.01 22.1+£0.6 -0.577+0.001
NuSTAR 2016 2.474+0.005 23.9£0.6 -0.337=£0.002
NuSTAR 2021 2.389+0.006 17.2+£0.6 -0.351=+0.002

Table 3.1: Measured light curve properties for each observation, binned by 200s. The
mean rate and F,,, are calculated for the whole energy band, 0.3-10keV
for XMM-Newton, and 4-50keV for NuSTAR. Mean hardness ratios are
between the 0.3-1keV and 4-10 keV bands for XMM-Newton, and between
the 4-10keV and 10-50 keV bands for NuSTAR.

The 2009 and 2021 hardness ratio curves are generally comparable with one an-
other, whilst the 2016 XMM-Newton observation shows a distinct difference in hard-

ness ratio in comparison to the others, even when the eclipse was off. This indicates
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that there was a physical difference in the intrinsic AGN spectrum in 2016 compared
to either 2009 or 2021.

The NuSTAR hardness ratios are nearly constant over both observations. This
indicates that there is very little spectral variability between the bands, suggesting
the 4-10 and 10-40 keV emission is likely dominated by the same spectral component
(e.g. the primary continuum). We will explore the spectral variability in more detail
by plotting fractional variability against energy in Section 3.2.

The softer-when-bright behaviour is often seen in accretion dominated systems. To
check if our light curves follow the this trend, we plot hardness ratio against count rate
(Hardness-flux), and compute the linear best-fit model for each observation (Figs. 3.3,
3.4).

XMM-Newton Hardness-Flux
2016 1 [ 2021

Hardness Ratio

i 5 6 3 3 i 5 6
0.3-1.0 keV + 4-10 keV Count Rate (counts s™!)
Figure 3.3: Hardness ratios against flux (Soft + Hard band counts) for the three

XMM-Newton observations, light curves binned by 400s. The solid black
lines show the best-fit linear model for the hardness-flux relation.
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NuSTAR Hardness-Flux
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Figure 3.4: Hardness ratios against flux (Soft + Hard band counts) for the two
NuSTAR observations, light curves binned by 400s. The solid black lines
show the best-fit linear model for the hardness-flux relation.

Observation  Linear best-fit model — x?/dof

XMM 2009 HR = —0.02Fc —0.5  277/75

XMM 2016 ~ HR = —0.08F¢- + 0.0 1871/318

XMM 2021  HR = —0.01Fc — 0.5 2059/305
NuSTAR 2016 HR = —0.02F¢- — 0.3 985/761
NuSTAR 2021 HR = —0.02Fc — 0.3 1621/673

Table 3.2: The linear best-fit models for the hardness-flux plots in Figs. 3.3, 3.4. The

soft band (0.3-1keV) and hard band

(4-10keV) are used, binned by 400s.

F, is the combined flux of these two bands. The x? values are given per

degree of freedom (dof).

This is the same process done in Gonzalez et al. (2020). The results of the best fit

models are given in Table 3.2. None of the XMM-Newton fits are statistically good,

with x?/dof > 3. Only the 2016 NuSTAR fit has x?/dof < 2. However, we can see

that the “softer when brighter” trend is followed in these observations, particularly in

2016 XMM-Newton, with higher count rates occurring with softer hardness ratios. It

is interesting that 2016 XMM-Newton, with the eclipse, has a much steeper hardness-

flux relationship than any of the other hardness-flux plots.
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To see how the hardness of NGC 6814 has evolved over time, we created a colour-
colour diagram using the three energy bands in the XMM-Newton observations. Hard
colour was defined as M/H, and soft colour as S/M, with S = 0.3 — 1keV, M =
1 —4keV, H = 4 — 10keV. Using these colours we plot the colour-colour diagram
(Fig. 3.5). Clearly NGC 6814 was in a harder state throughout the 2016 observation

NGC 6814 Soft vs Hard Colour
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Figure 3.5: Colour-colour diagram for the XMM-Newton observations, binned by
1000s. The 2016 (Excluding eclipse) observations, including only the
first 60 ks of the 2016 observation are shown in orange.

than it was in either 2009 or 2021. Pre-eclipse the soft colour is comparable to the

other observations, but the hard colour is already harder. During the eclipse, both

the soft and hard colours become harder.

Our analysis so far has shown that there was significant hardening during the 2016



Chapter 3. DATA ANALYSIS 25

eclipse, and that the AGN was in a different state in that epoch. We have also found
that NGC 6814 follows the “softer when brighter” trend, and that at the energies

investigated by NuSTAR the spectral variability is very low.

3.2 FRACTIONAL VARIABILITY

We took a quantitative measurement of the broad band variability by calculating the
fractional variability of each light curve (Vaughan et al., 2003). To do this we took
all of our narrow energy band light curves and used the fvar() function in pyLag to
calculate the fractional variability as a function of energy band midpoint. This works
by evaluating Eq. 1.7 for the input Lightcurve objects and returning the calculated
fractional variabilities and their errors. We can use this to probe the energy dependent
variability of NGC 6814 in each of the observations. The narrow energy band light
curves described in Chapter 2 are necessary for a more detailed analysis of the energy
dependent variability than we would obtain from the two or three broad band curves
used in Section 3.1.

As expected, the 2016 eclipse is significantly different and shows much more ex-
treme variability in the soft band than any of the other observations (Fig. 3.6), al-
though the hard band variability is not significantly different from the other obser-
vations. The 2021 observations show more variability than 2009 but still much less
than 2016.

The fractional variability generally decreases with increasing energy in all the light
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NGC 6814 Fractional Variability
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Figure 3.6: Fractional variabilities for XMM-Newton and NuSTAR light curves
binned by 5ks. The 2016 XMM-Newton observation excluding the eclipse
includes only data in the first 60 ks.

curves, although this is a very weak relation and the spectral variability is mostly the
same across the energies. The non-eclipse observations show similar fractional vari-
ability modified only by a normalisation constant. This suggests a similar physical
state for all of the non-eclipse observations, in agreement with our hardness ratio
results. The 2021 XMM-Newton and NuSTAR observations are in agreement with
each other which is expected as the observations are mostly simultaneous. The 2016
NuSTAR observation shows increased variability over the 2021 observation, which
matches the XMM-Newton observation, even though these observations are not si-

multaneous.
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By investigating the fractional variability of NGC 6814 in the different observa-
tions, we have strengthened our hardness ratio findings that the AGN was in a harder
and more variable state in 2016 than in 2009 or 2021. We have shown that the vari-
ability in 2021 was similar to that in 2009, so NGC 6814 has returned to a softer state

from the 2016 high.

3.3 POWER SPECTRA

The first step in performing the Fourier analysis techniques discussed in Sections
1.2.4 & 1.2.5 is to compute the power spectrum for each observation (Fig. 3.7). To
do this we binned the light curves by 200s and created a Periodogram with the
relevant LightCurve object as the constructor argument. The Periodogram class
computes (by performing a DFT on the light curve) and stores the PSD as discussed

in Section 1.2.3.

NGC 6814 Power Spectra

XMM 2009
— XMM 2016
— XMM 2021

10-5 10— 10-8
Fourier Frequency (Hz)

Figure 3.7: The periodogram (power spectral density) for the three XMM-Newton
observations, produced with pyLag.
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By plotting these objects with Fourier frequency against power we see that all
the XMM-Newton observations have similar PSDs (Fig. 3.7), and that they follow
an expected shape showing more power at lower frequencies. We do not observe any
significant features in any of the PSDs, although further analysis is required to test if
any of the peaks are of interest. The NuSTAR observations are excluded since they
are not continuous and therefore not suitable for Fourier techniques. In Section 3.4.1
we will solve this problem for our lag analysis by using Gaussian processes to model
the gaps in the curves. These power spectra reveal similar behaviour in NGC 6814
at the different epochs, but do not inform of any strong or obvious frequencies of

interest.

3.4 LAG-FREQUENCY

To search for a reverberation signal, we can compute the lag-frequency spectrum
between pairs of our light curves, for example between the hard and soft bands of
the 2021 XMM-Newton observation. pyLag provides a class for doing this, called
LagFrequencySpectrum, which computes the lag-frequency spectrum between two
input LightCurves. It does this by calculating the periodogram (Section 3.3), which
is then used to determine the Fourier cross-spectrum and coherence between the two
light curves. The result is the lag-frequency spectrum which is stored as lists of
Fourier frequencies, lags, and their associated uncertainties.

To calculate the DFT, input light curves must be continuous and long. This would

limit us to using only the 2016 and 2021 XMM-Newton light curves, however we can
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use Gaussian processes to make our NuSTAR light curves continuous, such that they

can be included in our analysis.

3.4.1 GAUSSIAN PROCESSES FOR NUSTAR LicaT CURVES

It is necessary to model the observed NuSTAR light curves over their orbital gaps
before proceeding to apply Fourier techniques to study their time variability. We can
model the observed light curves as a Gaussian process and fit it to the data. This
model may then be used to predict the light curve during gaps in the data.

To construct our Gaussian process model we will follow Wilkins (2019). We begin
by defining two vectors: ¢ the time of each bin, and d the data (count rate) in each
bin. As we are modelling our light curve as a Gaussian process, d must be drawn
from a multivariate Gaussian distribution, with the observed light curve being one
possible result of this Gaussian process. If we let & be a Gaussian random vector

with mean p, and covariance matrix 3., between element pairs in d then:

=N (g, Xea) (3.1)
The likelihood function of x is:
(@t Bae) = = exp (2 (@ — o) Sk (@~ ) ) (32)
p Mz 2igx) = (27T)N|Ewm| XP 2 Ha T J 22 .

Here, N is the number of points in our vectors t and d. u, can be replaced with the

mean count rate as it is assumed to be constant across the observation. The covariance
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matrix is determined by the kernel function, which has hyperparameters that describe
the variability in the light curve. Based on Wilkins (2019), the rational quadratic
kernel is best suited to our problem as it was found to work better than other kernels
over longer gaps. By maximising the likelihood, we can fit these hyperparameters to
our observed light curve. Once this is done, we can draw samples from our Gaussian
process model over any times, including inside gaps. This means that we can use
these samples to produce continuous light curves of observed data with gaps and use
them in our lag analysis (Fig. 3.8).

NuSTAR Gaussian Processes
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Figure 3.8: Section of NuSTAR light curve, binned by 200s, with the Gaussian pro-
cess prediction shown by the blue line and shaded region. A single sample
drawn from the Gaussian process is shown in dark blue.
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3.4.2 LAG-FREQUENCY ANALYSIS

As discussed in Section 1.2.3, the lag-frequency spectrum shows the frequency de-
pendent lags between two light curves and may be used to infer the structure of the
inner region of AGN. We computed the lag-frequency spectra of the XMM-Newton
observations using the soft band (0.3-1keV) and hard band (4-10keV) light curves for
2016 and 2021, inputting each pair into LagFrequencySpectrum. The minimum and
maximum (Nyquist) frequency are given in Section 1.2.3 and are about 8 - 1075 Hz
and 21073 Hz, respectively, however in practice a smaller range is used as the uncer-
tainties at the lower frequencies become very large. The XMM-Newton lag-frequency

spectra are shown in Fig. 3.9.

XMM-Newton Lag-Frequency Spectra
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8007
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Figure 3.9: XMM-Newton lag-frequency spectra, with fn, = 4 - 107°Hz and
fmaz = 2- 1073 Hz, with 14 frequency bins. There is no significant lag
signal.
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For the NuSTAR light curves, we first construct the Gaussian process model
as described above. Once this is done, we can take the desired number of samples,
computing the lag-frequency spectrum of each. After this the next step is to calculate
the mean lag-frequency spectrum for the observation. The results for the NuSTAR
observations, in the frequency range 1-107° Hz to 2- 1072 Hz are shown in Fig. 3.10.

We find that there are no significant lags in any of the spectra within this frequency

range.
NuSTAR Lag-Frequency Spectra
—— NuSTAR 2016
1200+ | + NuSTAR 2021 |
800+
400+ %
O |
A e RN e i A
-
-400¢ ‘
-800¢
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Figure 3.10: NuSTAR Lag-frequency spectra, with f,;,, = 1 - 107°Hz and
frmaz = 2 - 1073 Hz, with 14 frequency bins. There is no significant lag
signal.

In this section we have shown that it is possible to use Gaussian processing in

order to fill the gaps in non-continuous light curves. This method allows us to apply
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Fourier analysis techniques to the NuSTAR observations, providing a lag-frequency
analysis in the higher energies. The fact we do not see any lags suggests that either the
reflected emission is physically close to the corona, such that the primary and reflected
emissions arrive at very similar times, or that the primary emission dominates the
spectrum and that the reflected emission does not make up a significant number of

the observed X-rays.

3.5 LAG-ENERGY

With the lag-frequency spectra computed, we can consider which spectral components
contribute to the lag spectra by splitting our light curves into different energy bands
and considering the lag in each band for a frequency region of interest. For the XMM-
Newton observations we can use LagEnergySpectrum with the sixteen narrow bands.
For the 2021 NuSTAR observation we must first compute a Gaussian process model
for each of the ten narrow bands. Then we can take samples and determine the lag-
energy spectrum for each one, similar to our process for the lag-frequency spectrum.
Since no obvious lags were evident at any frequency in Figs. 3.9, 3.10, we select a
range of interest as determined by considering the black hole mass and using the best

fit relationship found by De Marco et al. (2013):

log vjqg = —3.5 — 0.47log My (3.3)
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With Mpy = 1.44-107 (Bentz and Katz, 2015) we find v,, ~ 3-10~* Hz. We find that
there are no significant lags in any energy in the frequency range of 2-107%—4-10"% Hz
(Fig. 3.11).

NGC 6814 Lag-Energy Spectra
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Figure 3.11: Lag-energy spectra measured between fn, = 2 - 107*Hz and

fmaz = 4-107*Hz. As in the lag-frequency spectra, there is no signifi-
cant lag detected at any energy.

The absence of any lag here is consistent with our lag-frequency result. The shape
of the lag-energy spectrum can reveal the spectrum of the lagging component. The
spectrum in Fig. 3.11 appears consistent with a power law. This is further evidence
that there is no reverberation signal from the reflected emission, either because it
is significantly dimmer than the primary emission or because the light travel times

between the corona and disc are short.
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Chapter 4

DISCUSSION

We have presented a detailed X-ray timing analysis of the Seyfert 1.5 galaxy NGC
6814 using observations from the XMM-Newton and NuSTAR observatories. Through
analysis of hardness ratios we found that NGC 6814 follows the “softer when brighter”
trend (Fig. 3.3 and Table 3.1), similar to that found by Papadakis et al. (2002) and
others. The “softer when brighter” trend was previously thought to occur due to the
corona being cooler during bright phases (Kang et al., 2021). But, since this contra-
dicts the “hotter when brighter” trend found by Zhang et al. (2018) and others, it is
now thought that corona geometry changes are needed to generate this trend. Specif-
ically, during brighter phases, the corona may be heated to higher temperatures and
inflated to a larger size. This would reduce its opacity and lead to a softer spectrum,
reproducing both the “softer when brighter” and the “hotter when brighter” trends
(Wu et al., 2020).

The hardening during the eclipse in 2016 is consistent with Gallo et al. (2021)
and likely a result of the obscurer diminishing the soft X-rays more than at higher
energies. Comparing the mean hardness ratios of the observations (Table 3.1) we
find that NGC 6814 was in a similar state in 2009 and 2021, with ratios that are
close, but not equal, to each other. Both XMM-Newton and NuSTAR observations

show that NGC 6814 was in a harder state in 2016 than in 2021. The much steeper
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“softer when brighter” trend in the 2016 XMM-Newton observation is in agreement
with Kang et al. (2023) which found that this steeper trend is likely dominated by the
varying absorption from the obscuring clouds and that the intrinsic flux variability is
significantly weaker during the eclipse observation.

Our investigation into the fractional variabilities of each epoch shows that there
is a weak decrease in variability with increasing energy which continues into the hard
X-rays observed with NuSTAR. This agrees with the hardness ratio curves measured
by NuSTAR that show very little spectral variability. The greatest variability occurs
in the 2016 XMM-Newton observation which features an eclipse. Here the variability
is highest at the low energies, which is again consistent with Gallo et al. (2021)
finding that the low-energy X-rays were diminished by 50% by the eclipse, compared
to 20% for the high-energies. These measurements support their suggestion that the
source size is dependent on energy and that the hard X-rays are emitted from a more
compact region in the AGN.

The lack of any significant lag in the lag-frequency spectra suggests there is little
to no delay between the soft band (0.3-1keV for XMM, 4-10keV for NuSTAR) and
hard band (4-10keV for XMM, 10-50keV for NuSTAR) in any of the observations
we have studied. This is a different result from Walton et al. (2013), which found a
hard band lag of ~ 1600s at low frequencies. This may be because the energy bands
they used were 0.5-2keV and 2-5keV which is softer than our investigated range.
The lack of a reverberation signal implies that either the primary X-ray emission
from the corona dominates the reflected emission from the disc, or that the light

travel time between the corona and the disc is too short to detect reverberation lags.
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The latter would support a proposal by Gonzalez et al. (2024) that the outer disc
may be truncated by dust formation. Although they note that some estimates of
the minimum radius for dust sublimation to occur (Baskin and Laor, 2018) are too
large for outer disc truncation (rg,s ~ 27007r,), others, such as analysis by Kang
et al. (2023) of the clumpy absorber in the 2016 eclipse, place this distance much
closer to the central black hole (rg,s ~ 6417, or less). These lower estimates would
place the outer disc truncation at the edge of the BLR. Such a truncated disc would
result in shorter travel times between the corona and disc, and therefore shorter lags
between the primary and reflection emission. These short lags (in Fig. 3.11, less than
about 250s) cannot be ruled out in our lag-energy spectra as they are within the
uncertainties. Therefore, our analysis would support the scenario of a non-standard

accretion disc geometry in NGC 6814.
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Chapter 5

CONCLUSION

In this work, we have used a number of X-ray timing analysis techniques to study
the variability of the Seyfert 1.5 galaxy NGC 6814. Our hardness ratio and fractional
variability analysis showed that during the 2016 eclipse, the variability in NGC 6814
was dominated by changes in absorption (Sections 3.1, 3.2). However, at all other
epochs, including the non-eclipse times in 2016, NGC 6814 behaved as a normal AGN.
We found that it follows the “softer when brighter” trend, which likely results from
variations in the corona (Section 3.1), that the amplitude of the variations decreases
with increasing energy (Section 3.2), and that the variability power increased toward
lower frequencies (Section 3.3). In our lag analysis we failed to identify any significant
frequency-dependent or energy-dependent lags in either the XMM-Newton or NuS-
TAR observations. This indicates that the inner-disc blurred reflection component
is rather weak in this source and supports suggestions that NGC 6814 may have a
non-standard accretion disc.

Future work could include examining other relationships, for example between
the excess variance and the brightness, or carrying out Monte Carlo simulations to
determine if there are any significant peaks in the power spectra. Our lag analysis
could be refined by optimising the energy and frequency bins used to perform the lag

analysis, whilst we could test the Gaussian process lag results against more conser-
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vative techniques to verify how good this method is at filling in gaps in light curves.
Further observations of NGC 6814 would help in all areas of analysis, but there is

still plenty to be done with the data we have currently.
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