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Previous studies of the X-ray variability power spectra of active galactic nuclei (AGN)
on time-scales of hours to days revealed striking similarities to the timing properties of
black hole X-ray binary systems (XRBs) on much shorter time-scales (< 1s). The unique
capabilities of the Rossi X-ray Timing Explorer (RXTE) mission allow us to sample AGN
lightcurves over a far greater range of time-scales than before, enabling us to compare the
broadband power spectrum of AGN with that of XRBs. Here we present the results of an
RXTE program to monitor 4 Seyfert galaxies (NGC 4051, MCG-6-30-15, NGC 5506 and
NGC 5548) to measure their power spectra from 1078 Hz to 102 Hz.

We use RXTE long-look observations to show that the power spectra of our sample are
intrinsically non-stationary, in that their RMS variability scales with local mean flux. We
show that this relation also applies to the black hole XRB Cygnus X-1 and the accreting
millisecond pulsar SAX J1808.4-3658 and is highly linear, implying that it is intrinsic to
the red-noise variability process which dominates the X-ray lightcurves of accreting com-
pact objects. The scaling of RMS variability with flux occurs on all measured time-scales,
posing problems for models where lightcurves are made from small building blocks, such
as conventional shot-noise models. We suggest that the lightcurves are built from the
top down, out of large flaring events which break up into self-similar structure on smaller
scales.

Discrete sampling of lightcurves causes distortion in the observed power spectrum due
to red-noise leak and aliasing effects. We develop a Monte Carlo technique, based on the
‘response method’ of Done et al. (1992), to robustly estimate the shape of the underlying
broadband power spectrum. We apply this technique to our data, and data obtained from
a separate program to monitor the Seyfert galaxy NGC 3516. We find that the broad-
band power spectra of MCG-6-30-15, NGC 5506 and NGC 3516 flatten significantly at low
frequencies, and that this flattening can be well fitted by a high-frequency break model
analogous to the shape of the high-frequency power spectrum in Cygnus X-1. The break
frequency of NGC 3516 and the lack of a detectable break in NGC 5548 are consistent
with a linear scaling of the break time-scale with their respective black hole masses (as
estimated from reverberation mapping). The high break frequencies measured for MCG-
6-30-15 and NGC 5506 imply that these are high state AGN, accreting at a high rate and
analogous to high state XRBs.

The lightcurve of NGC 4051 is complex, showing normal activity, non-Gaussian vari-
ations (which prevent a valid measurement of the power spectrum) and two low states
which lasted for 5 and 3 months respectively in early 1998 and 1999. The X-ray energy
spectrum in the low state is consistent with reflection of the normal continuum off the
distant molecular torus expected from unification models. We show that the X-ray and
EUV continua of NGC 4051 are highly correlated. X-ray and EUV observations, together
with long-term optical monitoring data, suggest that the low state corresponds to the dis-
appearance of the inner accretion disk, or its transition to a radiatively inefficient mode.
On the basis of variability time-scales and intriguing observational evidence, we argue
that NGC 4051 is a ‘macro-microquasar’, the AGN analogue of the galactic microquasar
GRS 1915+105.
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Chapter 1

Introduction

Overview

In this chapter I shall review the current state of understanding of active galac-
tic nuclei (AGN), including emission mechanisms, unification models and the
X-ray spectral and variability properties of AGN. We then look at the simi-
larities between the X-ray spectra of AGN and X-ray binary systems (XRBs)
and introduce the power spectrum as a method of characterising the X-ray
variability of XRBs which has been very well studied to date. I then review
the status of power spectral measurements of variability in AGN, which until
recently have been limited by the difficulties of measuring variability on long
time-scales. Finally I introduce the Rossi X-ray Timing Explorer mission and
show how we have used it to obtain long-term monitoring lightcurves of a sam-
ple of Seyfert galaxies, in order that we can measure their broadband power

spectra for comparison with those of XRBs.
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1.1 Active Galactic Nuclei

Roughly 10% of galaxies have powerful sources of continuum emission in their
nuclei. The emission from these active galactic nuclei (AGN) is far more pow-
erful than could be accounted for by concentrations of stars and furthermore,
varies on timescales of minutes (in the X-ray band) to months (in the optical
band), indicating that the emitting region is very compact. The absolute lu-
minosities of AGN cover an extremely broad range, from ~ 10*lerg s7! in the
lowest luminosity Seyfert galaxy NGC 4395 (Lira et al. 1999) to ~ 10*"erg s™!
in the extreme accretion rate quasar PDS 456 (Reeves et al. 2000). Despite
this large range of luminosities, the spectral energy distributions of AGN show
a similar pattern, in that the emission covers a very broad band and the broad-
band energy spectrum is relatively flat (e.g. Elvis et al. 1994) so that from
the infra-red to v rays, each decade of photon frequency contributes a similar
amount to the total luminosity of the AGN. The continuum luminosity of most
AGN falls off dramatically at radio wavelengths, however around 10% of AGN
are said to be ‘radio-loud’ and have radio luminosities roughly a factor of 1000
or more greater than radio-quiet AGN with similar optical luminosities.

Apart from the radio-loud/radio-quiet dichotomy between AGN, distinctions
can be made based on other observational characteristics. The broad range in
luminosity is classified by splitting AGN into high-luminosity ‘quasars’ (typi-
cally those with bolometric luminosities exceeding 10*° erg s™') which may be
radio-loud or radio-quiet, while lower luminosity AGN are classed as Seyfert
galaxies or radio galaxies if they are radio-quiet or radio-loud respectively.
These luminosity-based distinctions are somewhat arbitrary however, since the
mechanism which powers all AGN is thought to be the same, namely accretion

on to a massive black hole.
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1.1.1 The central engine: accretion on to a massive

black hole

In order to fall inwards towards a central object, orbiting gas must somehow
lose kinetic energy. The standard picture of accretion on to black holes is that
conservation of angular momentum forces the gas into a flat disk structure, an
‘accretion disk’ and then viscous forces between gas particles cause the gas to
transfer kinetic energy into thermal energy so that it heats up, and falls further
in towards the black hole. If the gas is optically thick, it cools by losing energy
in the form of radiation, so that ultimately the accretion process can liberate
~10% of the rest mass of accreting matter as continuum emission. The attrac-
tive feature of the model of accreting black holes as the central engine of AGN
is that the size of the black hole and accompanying accretion disk simply scales
linearly with black hole mass, as does the luminosity of the system for a given
accretion rate (as a fraction of the maximum ‘Eddington’ rate). Therefore the
huge range in luminosity of AGN can be explained as the result of differing
accretion rates on to black holes of mass ~ 10°-10° M.

The theory of optically thick accretion disks has been studied in detail, first
by Shakura & Sunyaev (1973) who studied the properties of geometrically thin
disks, with the ratio of disk scale height H to disk radius R, H/R « 1. Later,
other workers studied the properties of geometrically thick disks, which are
thought to be more realistic, since close to the black hole, disk temperatures
are high enough that radiation pressure puffs up the disk so that H/R ~ 1
(Abramowicz, Calvani & Nobili 1980; Abramowicz et al. 1988). Evidence for
the existence of accretion disks in AGN comes from fits to the optical and UV
spectra of quasars, which show evidence of ‘big blue bumps’ towards the UV,
thought to be the peak of a black body spectrum of the temperature expected
for a supermassive black hole (e.g. Brunner et al. 1997). Perhaps the strongest
evidence for the existence of accretion disks comes from the detection of fea-

tures in the X-ray spectra of AGN that are characteristic of reflection from
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optically thick matter, which I shall discuss later in this chapter.

Recently, attention has turned towards an alternative mode of accretion to the
standard optically thick accretion disk, which occurs at low accretion rates
(below o? MEdd, where « is the viscosity parameter and Mpgaq is the Edding-
ton accretion rate). These so called ‘advection-dominated accretion flows’
(ADAFs, e.g. Narayan & Yi 1995) are optically thin accretion flows where
most of the energy liberated by the accretion process simply heats up the
optically thin plasma (and is ultimately carried into the black hole). There-
fore ADAFs are extremely radiatively inefficient, a property which makes them
suitable candidates for the mechanism that powers certain accreting black hole
systems, which appear to have a much lower luminosity than their estimated
accretion rate would suggest. Examples of such systems are the massive black
holes at the centres of elliptical galaxies (Fabian & Rees 1995) and the massive
black hole in the centre of our own galaxy, Sagittarius A* (Mahadevan 1998).
Whether or not ADAFs really exist, and whether they can also be applied to
describe accretion in higher luminosity systems such as AGN is currently a
matter of great debate. It has been suggested that ADAFs are unstable in
that they have difficulty in losing angular momentum and therefore lead to
powerful outflows, so that most of the accreting material is expelled from the
system (Blandford & Begelman 1999). The resulting outflow may help to sup-
press the strong radio synchrotron emission expected from ADAFs, explaining
a significant discrepancy between the predictions of simple ADAF models and
observations of the nuclei of elliptical galaxies (Di Matteo et al. 2000).
Relatively weak outflows from AGN have been observed (e.g. Christopoulou et
al. 1997), however the most powerful outflows are seen in the form of powerful
relativistic jets which emit synchrotron radiation, significantly contributing to
the radio luminosity of the AGN and thus marking the distinction between
radio-loud and radio-quiet AGN. Although the jets are clearly associated with
outflowing material, how they become so collimated and energetic is still un-

known. The best candidate for powering such jets is by extracting energy from
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a rapidly rotating black hole via magnetic fields set up by the accreting matter
(the Blandford-Znajek mechanism, e.g. Meier 1999). The radio-loud/radio-
quiet dichotomy may then be a manifestation of black hole spin. However, the
detailed physics of such a process, and in particular how magnetic fields are

maintained in an accreting system are still unknown.

1.1.2 AGN unification

We have seen that the common feature of all AGN is their central engine,
namely an accreting supermassive black hole, and that the range in luminosi-
ties of AGN and the radio-loud/radio-quiet dichotomy can be explained as a
consequence of, respectively the black hole mass and whether the system has
a powerful jet (which may be associated with a high black hole spin). Other
differences between AGN include whether they have strong broad and narrow
optical emission lines (e.g. Seyfert 1 galaxies and broad line radio galaxies,
BLRGs), narrow lines only (Seyfert 2 galaxies and narrow line radio galax-
ies, NLRGs), or an intermediate spectrum with relatively weak broad lines
(Seyfert 1.5, 1.8 and 1.9), or whether the AGN is classed as a blazar and
has features characteristic of strongly beamed emission from a relativistic jet,
namely relatively strong X/y-ray emission, a flat-spectrum radio-core, high
optical polarisation and rapid variability in all wavebands.

To remain true to Occam’s Razor and encompass all these different types of
AGN in a simple picture with the minimum number of ad hoc assumptions,
we assume the AGN unification model depicted in Figure 1.1. At the cen-
tre of the AGN is the accreting black hole, which may or may not produce a
powerful jet (so the AGN depicted in Figure 1.1 is radio-loud). The accretion
disk may extend to several light-days in size for the largest black holes. Be-
yond it out to distances of light-months, rapidly moving clouds in the broad

line region (BLR) reprocess the central continuum to produce broad optical
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Figure 1.1: The standard AGN unification model (taken from Urry & Padovani
1995). Note that the picture is not to scale, as the innermost regions of the

model AGN have been expanded for clarity.
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emission lines, while at much greater distances (hundreds of light-years) low
density, slow moving clouds in the narrow line region (NLR) reprocess contin-
uum radiation into narrow emission lines. A key component of the model is a
dense molecular torus at distances of light-years from the central engine. The
torus is optically thick and heavily reddens or obscures emission from the BLR
and central continuum source, so that the additional classification of the AGN
(apart from its radio-loudness or luminosity) depends on how we view it. If we
view the AGN through the torus, we see a Seyfert 2 or NLRG, whereas if we
have a clear line-of-sight to the BLR we see a Seyfert 1 or BLRG. Finally, we
see a Blazar if we look directly down the jet so that we see beamed emission.
There is much evidence to support the standard AGN unification model, such
as the detection of ionisation ‘cones’ in Seyfert galaxies indicating collimation
of the continuum radiation by the torus (e.g. Tadhunter & Tsvetanov 1989)
and the detection of broad optical lines in scattered polarised light in Seyfert 2
galaxies, indicating the presence of a hidden BLR (e.g. see Antonucci 1993 for
details and a review of evidence for the standard unification model). However,
there are a number of puzzles yet to be addressed, in particular the nature of
a sub-class of Seyfert galaxies known as narrow-line Seyfert 1s (NLS1s), which

1 shall touch on in the next section.

1.1.3 X-ray spectral properties of AGN

AGN vary most rapidly in the X-ray band, implying that the X-rays are emit-
ted close to the central black hole, where light-crossing time-scales are short-
est, as are the variability time-scales in the accretion disk (Treves, Maraschi
& Abramowicz 1988). Simple accretion disk models, which predict inner disk
temperatures of ~ 105 K (i.e. peaking in the UV) cannot explain the hard
X-ray emission from AGN, which requires temperatures of greater than 10® K.

The X-ray spectra of AGN have a power-law form, with the photon flux at
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energy E, F(E) o< E~F (where I' is called the ‘photon index’), which is charac-
teristic of non-thermal emission. Non-thermal X-ray emission may be produced
by synchrotron processes in a relativistic jet, as is seen in Blazars. However,
the presence of a non-thermal X-ray spectrum in non-beamed sources such as
Seyfert galaxies and quasars suggests a different mechanism in these sources,
namely Compton up-scattering of low-energy ‘seed’ photons from a thermal
distribution of electrons. The Comptonizing medium is though to lie above
the inner region of the accretion disk in some sort of tenuous hot ‘corona’
analogous to that of the Sun (e.g. Haardt, Maraschi & Ghisellini 1997). The
mechanism for heating the corona is unknown, but by analogy with models
for heating the Solar corona, high coronal temperatures might be achieved by
magnetic reconnection in the corona driven by turbulence in the underlying
accretion disk (Di Matteo 1998).

Evidence for an accretion disk is strongest in the X-ray band, since X-ray
spectra show features characteristic of reprocessing in optically thick material,
namely a strong fluorescent Fe K line at ~ 6 keV and a reflection ‘hump’ above
10 keV (see Figure 1.2). The most well-studied iron line, in the Seyfert 1 galaxy
MCG-6-30-15 is intrinsically redshifted and shows a strong red wing (Tanaka
et al. 1995), and can be well described by models where the line originates in
the inner disk, close to the marginally stable orbit, where it is heavily gravi-
tationally redshifted and Doppler broadened by the relativistic motion of the
gas (e.g. Bromley, Miller & Pariev 1998). Similar evidence has been found in
a number of other Seyfert galaxies (Wang, Zhou & Wang 1999, Nandra et al.
1997b), while possible reflection humps, caused by a combination of absorp-
tion at low energies and down-scattering of high energy photons have been
detected in a large number of Seyfert galaxies, providing added support to the
disk reflection model (Nandra & Pounds 1994). Radio-quiet quasars also show
evidence for broad iron lines, although with some evidence that the accretion
disks in quasars may be more heavily ionised than those in Seyferts, consistent

with significantly higher accretion rates in these objects (Nandra et al. 1997c,
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Figure 1.2: Plot of the ratio of the observed RXTFE spectrum of NGC 5506 to
a power law model fitted to the 2-5,7-10 keV range (M°Hardy, Papadakis &
Uttley 1998).

Reeves et al. 2000).

X-ray spectra of Seyfert 2 galaxies show evidence for heavy low energy ab-
sorption (absorbing column densities > 10%* cm™?) consistent with what is
expected from obscuring tori, an interpretation which is further confirmed by
the presence of narrow iron K lines which are not redshifted in the AGN ref-
erence frame, as we might expect if the line emission originates in reflection
from the distant torus (e.g. Turner et al. 1998).

In general the X-ray spectra of radio-quiet AGN look very similar, with pho-
ton index I' ~ 1.9 independent of X-ray luminosity. However the class of AGN
known as narrow-line Seyfert 1s (NLS 1s) show significantly steeper power-law
spectra (I' ~ 2.1) and strong soft excesses at low energies which can be fitted
with black body spectra of kT ~ 150 eV (Vaughan 1999). NLS 1s show sig-
nificantly narrower broad permitted lines than normal Seyfert 1s, leading to

the suggestion (Boller, Brandt & Fink 1996) that NLS 1s have relatively lower
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central black hole masses than AGN with broader emission lines (if the line
widths are associated with Keplerian orbital velocities). Low black hole masses
would imply higher accretion rates in NLS 1s, which might explain their soft
excesses and steeper X-ray spectra, since accretion disk temperature increases
with accretion rate so that systems accreting at a high rate have hotter, more
powerful disk emission (hence the blackbody soft excess) which can steepen

the hard X-ray power-law continuum by Compton-cooling the corona.

1.1.4 X-ray variability properties of AGN

The X-ray lightcurves of AGN obtained by long-look observations (i.e. up
to a few days duration) show scale-invariant variability with no characteristic
timescales, such as periodicities (M°Hardy & Czerny 1987, Lawrence et al.
1987). Studies of the X-ray variability of reasonably large samples of radio-
quiet AGN show that the X-ray variability amplitude decreases with increasing
luminosity (Green, M°Hardy & Lehto 1993, Lawrence & Papadakis 1993, Nan-
dra et al. 1997a). An anti-correlation between X-ray variability amplitude and
luminosity might be expected if all AGN lightcurves are made up of pulses of
the same intrinsic luminosity and variations are caused by Poisson fluctuations
in the number of pulses. In this model, lightcurves of more luminous AGN are
made out of more pulses and hence show relatively smaller fluctuations. Re-
cently however, observations of luminous NLS 1s have shown strong variability
which upsets the luminosity-variability trend (Turner et al. 1999). If NLS 1s
have less massive black holes than normal Seyferts, their greater variability
amplitudes may be associated with the smaller variability time-scales associ-
ated with lower mass black hole systems. Therefore the luminosity-variability
trend exhibited by normal Seyfert galaxies may represent a similar accretion

rate among normal Seyferts so that more luminous objects have more massive
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black holes (and hence are less variable).

A radical interpretation of this model would suggest that variability processes
in accreting black hole systems are identical irrespective of black hole mass. In
other words, the number of varying regions or pulses stays the same but their
luminosity and variability time-scales increase (possibly linearly) with black
hole mass. Support for this model comes from the similarities between the
variability properties of AGN and black hole X-ray binary systems, which I

shall outline in the next section.

1.2 X-ray binary systems and the XRB-AGN

connection

X-ray binary systems (XRBs) are the brightest X-ray sources in the sky, but
are generally unremarkable at longer wavelengths. Their strong X-ray emis-
sion and extremely rapid variability (on time-scales of milliseconds) bears all
the hallmarks of accretion onto a compact object. However unlike the massive
central black holes in AGN, the compact objects in XRBs are much less mas-
sive neutron stars (~ 2 Mg) and ~ 10 Mg black holes, which accrete material
from the strong stellar winds of high mass companion stars (HMXBs) or, more
commonly, via Roche lobe overflow or accretion disk instability following a
build-up of accreted matter from a low mass companion (LMXBs).

Despite the huge difference in size and luminosity, the X-ray spectral proper-
ties of black hole XRBs are remarkably similar to those of AGN. The classic
black hole X-ray binary system Cygnus X-1, in its typical low state shows
a hard power-law continuum (photon index I' ~ 1.6) and reflection features
characteristic of reprocessing of X-rays by the accretion disk (e.g. Done &
Zycki 1999). In its high state (which is thought to correspond to periods of

high accretion rate), the power-law continuum of Cygnus X-1 becomes steeper
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(I' ~ 2.3) and a significant soft-excess appears which can be described by a
spectral model corresponding to an accretion disk of temperature ~ 0.4 keV

(Dotani et al. 1997), suggesting a possible analogy with the NLS 1s.

1.2.1 The power spectra of XRBs

The X-ray variability properties of XRBs have been well studied over the past
two decades, owing to the rapid variability and high measured fluxes of these
sources, which mean that a significant range of variability time-scales (from
ms to hours) may be sampled in relatively short observations. The most com-
mon technique for characterising the variability of XRBs is to measure the
power spectrum of the lightcurve, which is simply the modulus squared of the
Fourier transform of the lightcurve. Power spectra show the relative contri-
bution to the total variability of a lightcurve made by variations on different
time-scales (corresponding to power-spectral frequencies). For example, a sin-
gle, well-defined periodic signal (e.g. the pulse period of a pulsar) will show
up as a single peak in a power spectrum at the frequency of the signal, while
a ‘quasi-periodic oscillation’ (QPO) which is not so well defined (if the pe-
riod changes slightly or the pulse shape is broad), leads to a broader peak.
A so-called ‘white-noise’ process which corresponds to random, uncorrelated
fluctuations in a lightcurve (such as that seen when the observed lightcurve of
a constant source varies due to photon counting statistics, i.e. Poisson noise)
leads to a perfectly flat power spectrum. A self-similar lightcurve which shows
correlated variability (i.e. trends on all time-scales), such as that seen in AGN
corresponds to a ‘red-noise’ process, such as a random walk or flicker noise,
and shows a characteristic power-law power spectrum (power at frequency v,
P(v) o« v~%, where « is the power-spectral slope).

The power spectra of X-ray binaries show a combination of quasi-periodic,
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white-noise and red-noise processes depending on the time-scales which they
are studied at. At high frequencies, neutron star XRBs show evidence of kHz
QPOs which may be associated with the neutron star spin or the beat between
the neutron star spin frequency and the Keplerian frequency associated with
rotation of the inner edge of the accretion disk. The highest frequency QPOs
shown by black hole XRBs are at 67 Hz, ~ 185 Hz and 300 Hz, found in the
systems GRS 1915+105, XTE J1550-564 and GRO J1655-40 respectively (e.g.
Morgan, Remillard & Greiner 1997, Remillard et al. 1999). XTE J1550-564 is
an X-ray nova, while GRS 19154105 and GRO J1655-40 are both classed as
‘microquasars’ in that they have radio jets with a morphology similar to that
of radio-loud quasars and along which material has been seen to be ejected
from the system (Mirabel & Rodrigues 1994). High frequency QPOs have not
been seen in more ‘normal’ persistent black hole X-ray binary systems, but at
lower frequencies (1-20 Hz) they are quite common (Wijnands & van der Klis
1999, and see Figure 1.3), although their origin is still unclear.

Red-noise variability contributes the most to the total variance of all XRB
lightcurves (Belloni & Hasinger 1990a), which show characteristic power-law
power spectra at high frequencies although at low frequencies the power spectra
flatten to oo = 0 so that the lightcurves become white-noise on long time-scales.
The ‘knee’ frequency where the power spectrum flattens to zero slope has been
shown to scale with the frequency of the low-frequency QPO (Wijnands & van
der Klis 1999) suggesting that the knees and QPOs are correlated with a single
parameter, possibly the accretion rate of material in the disk.

The power-law slope above the knee frequency, « is typically ~ 1 or greater,
although in many XRBs (particularly neutron star systems) the presence of
QPOs confuses the situation and makes the true underlying slope difficult to
quantify. In the well studied black hole XRB Cygnus X-1 however, the power
spectrum above the knee (typically at ~ 0.1 Hz) is relatively clean, and in the
low state shows a second, high-frequency break at ~ 2 Hz. Above the high-

frequency break, the slope is ~ 2, while at intermediate frequencies between
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Figure 1.3: Comparison of power spectra of different types of XRB. The objects
are: (a) an accreting millisecond pulsar, (b) an atoll source (neutron star
XRB), (c¢) a black hole XRB and (d) a Z source (neutron star XRB), (taken
from Wijnands & van der Klis 1999).
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the low-frequency knee and high-frequency break, the slope is very close to 1.
In the high state, Cygnus X-1 shows a higher high-frequency break at ~ 10 Hz
but no evidence for a low-frequency knee, with the o ~ 1 power-law extending
down to at least 1072 Hz (Cui et al. 1997). The increase in the high-frequency
break may be associated with the accretion rate increase which is thought to
cause the soft high-state energy spectrum, and could possibly be associated
with the inwards movement of the inner edge of the accretion disk at higher
accretion rates.

Changes in the variability properties of XRBs, such as the low-state/high-state
transition in Cygnus X-1 occur on time-scales of months to years. Besides the
low and high states, other rarer states have been identified in black hole X-ray
binaries, namely the ‘off’ state where the X-ray source becomes quiescent and
the ‘very high’ state where the X-ray emission is strong but only weakly vari-
able and shows evidence for both strong hard and soft spectral components
(see Fender 1999 for a brief review).

Due to the stochastic nature of red-noise lightcurves, power spectra measured
over short time periods show random fluctuations about the mean power, which
average out over long time-periods if the power spectrum is stationary. Power
spectra which change systematically in shape or amplitude over time are re-
ferred to as being non-stationary. Although on short time-scales XRB power
spectra are classed as being stationary, all are ultimately non-stationary on
time-scales of months or longer, probably due to disc instabilities in the ac-
cretion flow which are not yet understood. The microquasar GRS 19154105
shows particularly complex and rapid non-stationary behaviour, including pe-
riods of strong flaring behaviour followed by quiescent periods which sometimes
repeat quasi-periodically on time-scales of less than an hour and are associated
with radio and infra-red flares which may indicate the ejection of material from
the inner disk into the jet (Mirabel et al. 1998). Cygnus X-1 shows evidence
of non-stationarity within its low state on time-scales of days to months, in

that its knee and break frequencies vary, along with the slope of the power



1.2.  X-ray binary systems and the XRB-AGN connection -16-

spectrum above the high-frequency break (Belloni & Hasinger 1990). Other
low state black hole XRBs show similar behaviour (Main et al. 1999).

Favoured interpretations of the red-noise power spectra of XRBs generally in-
volve shot-noise models, where the lightcurves are built from superpositions
of randomly occuring shots, whose long decay times allow for the long-term
memory inherent in red-noise lightcurves. I shall discuss details of variability

models in context with observational results later in this work.

1.2.2 The power spectra of AGN

Given the spectral similarities between XRBs and AGN, we might also expect
to see similarities in their variability properties, although perhaps with the rel-
evant variability time-scales scaled up by the black hole mass. An important
feature of black hole systems is that their characteristic length scale (namely
the Schwarzschild radius, also called gravitational radius) scales linearly with
black hole mass, so that the geometry of the X-ray emitting regions of XRBs
and AGN should be similar. The difference in environments between black
holes in AGN and XRBs should not be important, because the X-ray emitting
region is gravitationally dominated by the black hole and should be oblivious
to factors such as the presence of a companion star, which might affect the
outer part of the accretion disk.

Studies of the X-ray variability of AGN are difficult because of their rela-
tively long variability time-scales (even in the X-ray band) and the relatively
poor signal-to-noise of AGN lightcurves (compared to XRB lightcurves) due to
their faint nature. Early power-spectral studies by Lawrence et al. (1987) and
M¢Hardy et al. (1987) showed that AGN power spectra had a red-noise (i.ve.
power-law) form, with no characteristic time-scales such as frequency breaks
or QPOs. In fact, the QPOs in AGN lightcurves have proved particularly elu-
sive. Until recently, the only possible QPO detection in an AGN lightcurve
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was found in EXOSAT observations of the Seyfert galaxy NGC 5548, with a
500 s period (Papadakis & Lawrence 1993a), although due to the short du-
ration of the lightcurves used it is difficult to assess the significance of this
result. Recently, an ASCA observation of the Seyfert galaxy IRAS 18325-5926
showed evidence for a periodicity of 58 ksec (Iwasawa et al. 1998). Again
the significance of this periodicity is difficult to assess since its likelihood was
obtained using the Lomb method (Press et al. 1992), which assumes that the
noise underlying the periodic signal is white noise - a situation which does not
apply to the red-noise lightcurves of AGN. Furthermore, the periodic signal
in the lightcurve of IRAS 18325-5926 was not detected by subsequent RXTFE
observations, so it would seem that AGN QPOs remain as elusive as ever.
Measurements of the power-spectral slope of AGN show that they are rela-
tively steep, with o ~ 1.5-2 (Lawrence & Papadakis 1993; Green, M®Hardy &
Lehto 1993), perhaps implying that they lie above the high-frequency break if
it occurs in the power spectra of AGN. However, due to the relatively short
length of lightcurves obtained from long-look observations, compared to AGN
variability time-scales, it is difficult to measure power spectra at low enough
frequencies to determine if they really flatten. Theoretically, AGN power-
spectra must flatten to @ < 1 at some point, in order to prevent the total
variance of the lightcurve, equivalent to the integrated power, from diverging
to infinity. The key questions are: where does this flattening occur, and do
the overall shapes of AGN power spectra remain similar to that of black hole
XRBs, even at low frequencies (i.e. does the power spectrum scale by some
common factor)?

The first attempt to measure the broadband power spectrum of an AGN was
made by MHardy (1988), who combined a power spectrum obtained from
a particularly long continuous EXOSAT observation of NGC 5506 (see Fig-
ure 1.4) with that obtained from a crude, very long time-scale lightcurve made
from sporadic observations of NGC 5506 by a variety of missions over the

course of a decade. The resulting broadband power-spectrum seemed to show
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Figure 1.4: 512 s binned EXOSAT lightcurve of NGC 5506, obtained 24-27
January 1986.

evidence of flattening, but no formal statistical significance could be placed on
this result due to the uncertainties in how the measured power spectrum de-
pended on the crude sampling pattern of the long-term lightcurve. Papadakis
& MC¢Hardy (1995) applied a similar method to measure a crude broadband
power spectrum of the Seyfert galaxy NGC 4151, except that they used Monte
Carlo methods to show that despite the poor sampling, the flattening they de-
tected at low frequencies was significant. However, due to the poor sampling
of the long-term lightcurve, nothing more could be said about the shape of the
power spectrum on long time-scales, nor could any break or knee frequencies
be defined.

In order to measure a good quality broadband power spectrum of AGN with
good sampling over a range of time-scales, we need a dedicated monitoring
program. This has become possible in the last few years, thanks to the work

of the Rossi X-ray Timing Fxplorer.
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1.3 Long-term monitoring of Seyfert galaxies

with RXTE

The launch of the Rossi X-ray Timing Explorer (RXTE) mission, on December
30th 1995, offered the first real opportunity to monitor AGN over long time-
scales with good sampling, enabling power-spectral studies of AGN to extend
to lower frequencies than ever before and allowing the prospect of searching
for flattening in AGN power spectra and comparing AGN power spectra with

those of XRBs over a broad range of time-scales.

1.3.1 RXTE

RXTEF is specifically designed to carry out timing studies of variable X-ray
sources on time-scales ranging from microseconds to years. It carries three sci-
entific instruments (see Figure 1.5), the Proportional Counter Array (PCA),
the High Energy X-ray Timing Experiment (HEXTE) and the All-sky Monitor
(ASM).

The PCA consists of 5 Xenon-filled proportional counter units (PCUs, num-
bered 0-4), sensitive in the energy range 2-60 keV, with moderate energy
resolution (< 18% at 6 keV) and 1 microsecond timing resolution. The to-
tal collecting area of the 5 PCUs is 6500 cm?, allowing large count rates to
be measured, even for relatively faint sources (e.g. ~ 10 count s~ for an
AGN of flux ~ 107" erg cm™2 s71), however since the PCA is not an imag-
ing instrument (spatial resolution is determined by a collimator with 1 degree
FWHM), background count rates are high so that sensitivity is limited to fluxes
~fewx107'? erg cm~2% s™!. Since launch, discharge problems have meant that
one or both of two of the 5 PCUs (3 and 4) are often switched off. This prob-
lem has extended to a third PCU (PCU 1) since March 1999. Despite these

problems, adequate count rates can still be measured for many AGN. The
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Figure 1.5: The RXTF spacecraft.

background contribution to the observed count rate is ~ 12 count s™* in the
2-10 keV band (top Xenon layer only) for 3 PCUs, and since no imaging or
offset-pointing information is available, the background needs to be modelled
based on satellite engineering and housekeeping data. The latest background
models are more than adequate for this task.

The HEXTE covers the energy range 15-250 keV and has energy resolution
~15% at 60 keV and time resolution of 8 microseconds. It consists of two
non-imaging clusters of scintillation counters, with a 1 degree FWHM field of
view, which rock on and off-source every 16-128 s so that the background is
continually measured by the off-source pointing cluster (i.e. background mod-
elling is not required). The collecting area of each cluster is only 800 cm?, so
that only ~ 1 count s~! is measured from even the brightest AGN. Despite the
accurate background subtraction, the background rate (50 count s™! per clus-
ter) is sufficiently high that HEXTE data are only marginally useful for AGN

studies, and then only for spectral studies with large exposure time. Therefore
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I shall not use any HEXTE data in this work.

The ASM covers an energy range of 2-10 keV with very limited energy resolu-
tion, and consists of three wide-angle shadow cameras equipped with propor-
tional counters, with a total collecting area of 90 cm? The shadow cam-
eras sweep ~ 80% of the sky every 90 minutes, so that fluxes from indi-
vidual bright sources can be integrated over time to yield a sensitivity of
~ 1071% erg cm™? 57!, Unfortunately, this makes the ASM only just sensi-
tive to a few bright AGN and certainly incapable of long-term monitoring of
AGN.

One of the purposes of RXTE has been to use its exceptionally high time
resolution capability to study the timing properties of XRB systems on very
short time-scales, using relatively short (~ 10 ksec) observations. However,
a second revolutionary feature of RXTF is its rapid pointing capability, i.e.
within just a few minutes RXTE can slew to point at a new target. No other
X-ray astronomy mission to date has had this capability, which allows RXTE
to efficiently observe sources for short ‘snapshots’ (~ 1 ksec duration) without
wasting a lot of valuable mission time in slewing to targets. For this reason,
RXTE is ideal for carrrying out monitoring observations of targets at regular
(and sometimes very frequent) intervals over long periods of time, allowing the
possibility of measuring reliable broadband power spectra of AGN for the very

first time.

1.3.2 The Seyfert monitoring program

Much of the work presented in this thesis is based on a long-term program
to monitor Seyfert galaxies with RXTF over a range of time-scales, initi-
ated in the first observing cycle (AO1, Proposing Investigator: Ian M®Hardy)
and continued in subsequent cycles up to the present. The initial sample

of Seyfert galaxies consists of four targets. In order of ascending luminosity
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they are: NGC 4051, MCG-6-30-15, NGC 5506 and NGC 5548, with typi-
cal luminosities of ~ 5 x 10*! erg s, ~ 10* erg s™*, ~ 10% erg s~! and
~ 5 x 10*3 erg s7! respectively. Thus, a large range of luminosities is covered
and presumably a large range of black hole mass, allowing variability as a
function of luminosity to be studied. All the targets are bright (2-10 keV flux
~fewx 107! erg cm™2 s7!) and have been well studied previously, so that the
results obtained from long time-scale monitoring can be put into context with
existing knowledge of these sources. Furthermore, the four Seyfert galaxies
selected for study are known to be variable to some extent, so that time is
not wasted on studying the X-ray variability of constant sources. NGC 4051,
MCG-6-30-15 and NGC 5548 are all Seyfert 1 objects (although NGC 4051 is
also classed as NLS 1), while NGC 5506 is classed as Seyfert 2, although this
classification may not be due to obscuration by a torus but rather the fact that
this AGN is seen through an edge-on disk host galaxy.

The purpose of the program is to measure the broadband power spectra of
the sample, to see if the power spectra flatten on long time-scales as we might
expect, and to compare the power-spectral shapes with that of XRBs, in the
hope of determining whether characteristic time-scales such as power-spectral
breaks or knees exist and whether they scale with black hole mass. In order
to achieve these goals, we must measure the power spectrum as well as we can
across as broad a frequency range as possible. In order to sample variations
on the shortest time-scales, we can use long-look observations, some of which
were obtained as part of other programs (as in the case of MCG-6-30-15 and
NGC 5548) while we obtained long-looks of NGC 4051 and NGC 5506 as part
of our monitoring program. To sample variability on longer time-scales we
must monitor our targets at regular intervals, using ~ 1 ksec snapshots to
obtain a good measure of flux at each sampled point. However, it would not
be efficient to define a single shortest sampling interval (e.g. one day) and
use it to sample variability on time-scales much longer than that interval, so

instead we sample the variability on intermediate and long time-scales using
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Figure 1.6: RXTE PCA 2-10 keV monitoring lightcurves of MCG-6-30-15,
NGC 5506 and NGC 5548. Time units are in Truncated Julian Date minus
10000 (TJD=JD-2440000.5)
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several different observing schemes. Variability on intermediate time-scales is
measured by monitoring our targets at twice-daily intervals for two weeks and
then daily intervals for a month. On longer time-scales, we monitor the targets
at weekly intervals (for the first cycle) and fortnightly thereafter.

The resulting long-term lightcurves (of almost three years duration) that we
have obtained for three of our targets are shown in Figure 1.6, to demonstrate
the sampling pattern and also show that our targets do in fact seem to vary on
all time-scales. In addition to these data, I shall also use data from a separate
RXTE monitoring program of the Seyfert 1 galaxy NGC 3516 (P.I. Rick Edel-
son), obtained from the RXTE archive, which is detailed later in this work,
along with further details of the monitoring observations and more detailed

lightcurves showing the long-looks and intensive monitoring periods.

1.4 Thesis overview

The main aim of this thesis is to investigate the broadband power-spectral
shape of the sample of Seyfert galaxies which we have monitored with RXTE.
In Chapter 2, I will introduce some of the basic techniques used to determine
the power spectrum of a lightcurve, together with the standards and definitions
which I shall use throughout this work. I will introduce the method I shall use
to simulate lightcurves from a given power-spectral model and use simulations
to demonstrate the effects of sampling on the power spectrum, which leads to
undesirable effects such as red-noise leak and aliasing. I will end by discussing
the concept of stationarity in more detail and presenting the first important
new result of this work, namely that the power spectra of AGN and XRBs are
intrinsically non-stationary, in that the power-spectral amplitude scales with
the square of local mean flux.

In Chapter 3, I will discuss ‘PSRESP’, a method which I have developed from

the ‘response’ method of Done et al. (1990), for testing different power-spectral
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models against observed power spectra which are distorted by sampling effects
and estimating reliable confidences on model parameters using Monte Carlo
techniques.

In Chapter 4, I will apply the PSRESP technique to determine whether the
broadband power spectra of our sample of Seyfert galaxies actually flatten on
long time-scales. I will test knee and high-frequency break models for the
power-spectral shape against the observed power spectra, and discuss the im-
plications of the derived characteristic frequencies for scalings with black hole
mass and luminosity. I will also discuss the energy dependence of fractional
RMS variability and power-spectral shape.

In Chapter 5, I will discuss the unusual variability properties of NGC 4051,
which entered a prolonged low state twice during the course of our monitoring
campaign, and also shows evidence of unusual non-Gaussian variability in its
lightcurve. I show that the X-ray energy spectrum measured during the low
state is consistent with that expected if the central X-ray source has switched
off, leaving only the spectrum of X-ray reflection from a distant molecular
torus. I discuss the relationship between the X-ray and EUV bands on the
basis of results obtained from simultaneous EUV and X-ray observations of
NGC 4051, and show how we can use constraints on lags between the two
bands to constrain simple Comptonisation models for the production of the
X-ray continuum. I will also present and interpret some key results from a
comparison of the long-term X-ray monitoring lightcurve of NGC 4051 with
optical monitoring data obtained by the ‘AGN Watch’ team.

Finally, in Chapter 6 I will speculate on some of the key results obtained in
this work. I will first discuss the implications of the discovery of an intrinsic
flux dependence of variability described in Chapter 2, which casts doubt on
shot-noise models where the basic building blocks of a lightcurve are small
shots. I will propose an alternative model, where the dominant structures are
large flaring regions, which break into fractal structure so that variability on

all time-scales is produced and remains correlated with overall flux. I will dis-
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cuss the implications of the power-spectral scalings found in Chapter 4 for the
physical time-scales which break-frequencies might correspond to. I will also
discuss prospects for using X-ray variability to measure the black hole mass.
I will discuss the implications of the possibility that the different states seen
in black hole XRBs may have analogs in AGN, and argue that the unusual
variability properties of NGC 4051 suggest that it is in a state analogous to
that seen in the microquasar GRS 1915+105, i.e. NGC 4051 may be a ‘macro-
microquasar’. Throughout the concluding chapter I will discuss possibilities

for future work using forthcoming data.
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Chapter 2

Power Spectral Issues

Overview

In this chapter, I shall review how the power spectrum is measured and define
the conventions which will be used to measure power spectra throughout this
work. We will learn how to simulate lightcurves from power-spectral models
and use qualitative arguments and simulations to investigate the distorting ef-
fects of sampling on the power spectrum. Finally, we will investigate the prob-
lem of comparing power spectra when lightcurves are non-stationary and I shall
present the first major observational result of this work, that the RMS variabil-
ity of AGN and the X-ray binary systems Cygnus X-1 and SAX J1808.4-3658

scales linearly with X-ray flux.

2.1 Measuring the power spectrum

Prior to measuring the power spectrum of a lightcurve, it is conventional to
subtract the mean lightcurve flux from each data point, in order to remove the
zero-frequency power from the power spectrum. The next step in measuring

the power spectrum of a lightcurve is to take the Fourier transform of the



2.1. Measuring the power spectrum —28-

mean-subtracted lightcurve. However, the classical definition of the Fourier
transform of a function f(t) requires that f(¢) be continuous. In the case of
real data, the time series of length NV data points, f(¢;) is not continuous, it
is discretely sampled, and may be unevenly sampled. Therefore, throughout
this work I shall use the method of determining the power spectrum applicable
to discretely (and possibly unevenly) sampled data, given by Deeming (1975),

who defines a discrete Fourier transform at a frequency v:
N .
FN(V> = Z f(tz) esz imvi; 5
i=1

so that the modulus squared of the Fourier transform is given by:
2

|En(v)]? = (é f(t) cos(27ruti))2 + (Nl f(t) sin(27v ti))

Note that the frequencies sampled by the discrete Fourier transform occur at
evenly spaced intervals, Vmin, 2Vmin, 3¥min, ----UNyq, Where v, Is equal to T-1
(where T is the total duration of the lightcurve, i.e. T = ¢x5 — t1) and the
Nyquist frequency vnyq = (27/N)™ .

Finally, we obtain the power P(v) by applying a normalisation to |Fn(v)|*:

P() = S |Fx()

By applying this normalisation, we obtain the desirable outcome that inte-
grating the power spectrum over a given frequency range, v; to vy yields the
contribution to the variance of the lightcurve due to variations on time-scales
of v3! to v;t. Thus the total variance of the lightcurve is given by the integral
of the power spectrum across all measured frequencies, vimin to vnyq (€.g. van
der Klis 1997). The units of power under this ‘root mean squared, squared’
(RMS squared) normalisation are count® s Hz™' for power spectra made
from lightcurves where lightcurve flux is given as a photon count rate.

Another power spectral normalisation that is sometimes used in X-ray vari-
ability studies of XRBs is the Leahy normalisation, 2/n where n is the total
number of counts measured in the lightcurve (Leahy et al. 1983). The ad-

vantage of the Leahy normalisation is that the flat Poisson-noise level in the
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power spectrum which is contributed by photon counting statistics has a value
of 2 and follows a y? distribution with 2 degrees of freedom, allowing an easy
calculation of the significance of, e.g. peaks in the power spectrum due to
periodic signals measured from pulsars. For red-noise lightcurves like those
seen in AGN and XRBs, periodic signals must be measured against the back-
ground of the intrinsic broad-band noise of the source itself, rather than the
Poisson level, which somewhat negates the useful aspect of this normalisation.
For this reason and the ease of interpreting the power spectral amplitude in
terms of lightcurve variance, most work on XRBs in the past decade has made
use of the RMS squared normalisation, which I shall also use throughout this
work (prior to normalising the power spectra by the mean squared flux, see
Section 2.4).

Note that the Poisson level in this normalisation is simply equal to twice the
total average count rate of the lightcurve. For a satellite like RXTE which
measures relatively large background count rates compared to the source fluxes
observed from AGN, it is important to remember that the noise level is equal
to twice the total average count rate of the lightcurve before background sub-
traction has been carried out.

The red-noise lightcurves of AGN and XRBs are inherently stochastic, such
that a single lightcurve is unique and unpredictable yet at the same time it
is constrained to be drawn from the distribution of possible lightcurves whose
average properties are described by e.g., the power spectrum. Therefore, the
power spectrum of a single continuous lightcurve (of say 100 ksec duration) is
not the same as the average power spectrum of the X-ray source (produced
from, 1000 lightcurves of 100 ksec duration, for example).

In fact for a stochastic process such as white or red noise, the measured values
of the power spectrum Preal(v), of a realisation of the process are randomly
distributed about the mean power spectrum describing the process Pproc(V),
following a x? distribution with two degrees of freedom and standard devia-

tion Pproc(r) (Timmer & Konig 1995). Thus the measured power spectrum
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fluctuates wildly and must be binned up in order to estimate the mean power
(equivalent to Pproc(r)) at a given frequency. One way to achieve this, which is
commonly used where lightcurves oversample the range of timescales of inter-
est (which is nearly always the case in XRB observations), is to measure the
power spectrum for a large number of equal-length segments of the lightcurve,
and then average Preal(v) across all segments. The uncertainty in the resulting

mean power at each frequency is then given by the standard error:

7’&

AP(V):J n~1z( PI/))

z=1

where n is the number of power spectra (i.e. lightcurve segments) averaged
over. In order for P(v) and AP(v) to be good estimates of the mean power
and error on the mean power, especially in the low-frequency case of red-
noise variability where the power diverges rapidly, n needs to be large, so that
the distribution of points about AP(v) is approximately Gaussian. Thus the
number of lightcurve segments for a given lightcurve duration needs to be large
(preferably 100 or greater), which reduces the duration of each segment and
hence the frequency range sampled by the power spectrum.

An alternative approach to estimating the mean power and its error is to
smooth the measured power spectrum by binning up measurements of power
at adjacent frequencies. The wider the frequency bins used, the more points
are averaged and hence a better mean power is obtained. The power-law shape
power spectra of red-noise lightcurves are suitably binned in logarithmically
spaced frequency bins. However, binning up the power spectrum in frequency
suffers from the drawback that at the lowest frequencies, the frequency bins
must be wide in order to average a large number of power spectral measure-
ments, causing power-law power spectra to become distorted. Therefore bin-
ning in frequency effectively limits the frequency coverage of a power spectrum
to high frequencies which are well sampled, in the same way that binning up
power spectra from smaller lightcurve segments does.

One way to alleviate the problems of estimating accurate mean powers and
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their errors, especially at low frequencies where small-number statistics may
lead to large biases, is to bin up the logarithm of power, as opposed to the
power. This method was suggested by Papadakis & Lawrence (1993), who
showed that the distribution of measured red-noise power in a frequency bin
in logarithmic power space tends towards a Gaussian distribution with fewer
points binned up than are required for points in linear power space. This
method has the added advantage that biases due to fluctuations in power at
low frequencies are naturally minimised by binning the logarithm of power.
Therefore, throughout this work I shall bin up power in logarithmic space,
using frequency binning or binning up power spectra made from lightcurve
segments, or a combination of both. It is important to note that the aver-
age of the logarithms of power calculated in this way is not the same as the
logarithm of the average power, which is the number we want and which we ob-
tain by adding 0.253 to the average logarithmic power (Papadakis & Lawrence
1993). This correction is assumed throughout this work.

We can reasonably assume that we can obtain a good estimate of the power
and its error by binning up power spectra with at least 10 points per bin.
With a 100 ksec lightcurve, this means that we are restricted to looking at
frequencies> 10™* Hz. As we are interested in measuring the power spectra of
AGN over as broad a time-scale as possible, it may be necessary to take a dif-
ferent approach to estimating the uncertainty in the power at low frequencies,
and hence placing confidence limits on any power-spectral models we may wish
to fit. An additional, more serious problem which we face is that sampling that
is not continuous (like our Seyfert monitoring data) leads to distortion in the
power spectrum, which is not simple to predict analytically and which con-
ventional methods of estimating power spectral errors does not take account
of. Therefore, the approach I shall take will be to use Monte Carlo methods
to make robust estimates of the power spectral shape of AGN across as broad
a range of frequencies as possible, taking into account the distorting effects of

sampling. I shall describe the method I will use in detail in the next chapter,
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however in the remainder of this chapter, I shall consider some of the other is-
sues relevant to estimating the shape of the broadband power spectrum. Let us

first look at how we can simulate lightcurves from a given power spectral shape.

2.2 Simulating lightcurves

Throughout this work, I shall be using a method to simulate lightcurves sug-
gested by Timmer & Koénig (1995). Prior to their work, methods of simulating
lightcurves based on a given power spectral shape were unsatisfactory. For ex-
ample, it is well known that shot-noise models can reproduce red-noise power
spectra of varying shapes (e.g. Lehto, 1989), so that lightcurves could be
made directly from the specified shot-noise model using the appropriate shot
parameters for the desired power-spectral shape. This approach is limited how-
ever, as it cannot be used to simulate lightcurves which are not red-noise or
which have complicated shapes with more than three different power-spectral
slopes. A more desirable method for simulating lightcurves should be free
of any assumptions about the physical process which underlies the power-
spectral shape. Done et al. (1990) suggested constructing a lightcurve f(¢)
from a model power spectrum P(v) by summing sine waves of frequency v
with randomised phases, ¢(v) and amplitudes determined by the amplitude of

the power spectrum at that frequency:

f@#)=>_y/Pv) cos2mvt—¢v)).

This procedure is flawed however, since it chooses a deterministic amplitude
for each frequency (given by the underlying model power P(v)), unlike real
stochastic lightcurves whose variance at a given frequency is randomly dis-
tributed about the mean for the underlying process (see previous section). The

approach suggested by Timmer & Konig relies on this property of stochastic
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lightcurves.

Consider the measured power spectrum, Prei(v) of a realisation of some process
with power spectrum Fyroc(r). As described in Section 2.1, Prea(v) at different
frequencies is randomly distributed about Ppoc(v), following a x? distribution
of standard deviation Ppoc(v). The Fourier transform Fiea(v) corresponding to
Preat(v) is a complex Gaussian random variable, with real and imaginary parts
randomly distributed about zero with standard deviation %Pproc(z/) (Timmer
& Konig 1995). Therefore, an evenly sampled lightcurve of N data points and
sampling interval AT can be generated by drawing two random numbers at
each frequency Vmin, 2Vmin, 3Vmin----UNyq (Where vmin = N AT, nyq = (2AT) ™)
and allocating them to the real and imaginary components of Frea(v), and then
taking its inverse Fourier transform. In this way, simply by inverting the pro-
cedure used to calculate a power spectrum from a lightcurve, it is possible to
generate stochastic lightcurves from any given power spectral shape. Further-
more, since lightcurves are generated using the inverse Fourier transform, it
is possible to generate lightcurves of length N = 2™ (where m is an integer)
rapidly from a specified power spectrum using the Fast Fourier Transform (e.g.
Press et al. 1992). Some examples of lightcurves simulated with this technique,

and the resulting (unbinned) power spectra are shown in Figure 2.1.

2.3 The effects of sampling on power-spectral

shape

The simulated lightcurves shown in Figure 2.1 represent an ideal case, where
the lightcurves are evenly sampled and the power spectra of the underlying
processes are limited only to the frequency range between vy, and vny,.
In reality, the power spectrum of a real underlying process does not fall to

zero above the Nyquist frequency and below the minimum frequency sampled.
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Figure 2.1: Lightcurves (left) and power spectra (right) simulated using the
method of Timmer & Konig, corresponding to model power spectra of power-
law slopes a = 1 (top), o = 2 (centre) and a broken power-law model with
high-frequency slope o = 2 breaking to o = 0 at frequency 10~* (bottom).
Note that, for comparison, all three simulated lightcurves are generated using

the same random number sequence.
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Variations due to power on longer and shorter time-scales than those sampled
cannot be disentangled from the power spectrum, leading to distortions in the
power spectral shape, which depend on the sampling pattern and duration of
the lightcurve.

Consider a ‘real” underlying lightcurve r(¢), on which we impose a sampling

pattern w(t) so that w(t) = 1 when we sample r(t) and zero otherwise. The

resulting observed lightcurve, f(t) is given by:

According to the Convolution theorem of Fourier transforms (e.g. Press et al.
1992), the Fourier transform of two functions multiplied together in the time

domain is equal to the convolution of the Fourier transforms of those functions

in the frequency domain, so:
F(v)= R(v)* W(v),

where R(v), F(v) are the Fourier transforms of the underlying lightcurve and
the observed lightcurve respectively and W (v) is the Fourier transform of the
sampling pattern, also known as the ‘window function’. The ideal power spec-
trum which we would hope to measure is given by |R(v)|? but what we actually
measure is a power spectrum distorted by the window function, i.e. |F(v)|.
The effect of the convolution is to smear power across the power spectrum
so it is not possible to disentangle the true power at a given frequency from
power which was transferred there from other frequencies. To do so requires
a knowledge of the power spectral shape outside the frequency range sampled
by w(t), i.e. the measured power-spectral shape is model dependent.

The simplest examples of power-spectral distortion occur when a lightcurve is
evenly sampled, because the pattern of distortion due to variations correspond-
ing to frequencies above vnyq or below vy, is straightforward and easy to see.

Variations on time-scales greater than the duration of the lightcurve contribute

most to power at the lowest frequencies sampled. This effect is called ‘red-noise
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leak’. Variations on timescales shorter than those sampled contribute an ap-
proximately constant amount across the entire power spectrum, leading to a
flattening of the red-noise power spectrum at high frequencies. This effect is
called ‘aliasing’. I shall now describe these effects in more detail, and use sim-
ulated lightcurves to show how they distort the power spectrum and how that

distortion is dependent on the true underlying power spectrum.

2.3.1 Red-noise leak

Consider a red-noise lightcurve, which we observe for a duration 7. If the
power-spectral slope does not flatten significantly at frequencies much lower
than 77!, the lightcurve will display significant long-term variations which
will show up as approximately slow rising or falling trends in our observation.
This trend contributes to the variance of the lightcurve we observe, and so
must contribute to the power spectrum we measure. Now consider the form
of the contribution a single trend makes to the power spectrum of an evenly
sampled lightcurve. The variance of a section of the lightcurve of length 7', is
equal to the integrated power in the power spectrum, down to the frequency
Vinin = T~ 1. If we smooth out all variations other than the slow rising or falling
trend, we can intuitively see that the variance due to the slow trend increases
significantly as 7" increases, i.e. the integrated power increases strongly as v
decreases. Therefore the effect of red-noise leak is to contribute additional
power to all frequencies, with much more power contributed at low frequen-
cies than at high frequencies. In fact, red-noise leak contributes power with
a power-law form and slope @ = 2. The amount of red-noise leak relative to
the true power spectrum in the frequency range being observed is dependent
on the amount of integrated power below vy, relative to the integrated power
above Vpmin, so that steeper red-noise power spectra show stronger distortion

due to red-noise leak.
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I show the effects of red-noise leak in Figure 2.2, which shows the aver-
age power-spectral shape generated for 1000 simulated continuously sampled
100 ksec lightcurves (with 100 s time binning), and for comparison, the true
underlying power spectra. The effects of red-noise leak on power spectral
slopes of 1 or 1.5 are practically insignificant. The measured slope for a = 1
remains unchanged, while the measured slope for o = 1.5 is 1.54. For o = 2,
the slope remains unchanged but the power-spectral normalisation increases
significantly, as expected from red-noise leak which contributes a slope of 2.
For a particularly steep underlying slope, o = 2.5 the normalisation of the
measured power spectrum increases and its slope is significantly flattened to
o = 2.14. Note that the simulated 100 ksec observations were embedded in
simulated lightcurves of 64 times longer duration, so that there was power only
out to frequencies ~ 1.6 x 10~7 Hz. If the underlying power spectra were to
remain significantly steep (o > 1) below this frequency, the effects of red-noise

leak would be greater than shown here.

2.3.2 Aliasing

Suppose that we sample a lightcurve discretely, at time intervals AT, and
measure its power spectrum. We can only measure the power spectrum up to
the Nyquist frequency vnyq = (2AT)™1, but if the underlying power spectrum
contains significant power at higher frequencies, this will be reflected in the
variance of the lightcurve and hence the measured power spectrum. The extra
power at frequencies greater than vnyq is transferred to lower frequencies in
the power spectrum.

The way in which this power is redistributed or ‘aliased’ can be seen as follows.
Consider an ‘ideal’ continuously sampled lightcurve which we use to make a
power spectrum undistorted by any aliasing. We can restrict the frequency

range of this ideal power spectrum to be the same as the ‘real-life’ one we
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Figure 2.2: The effects of red-noise leak on power-spectral shape. The grey
dashed line represents the true underlying power spectrum, while the solid
black line shows the measured power spectrum after distortion by the limited
sampling window. Underlying power spectral slopes from top to bottom are

a =2.5,2.0, 1.5 and 1.0 respectively.
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measure by smoothing the ideal lightcurve to remove variations on timescales
less than AT, i.e. we make a continuous lightcurve with time bins of width
AT. Therefore, with the same sampling pattern as the real lightcurve, we can
recover the ideal power spectrum if each sampled data point t; represents the
mean fluz of the underlying ideal lightcurve in a bin of width AT centred at t;.
For a discretely sampled lightcurve the above condition will be satisfied if
there is no power in the underlying lightcurve at frequencies greater than vnyq.
However, in reality it is highly likely that there will be power at frequencies
greater than vnyq. This means that the flux measured at discretely sampled
data points will not be the same as the mean flux for bins of width AT centred
on those points. There will be an intrinsic error for each point, the magnitude
of which depends on how much power there is above vnyq. The effect on the
measured power spectrum is then analogous to the contribution of Poisson
noise to the power spectrum - a constant level of power is introduced which
serves to flatten the power spectrum at high frequencies. However, unlike the
Poisson noise contribution, this aliased component of power is dependent on
the total amount of power above the Nyquist frequency, i.e. it is dependent
on the power-spectral shape.

The effects of aliasing on power spectra of different slopes is shown in Fig-
ure 2.3. The average aliased power spectra were constructed from 1000 sim-
ulated lightcurves, each consisting of 200 data points sampled with a time
interval AT = 100 ksec (with each data point corresponding to a 1 ksec obser-
vation) . The power spectrum was cut off above 107® Hz, so that there is no
significant red-noise leak contribution to the power spectra. The 1 ksec time
bin size for each data point tpi,, limits the aliased power to be due only to
power at frequencies v < (2tpin) ™" (le. v < 5 X 10~* Hz), since power above
this frequency is removed because shorter-timescale variations are smoothed
by the binning. The slopes measured by naively fitting a power-law to the
observed average power spectra were 1.78, 1.2 and 0.54 for underlying slopes

o =2.0, 1.5 and 1.0 respectively. Note that the flattening of the power-spectral
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slope is more pronounced for lower underlying slopes, as expected. In fact, the
constant additive component due to aliasing can be well approximated by a
constant level such that its integral over the frequency range sampled by the
observations is equal to the integral of the power above the Nyquist frequency
(so that the total lightcurve variance measured by the power spectrum is con-
served), in other words the constant power level P¢ for the underlying power
spectrum P(v) is given by:
Po = ot /(thin)—l P(v)dv.
UNyq = Vmin Y yq

Note however, that this approximation cannot account for stochastic variations
in the amount of aliasing which apply when power spectra are made from
relatively small numbers of data points (roughly a few hundred data points or
less).

Binning up a discretely sampled lightcurve can reduce the effects of aliasing,
since averaging fluxes measured at several points in a time bin yields a better
estimate of the true mean flux in that time bin. Unfortunately, binning points
into larger time bins increases the minimum time-scale sampled and hence
reduces the frequency range sampled. Therefore it is necessary to over-sample
a lightcurve, i.e. to sample on timescales shorter than those required, so that
aliasing may be reduced by binning. To test the effect of binning, I increased
the sampling rate of the o = 1 lightcurves described above by factors of 2 and
4 (i.e. 50 ksec and 25 ksec sampling interval respectively), and made average
power spectra after binning them to the 100 ksec sampling interval. The
measured slopes were 0.74 and 0.88 respectively, so that even higher sampling
rates would be required to reduce the intrinsic flattening in the slope to less

than 0.05.
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Figure 2.3: The effects of aliasing on power-spectral shape. The grey dashed
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shows the measured power spectrum after distortion by the effects of discrete
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2.3.3 The effects of uneven sampling

The considerations of the effects of red-noise leak and aliasing given above
were restricted to the ideal case of evenly sampled lightcurves because the
form that power spectral distortion takes is easiest to understand in this limit.
For real monitoring programs, scheduling constraints make it difficult to obtain
perfectly evenly sampled lightcurves. In the case of our Seyfert monitoring pro-
gram, lightcurves are approximately evenly sampled in that the typical error
from the requested sampling interval is ~ 20%. The actual intervals between
observations are neither systematically larger nor smaller than the requested
sampling interval, so that the average sampling interval is close to that which
was requested. Clearly the distortion due to red-noise leak, which is depen-
dent on the total duration of the monitoring lightcurve, is not significantly
affected by these deviations from even sampling, provided they are not very
large, i.e. much less than the lightcurve duration itself. The main difference
in the power spectral distortion from the case of even sampling is due to the
effects of aliasing.

As described in the previous section, the effect of aliasing can be thought of
as being due to the deviation in the sampled flux from the true mean flux in
the bin of width equal to the sampling interval, which the sampled data point
represents. The bin width in this case is the average sampling interval, i.e. it
is the same as that in the evenly sampled case, however the sampled obser-
vations do not come from the centre of each bin, but are randomly scattered
around the centre of each bin. First consider a white noise lightcurve which is
unevenly sampled. Because there are no long-term trends comparable to the
sampling interval, the average deviation of the sampled flux from the mean
flux of the bin it represents is independent of where the observed data point is
measured in the bin, so the effect of aliasing is not changed from the even sam-
pling case. However, as we consider steeper power-spectral slopes, long-term

trends appear in the lightcurve which mean that the average deviation in the
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sampled flux from the mean flux of the bin is dependent on its position in the
bin. On average, slow trends within a bin will mean that sampled data points
which are further from the centre of the bin will contribute more to aliasing
than those closer to the centre, i.e. there will be a greater amount of aliasing
than in the evenly sampled case. Note that this additional distorting effect
of uneven sampling is dependent on the power spectral shape, since the effect
will be larger when long-timescale trends are larger, i.e. the power spectrum
is steeper.

A different form of uneven sampling comes from lightcurves consisting of con-
tinuous segments of data which are broken up by gaps comparable to or larger
than the segment length. If the gaps are roughly periodic, perhaps due to
Earth-occultation effects, power is introduced at frequencies corresponding to
the period of the gaps. Lightcurves which are very poorly sampled can show a
mixture of all the effects described above, including red-noise leak. It is possi-
ble to determine the average power spectral shape for a given power-spectral
model and window function analytically, but this is not trivial and becomes
almost impossible for complex power spectral shapes (I. Papadakis, private
communication). Additionally, although an analytical determination of the
distorted power spectrum can give the average power spectrum from an infi-
nite number of realisations of the given power-spectral model, convolved with
the given window function, it does not give any estimate of the uncertainties
on the measured power spectrum due to its stochastic nature. Therefore the
simplest way to estimate a distorted power spectrum and its uncertainty is to

use Monte-Carlo techniques, which are described in the next chapter.

2.3.4 The effects of binning

Finally, we should note that binning up a continuous lightcurve into time bins

of width #p;, has the effect of steepening the power spectrum by a frequency
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dependent factor |B(v)|* (van der Klis 1989), given by

B = (T
This is due to the fact that binning has the effect of smoothing lightcurves on
timescales similar to the binning timescale.

In the case of the AGN power spectra presented in this work, binning effects
are not significant because either the data is not continuously sampled (i.e.

in the case of monitoring lightcurves) or because the power spectrum at high

frequencies is dominated by Poisson noise (in the case of long-look data).

2.4 Stationarity of the power spectrum

When we measure the power spectrum of a lightcurve , the amplitude of the
power spectrum is dependent on the measured variance of the lightcurve. Thus,
if two X-ray sources show the same pattern of X-ray variability (i.e. they show
the same amplitude of variability relative to their mean flux), but they have
differing mean fluxes then the fainter X-ray source will show a lower amplitude
power spectrum than the brighter one. It is desirable then to normalise the
X-ray lightcurves of different X-ray sources by their mean fluxes in order that
we can directly compare the amplitudes of their power spectra. Equivalently,
we can divide the power spectrum of each lightcurve by the square of the mean
flux of the lightcurve. Under the RMS squared normalisation we are using,

this means that the integrated power or variance o? becomes the fractional

variance,
5 o

Otrac —

12
where p? is the mean flux, so that the square root of the integrated power,
after normalising by the squared mean flux, is equal to the contribution to
the fractional RMS made by variations on timescales corresponding to the fre-

quency range integrated over.
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Normalising the power spectrum by the squared mean flux of the lightcurve,
although highly desirable, raises an important question: what value of the
mean should we use? At first sight, the answer may seem simple, i.e. use the
measured lightcurve mean. This approach would be suitable for a white-noise
lightcurve, where the mean measured over a given time interval at a time 7}
is the same as that measured at a different time 75 and is independent of the
duration of the time interval. However, for a red-noise lightcurve, long term
trends, due to power at frequencies corresponding to time-scales greater than
the observation duration, lead to different means being measured at different
times - the lightcurve is non-stationary.

This problem is most acute if the power spectrum is particularly steep. How-
ever, as discussed in Section 1.2.2, the power spectra of AGN must eventually
flatten towards low frequencies so the lightcurve effectively becomes station-
ary on long time-scales. If we then measure the mean of the lightcurve on as
long a time-scale as possible (i.e. a few years in the case of our monitoring
lightcurves), that should be a good representation of the ‘true’ mean of the
lightcurve. We can then normalise the power spectra by the square of this
mean, rather than the local mean measured for a given observation.

As discussed in Section 1.3.2, in order to study the power spectrum of AGN
over a broad frequency range without requiring excessive amounts of observing
time, it is necessary to collect monitoring data at a number of different sam-
pling rates. For the targets we are studying, we have obtained long exposures
to study short time-scale variability, and snapshot observations twice-daily,
daily or every two weeks to study medium to long time-scales. The different
sets of observations are made at different times and for different durations, so
they have different means. Therefore it seems right that in order to make a
broadband power spectrum including separate power spectra made for each
sampling pattern, we should normalise each separate power spectrum by the
mean of the lightcurve measured over the longest duration, i.e. the lightcurve

made of snapshots obtained every two weeks. However, we have made an
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unspoken assumption throughout this discussion: that the power spectrum is
itself stationary and does not change in shape or amplitude.

In fact, the assumption that the power spectrum is stationary, at least on
relatively short time-scales, underpins all work on power spectra of XRB sys-
tems and AGN. If the power spectrum of an X-ray source were not station-
ary, but varied in an unpredictable way, then the power spectra obtained at
any given time would not be a good representation of the average variability
properties of that X-ray source. Power spectra of X-ray binaries are known
to be non-stationary on relatively long time-scales, with Cygnus X-1 show-
ing variations in the position of its low-frequency and high-frequency breaks
and high-frequency power-spectral slope on time-scales of hours, although the
slope and normalisation of the power spectrum between the breaks does ap-
pear to be stationary (Belloni & Hasinger 1990). The galactic microquasar
GRS 19154105 shows wild variations in its variability properties on timescales
of minutes (Mirabel et al. 1998). It is thought that this non-stationarity in
XRB power spectra is due to changes in the structure, inner radius or the
variability mode of the accretion disk, since the time-scales for power-spectral
variability are comparable to viscous time-scales in a disk around a ~ 10 Mg
black hole. In AGN the time-scales for similar variations must be scaled up by
the black hole mass, so that variations in the shape of AGN power spectra will
occur on time-scales of the order of a decade or more - longer than we sample
here.

It would seem that we need not worry about long-term changes in power-
spectral shape analogous to those seen in XRB systems, however we must
consider the possibility that the power spectrum of AGN is intrinsically non-
stationary on the time-scales which we sample here. Previous work by Green
(1993) using two ROSAT lightcurves of NGC 4051 obtained a year apart,
showed that the RMS variability seemed to be linearly correlated with the
mean flux of each lightcurve, implying that the power spectrum is indeed non-

stationary, in that its amplitude scales with lightcurve mean flux. However, as
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we shall see in chapter 5, NGC 4051 shows evidence of unusual non-stationarity
in its power spectrum on time-scales of months, unlike the other targets we
have monitored. Therefore we should check that NGC 4051 is not a special
case, by looking at how the variance (and hence power-spectral amplitude) of

all our targets scales with flux on short timescales.

2.5 The flux dependence of AGIN variability

We would like to know whether the variance, and hence RMS variability and
power-spectral amplitude of AGN is dependent on flux on the short time-
scales which are well sampled by RXTFE long-look observations. To this end,
I first made 16 s-binned 2-10 keV lightcurves for the long-look observations
of NGC 4051, NGC 5506 and MCG-6-30-15, which all vary significantly on
short time-scales. Details of these observations and data reduction can be
found in Sections 4.1 and 5.1.1. The RXTFE lightcurves are naturally split into
continuous segments of ~ 2500 s duration, corresponding to the time between
Earth occultations of the target AGN. These continuous segments provide a
natural duration to measure the power spectrum over and thus estimate the
integrated power of the lightcurve segment for comparison with its mean flux.
I have chosen to use integrated power as a measure of variance rather than
simply measuring the variance of each segment in the time domain, because
variance is dependent on the duration of each segment, which varies between
~ 2000 and 3000 s, whereas the integrated power in a specifed frequency range
is independent of segment duration. I have chosen to integrate the power spec-
trum of each segment in the frequency range 5 x 107%-5 x 1073 Hz, since above
5 x 107° Hz the power is dominated by the Poisson level.

Due to the intrinsic stochastic nature of the lightcurve, as described in Sec-
tion 2.1, the integrated power in different segments varies naturally about

some mean which is the integrated power for the average power spectrum
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which describes the underlying process. Therefore there is significant scatter
in the integrated power, irrespective of mean flux, and it is necessary to bin
up the measured integrated powers of each segment according to the segment
mean flux. To this end I binned up the variances of each segment according
to whether the segment mean flux lay below or above the mean flux of the
entire lightcurve. The standard error in the resulting mean integrated powers
(henceforth mean variances 02) was calculated in the standard manner using

the scatter of segment variances (¢?) about the mean:

7 _ 1 = 32
T | -7

where n is the number of segments used to calculate the mean variance in that
flux bin.

The mean variance incorporates the variance due to Poisson noise, so the
true mean variances of the source in each flux bin may be obtained from the
measured mean variances by subtracting off the average Poisson noise level in
the power spectrum integrated over the 5 x 107*-5 x 10~2 Hz frequency range.
The resulting values of noise-subtracted mean variance for the low and high
flux bins for all three AGN are shown in Table 2.1, along with the fractional
RMS variability measured in each flux bin. These data clearly show that
the variance of the X-ray lightcurves of all three AGN is dependent on X-ray
flux, and furthermore the relationship between the RMS variability and the
mean segment flux seems to be linear, such that the fractional RMS variability
remains approximately constant, despite significant flux changes (e.g. ~factor
3 for NGC 4051). Therefore, the X-ray variability power spectrum of AGN
measured on short time-scales, is not stationary, since the amplitude of the
power spectrum scales with the square of local mean flux. However, the power
spectrum normalised by the local squared mean flux is effectively stationary,
since the fractional RMS variability is independent of local mean fluz.

Having seen that the amplitude of the power spectrum measured on short

time-scales scales with the square of the local mean flux, we would like to
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Low flux High flux

HMtot M n o? Ofrac H 7 o? Ofrac

NGC 4051 34 | 1.9 17 0.0474+0.024 114 % | 53 16 0.324+0.07 10.7 %
NGC 5506 2811255 20 0.21+£0.05 1.8% |31.2 19 0414£011 21 %
MCG-6-30-15 | 12.2 103 73 028+£0.05 51 % |14.1 70 0.56+0.07 53%

Table 2.1: Flux-related changes in the variance of NGC 4051, NGC 5506 and
MCG-6-30-15. Mean data are shown for low and high flux segments (corre-
sponding to segment fluxes below and above the mean for the entire observa-
tion, given by fitor). p is the mean flux (2-10 keV, count s™!) for each flux
bin, n is the number of segments in the flux bin, o2 is the mean variance

(count? s7?) and O, s the fractional RMS variability (0fac = (gQ/Iu?)%)_

know if this same pattern extends to variations on longer timescales, i.e. does
the average amplitude of a power spectrum measured in any duration AT
scale with the square of the mean flux measured in A7, while the power-
spectral shape remains the same? Unfortunately we do not yet have sufficient
monitoring data on long time-scales to test this for AGN, however we can look
at the X-ray lightcurves of X-ray binary systems to see if a similar pattern
emerges, investigate its dependence on frequency and then by analogy extend

these results to the long time-scale variability of AGN.

2.6 The flux dependence of XRB variability

Power-spectral studies of X-ray binary systems measure the power spectrum
of segments of the XRB lightcurves (~ 1 ksec or more) which are at least ten
times longer than the maximum time-scales sampled by the power spectrum.
The power spectra obtained in this way are very well defined, with high S/N,
but since XRB power spectra flatten below frequencies of ~ 0.1-1 Hz, the
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mean flux does not vary significantly on long time-scales so that any power-
spectral dependence on flux would be very difficult to detect in these studies.
Furthermore, because it is common practice to normalise XRB power spectra
by the squared mean flux of the lightcurves used to make them, any linear
dependence of power spectral amplitude on flux would be missed completely.
In order to search for the kind of non-stationarity we see in AGN power spec-
tra at high frequencies, it is necessary to examine the flux dependence of XRB
power spectra that are measured on short time-scales, so that a significant
range of mean segment fluxes can be sampled. With this in mind, I obtained
public archival data for RXTFE observations of Cygnus X-1 (in the low state),
observed 23 October 1996 (Nowak et al. 1999) and the recently discovered ac-
creting millisecond pulsar, SAX J1808.4-3658 (Wijnands & van der Klis 1998),
observed 18 April 1998, of duration 18 ksec and 23 ksec respectively. Cygnus
X-1is an obvious choice for study, as it is the most well-known black hole X-ray
binary. The accreting millisecond pulsar SAX J1808.4-3658 is a good example
of an accreting system with a red-noise power spectrum which is certain to
contain a neutron star, so any similarity in the variations of the power-spectra
of these objects will provide strong evidence that the power-spectral variability
is intrinsic to the accretion process, independent of whether the central object
has a hard surface or event horizon.

Using PCA binned and event mode data from the observations of Cygnus X-1
and SAX J1808.4-3658 respectively, I made 16 ms binned lightcurves for each
source in the 0-13.1 keV energy range (it was not possible to make lightcurves
in the 2-10 keV range due to the limited spectral resolution of the binned
mode data). The mean fluxes in this energy range were 3377 count s™! and
409 count s~! for Cygnus X-1 and SAX J1808.4-3658 respectively. I then split
each lightcurve into 10 s segments, and determined the noise-subtracted in-
tegrated power in each segment over the 0.1-10 Hz frequency range. Taking
the square root of the integrated power yields the RMS variability o due to
variations in the 0.1-10 Hz frequency range. Due to the good data quality
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and large number of 10 s segments measured in each lightcurve, it is possible
to bin up o as a function of flux using relatively narrow flux bins to examine
the exact form of the o-flux relationship over a broad range of flux. Using a
minimum number of 30 measurements of per flux bin to ensure an accurate
estimate of the standard error in the mean o, the resulting o-flux relation for
both sources is plotted in Figure 2.4.

The dependence of mean o on flux is remarkably linear in both Cygnus X-1 and
SAX J1808.4-3658, implying that the type of non-stationarity seen on short
timescales in AGN lightcurves is also present (and much more significantly de-
tected) in X-ray binary lightcurves, independent of whether the central object
is a black hole or neutron star. The flux dependence of power-spectral ampli-
tude must be intrinsic to the accretion process, and operates over at least 6
orders of magnitude in central object mass.

Visual inspection of Figure 2.4 shows that the o-flux trend in both sources
does not pass through the origin, i.e. there is a constant offset in flux and pos-
sibly also o. To test the goodness of fit of a linear model, including a constant
offset from the origin, I fitted a function of the form o = k(F — C), where F' is
the flux and & and C' are constants. This linear model provides a good fit to
the data, yielding x? values of 28.7 (for 22 degrees of freedom) for Cygnus X-1
and 17.2 (20 degrees of freedom) for SAX J1808.4-3658. The best fitting model
parameters were k = 0.326 + 0.017, C' = 850 £ 130 count s~! for Cygnus X-1
and k = 0.305+0.026, C = 81430 count s~ for SAX J1808.4-3658 (uncertain-
ties are at the 90% confidence level for 2 interesting parameters). Note that
the gradient of the o-F trend k, is equivalent to the fractional RMS variabil-
ity of the variable-o component of the lightcurve. The constant C represents
a second component to the lightcurve, which does not follow the linear o-F
trend but may still contribute to the total value of o. It is not possible to
disentangle the mean flux level of this second, constant-o component and the
contribution it makes to the total o, however the value of C represents the

flux of this component in the limit where it does not vary.
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Figure 2.4: Local flux dependence of mean o for
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Cygnus X-1. The dotted lines mark the best-fitting linear models described in

the text.
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The X-ray power spectra of accreting compact objects are clearly not station-
ary, and depend in a very specific manner on the local X-ray flux. But how
does this non-stationarity depend on the power-spectral frequency? Does only
the amplitude of the power-spectrum change, or does its shape change also?
To investigate the dependence of power-spectral shape on flux for Cygnus X-
1, I made two flux-binned power spectra, by binning up the power spectra
made from 100 s segments according to whether the mean X-ray flux of the
segment lay above or below the mean flux of the entire observation. The re-
sulting power spectra are shown in Figure 2.5. Although the flux variations in
Cygnus X-1 on time-scales of ~ 100 s are not large, the quality of the power
spectra made in this way is easily sufficient to see the difference made by a
relatively small change in flux. Clearly the power spectral shape remains the
same, while its normalisation scales with squared mean flux over at least 3
decades of frequency.

Having shown that the normalisation of the power spectrum of the black
hole X-ray binary Cygnus X-1 scales with the local squared mean flux across
all measured frequencies (after taking account of the constant-o component to
the lightcurve) we can assume that the power spectra of AGN show the same
behaviour. Therefore we should not normalise power spectra by the mean of
the lightcurve on long time-scales - we should instead normalise by the local
mean, i.e. the mean of the lightcurve used to make that particular section of
the broadband power spectrum. One outstanding question is whether AGN
show evidence for a constant-o component to their lightcurves. If o is di-
rectly proportional to the local mean flux of the variable-o component of the
lightcurve (i.e. any second component to the lightcurve is constant and does
not contribute to o), then the constant flux component C is given by:

M2 T

gy 3
o1 1

where 141 and py are the low and high mean flux levels respectively, with RMS

O:,ul

variabilities oy and o,. Using the 68% confidence upper limit to o3 and the

lower limit to oy (inferred from the uncertainties in o given in Table 2.1) we
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Figure 2.5: Local flux dependence of the power spectrum of Cygnus X-1. The
black line marks the power spectrum for segments of mean flux greater than
the total mean of the entire observation, the dark grey line marks the mean
power spectrum for segments of mean flux less than the total mean. The
corresponding combined mean fluxes for all segments used to make each power

spectrum are also shown in the figure.
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can set a 90% confidence upper limit on C of 0.82 count s~!, 18.2 count s}
and 4.5 count s for NGC 4051, NGC 5506 and MCG-6-30-15 respectively.
No lower limits can be set. It is interesting to compare these upper limits as
a fraction of total mean lightcurve flux with the values of C' measured for the
XRB systems in the same limit where C' represents a constant component to
the lightcurve. The fractional values of C, relative to mean lightcurve flux, for
Cygnus X-1 and SAX J1808.4-3658 are 0.25 and 0.2 respectively, compared to
upper limits of 0.24, 0.65 and 0.37. The AGN lightcurves are consistent with
having a second component like those of X-ray binaries, but the low upper limit
on C for NGC 4051 implies that this source at least may differ from the X-ray
binaries I have considered, in having a smaller (or non-existent) constant-c

component to its lightcurve.

2.7 Summary

In this chapter, we have seen how we measure the power spectrum from ob-
served lightcurves, and discussed the conventions that will be used to measure
power spectra throughout this work, namely that we shall use the RMS squared
normalisation and bin the measured power spectra logarithmically. We have
seen how we can simulate lightcurves and how we can use these simulations
to estimate the distorting effects of the lightcurve sampling pattern on the
observed power spectrum, such that it is not a fair representation of the true
underlying power spectrum. The distorting effects of sampling are dependent
on the underlying model power spectrum, so that in general, it is necessary to
use simulated lightcurves to estimate the distortion on the power spectrum and
hence compare the observed power spectrum with what we expect from a given
model power spectrum. In the next chapter, we shall investigate this concept

further and develop a technique, PSRESP, which can make robust estimates of
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the probability that a given model is capable of describing the observed power
spectrum.

We have also seen that, quite unexpectedly, the power-spectra of lightcurves
of three AGN and the X-ray binaries Cygnus X-1 and SAX J1808.4-3658 are
intrinsically non-stationary in that the mean RMS variability is linearly de-
pendent on flux. The power spectrum of Cygnus X-1 shows that this linear
dependence results from the power-spectral shape staying the same while the
power-spectral amplitude scales with the square of local mean flux. I will
discuss the implications of this remarkable dependence of power-spectral am-
plitude on local mean flux in the concluding chapter of this work. For now, it
is important that we take with us the lesson that, despite our preconceptions,
we must always normalise power spectra by the local mean flux in order to

compare them.
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Chapter 3

PSRESP: A robust method for

measuring power spectral shape

Overview

This chapter describes the method we shall be using to estimate the model-
dependent, underlying power-spectral shape of lightcurves whose directly-measured
power spectra are distorted by sampling effects. I shall first describe the phi-
losophy underlying the basic technique, called the ‘response method’, and then
show how this technique can be applied using Monte Carlo methods to esti-
mate reliable probabilities that a given underlying power-spectral model is ac-
ceptable for describing the data. The specific implementation of this method,

which I have called PSRESP is then given along with caveats for its use.

In Chapter 2, we saw how the intrinsic stochastic variability of red-noise
lightcurves leads to uncertainties in the measured power-spectral shape. Fur-
thermore, sampling the lightcurves at discrete intervals for limited durations
distorts the measured power spectral-shape away from that of the true power

spectrum. These effects are dependent on the underlying power-spectral shape



3.1. The response method concept ~-58~

and the sampling pattern of the lightcurve and may only be neglected if a
lightcurve is continuously sampled (so that aliasing effects can be ignored) for
a time duration much longer than the corresponding minimum frequency being
sampled by the power spectrum (so that red-noise leak is minimised and esti-
mated uncertainties are reliable). Unfortunately, due to observing constraints
and the long time-scales which AGN vary on, neither of these criteria are satis-
fied by our (or any other) AGN monitoring campaign. It is therefore necessary
to develop a robust technique for estimating the true power-spectral shape
(and its uncertainty) of unevenly sampled lightcurves, in order that we can
confidently study the broadband power-spectral shape of AGN and compare
our findings with the power spectra characteristic of X-ray binary systems. The
method I have developed is called PSRESP, short for Power Spectral RESPonse,

and is based on the ‘response method’ described by Done et al. (1992).

3.1 The response method concept

As described in Section 2.3, the power spectral distortion caused by a lightcurve
sampling pattern can be understood as being due to a convolution of the
Fourier transform of the true underlying process with that of the sampling
window (the ‘window function’). The response method (Done et al. 1992)
is based on an analogy with the problem of spectral response encountered in
X-ray spectroscopy. In the process of measurement of an X-ray energy spec-
trum, the true underlying X-ray spectrum is distorted by the limited energy
resolution and instrumental effects of the X-ray telescope. The effect is to con-
volve the true X-ray spectrum with a ‘spectral response function’ to yield the
distorted spectrum which is actually measured. The convolution smears the
energy spectrum so that the measured X-ray spectrum is model dependent,
hence models are fitted to the data by convolving an underlying model ‘guess’

with the best estimate of the telescope response function and then comparing
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the resultant model measured spectrum with the real data. The errors in the
data are primarily due to simple counting statistics, so they are not distorted
by the response function (since they are not intrinsic to the underlying spec-
trum), and may thus be used to estimate a x? value for the model to determine
a robust probability that the model is a good fit to the data. In this way, the
best-fitting model spectrum can be found by x? minimisation while stepping
through a given range of model parameters. The veracity of this technique has
been shown by Lampton, Margon & Bowyer (1976) and more recently, Yagoob
(1998).

In the power spectral case, we have a measured power spectrum which is dis-
torted away from the underlying power spectrum by the effects of sampling
(the window function is analogous to the response function). Therefore it
would seem that we need to determine the best-fitting model power spectrum
by stepping through a range of power-spectral parameters to generate model
power spectra, somehow convolving them with the window function to make
distorted model power spectra, and then estimating a chi-squared value of the
distorted model power spectrum by comparing it with the measured power
spectrum.

Unfortunately however, this is where the analogy with X-ray spectroscopy
ends. The power spectrum, Pea(v) of the real lightcurve which underlies the
lightcurve which we sample is assumed to be a stochastic realisation of a pro-
cess defined by the model power spectrum Ppoq(r) which we are seeking to
fit (see Section 2.1). The power of any realisation of the model process is dis-
tributed randomly (with standard deviation Ppoa(), Timmer & Koénig 1995)
about the model power spectrum, contributing to an intrinsic uncertainty in
Pruoa(v). Hence the distribution of power which is otherwise used to estimate
the uncertainty on Prnea(v) is itself distorted, so that the method of error esti-
mation described in Section 2.1 cannot be applied to power spectra distorted
by sampling. To deal with this problem, Done et al. (1992) and later Green,
M¢Hardy & Done (1999) determined the distorted power spectrum for a given
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underlying model by averaging a large number of power spectra made from sim-
ulated lightcurves with the same sampling as the data, using the RMS error on
the model average power at each frequency (calculated from the spread of sim-
ulated powers at that frequency) as an estimate of the error in the power. This
RMS error is then used to calculate the x? for the model compared with the
data. We cannot estimate errors for the observed power spectrum, because
it is distorted by sampling effects and hence is model dependent. However,
since the definition of the y? parameter is based on the variance of the model
population from which the data is drawn, the approach of assigning an error to
the model is technically more correct than assigning an error to the measured
data.

Using this technique, Done et al., Green, M®Hardy & Done and also recently
Leighly (1999) determined x? for various power-spectral model fits to long-look
observations of AGN, and hence estimated their best-fitting power-spectral pa-
rameters. However, all these investigations suffer from the problem that the x?
parameter estimated from comparing distorted model average power spectra
with measured power spectra, x3., is not the same as the x? which follows
from the well-known statistical distribution. This is because the ensemble of
simulated powers used to define the RMS error on the model average power is
not normally distributed, due to the distorting effects of sampling. Although
the x3., will give an estimate of the best-fitting set of model parameters, reli-
able confidences cannot be placed on these parameters by assuming the usual
x? distribution.

It is therefore necessary to determine the distribution of x3., directly from
the simulated power spectra, by determining a x3., for each simulated power
spectrum. Then, the percentile of this distribution which the observed value of
x2.., lies in gives the probability that the observed data can be described as a
realisation of the given model parameters, i.e. the null hypothesis is satisfied.
For example, if only 1% of simulated power spectra have a greater x3, than

the observed power spectrum, there must only be a 1% probability that the
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observed data is a realisation of the model parameters, i.e. the given model
parameters can be ruled out at 99% confidence. This technique of using Monte
Carlo simulation of synthetic data sets to set confidence limits on estimated
model parameters is described in more detail by Press et al. (1992, section
15.6). I have applied this technique to the determination of reliable confidence
estimates for power spectral models fitted to AGN monitoring data in the

PSRESP software, which I describe in more detail below.

3.2 PSRESP implementation

As described in Section 1.3.2, our AGN monitoring program maximises the fre-
quency coverage of the power spectrum at a minimum cost in observing time,
by observing our targets using several observing schemes to measure variabil-
ity on different time-scales. Long-look observations, obtained as part of our
program or from the RXTFE public archive, are used to measure power at the
highest frequencies (> 107® Hz), while daily and twice-daily observations mea-
sure the medium-frequency power spectrum (1076-107% Hz) and observations
every two weeks extend the power spectrum to low frequencies (1073-107° Hz).
Assuming that the power spectral shape is stationary on time-scales of a few
years (as we would expect if time-scales for changes in power-spectral shape
scale with black hole mass), and given the discovery that power spectral nor-
malisation scales with local mean flux (as reported in Chapter 2), then we can
obtain a good measure of the broadband power spectrum of one of our targets
by fitting the power spectra measured from each observing scheme (normalised
by the local squared mean) with a single power-spectral model.

For targets which vary significantly on time-scales of less than ~ 1 ksec, it is
desirable to make very-high-frequency (VHF') power spectra which are undis-

torted by aliasing, by using continuous data segments from long-look observa-
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tions to make separate power spectra and then averaging them (so these VHF
power spectra cover the frequency range > 4 x 107* Hz). The standard er-
rors on these power spectra can be determined using the conventional method
described in Section 2.1. The number of continuous segments and hence indi-
vidual power spectra used to make the VHI power spectra will be large (~ 40
or greater) and hence their errors will be reliable. We can then use the VHF
power spectra to tie down the power-spectral shape at short timescales, with-
out needing to simulate lightcurves with high time resolution (16 s), which
would be very time consuming. Instead, the VHF model average power spec-
trum can be the undistorted power-spectral model, calculated directly from
the model parameters (however, see Section 3.3 for how to deal with red-noise
leak).

The procedure for running PSRESP is then as follows: lightcurves are made
for each observing scheme and are input together with details of their local
mean fluxes, Poisson noise levels, bin sizes (1000 s for monitoring snapshots)
and the lightcurve bin size to be used for making power spectra (e.g. 86400 s
for the daily observing scheme) spectra. Also, details of how to bin up the
resulting power spectra are included. Next, if there is significant power at
high frequencies, the VHF power spectrum (which has already been made) is
input, along with its Poisson noise level and corresponding local mean flux for
normalisation purposes.

The basic method used by PSRESP is then summarised as follows.

1. First read each observed lightcurve, ;(¢), where ¢ denotes the lightcurve
and ¢+ = 1 to n, the total number of lightcurves used to measure the
shape of the power spectrum. Measure its sampling pattern, s;(¢) and
determine the power spectrum P, () normalised by the square of the
mean flux of z,;(¢), binning the power spectrum up as desired. Also read

in any previously measured, VHF power spectrum, Pypr(v).

2. Step through the range of power-spectral model parameters to be fitted.
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For each set of model parameters, which define an underlying model

power spectral shape, Ppoa(r) carry out the following:

(a) For each z,(t) carry out the following:

i. Simulate NV lightcurves which are realisations of Ppoa(v) and
have sampling pattern s;(%).
ii. Make power spectra, Pem, ;(v) (where j = 1, N) from the simu-
lated lightcurves, binned in the same way as Pops (V).
iii. Average the Pym j(v) to get the model average distorted power
spectrum, for the lightcurve, Pinm(r) and use the spread in

Peim j(v) in each frequency bin to estimate the RMS error A Pam(v).

(b) Define a statistic, which we call x3,,, which is calculated from the
model average and observed power spectra of each lightcurve:

— 2
2 Ymax <Psim(1/) - Pobs(V))
Xdist ™ Z AE(V)Z s

V=Vmin

where vy, and vpax are respectively the minimum and maximum
frequencies measured by Pop.(). Sum the x2, . determined for the
power spectrum of each input lightcurve (combining with the or-
dinary x* measured from the VHF power spectrum) to determine
the total x2_, for the model relative to the observation. Find the
correct normalisation of the model by renormalising all the Pam(v)

by the same factor k, varying k until the total x%_ is minimised.

(c) Determine a reliable probability that the observed broadband power
spectrum could be a realisation of the model power spectrum as

follows:

i. For each observed power spectrum (except the VHE power spec-
trum), randomly select a simulated power spectrum Py j(¥)
from those used to make the model average power spectrum,
and measure its x3,, relative to the model, by substituting

Pyim j(v) for the observed power spectrum Py (). Simulate a
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VHF power spectrum by randomly drawing the power at each
frequency from a Gaussian distribution of mean equal to the
model power at that frequency and standard deviation equal to
the estimated error at that frequency. Calculate the x? of the
simulated VHF power spectrum and sum with the y3%,, mea-
sured for the randomly drawn simulated power spectra to find
a total simulated y2._..

ii. Repeat the above step M times, to determine the distribution
of total X2, for M realisations of the model power spectrum,
and count the number of realisations for which y%  exceeds
that measured for the observed power spectra, MXiist>X§ist,obs.

The probability that the data can be described as a realisation

of the model is then given by M/M,

2 2 .
dist >Xdist ,obs

3. Use the probabilities obtained for each Pnoa(v) to set confidence limits on
the model parameters, and plot best-fitting model average power spectra,

confidence contours etc. as desired.

3.3 Lightcurve simulation and computing time

The main drawback with using the response method is that it is computation-
ally demanding, requiring that large numbers of lightcurves are simulated and
power spectra calculated from them. Even though PSRESP uses the inverse
Fast Fourier Transform method of Timmer & Koénig to generate lightcurves,
the sheer length of lightcurves required to create model average power spectra
to low frequencies means that we must consider ways to minimise the comput-
ing time needed to run PSRESP, while maintaining its reliability and accuracy.
The first point to consider is the time resolution of monitoring lightcurves,

which, in order to be totally realistic, should be equal to the duration of the
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snapshot observations, ATgps, i.e. 1 ksec. In practice, this constraint may
be significantly relaxed, since for red-noise lightcurves, most of the contribu-
tion to aliasing and its uncertainty is due to variations at frequencies close to
the Nyquist frequency, because there is not much power at frequencies much
greater than this. For our monitoring data this means that we can account
for most of the model average power spectrum and its uncertainty by making
lightcurves of resolution ATgy,, which is ~ 10 times less than the sampling
time-scale ATamp of the observation scheme under consideration. We can
estimate the small amount of extra power due to variations on time-scales
less than this resolution by integrating the power of the specified model be-
tween the frequencies (2AT4m) ™! and (2AT,1)~t, which contributes a small
additive component to the power spectrum analogous to the Poisson level, as
described in Section 2.3. Note that we cannot simply simulate lightcurves of
resolution ATump and then estimate the entire contribution due to aliasing
in this way, since fluctuations in the underlying power spectrum at frequen-
cies close to vnyq contribute significantly to the uncertainty in the power at
the highest frequencies, which we must determine accurately in order to es-
timate reliable confidences in the models. However, since we have increased
the simulated lightcurve bin size from 1 ksec to ~ 10 ksec and ~ 100 ksec
for daily and fortnightly monitoring schemes respectively, we have achieved a
substantial decrease in computing time without compromising the accuracy of
the method.

Now let us consider the durations of simulated lightcurves used by PSRESP. In
order to take account of the distorting effects of red-noise leak due to power at
frequencies less than the minimum frequency observed, simulated lightcurves
must be significantly longer than the observation length, 7' (by at least a fac-
tor 10). However, we can minimise the cost of making long lightcurves by
obtaining all our simulated lightcurves from a single, very long lightcurve.
Thus, if we wish to simulate 1000 lightcurves of duration 107", we can instead

simulate one single lightcurve of duration 10T and split it into 1000 smaller
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lightcurves which we use as our sample of simulated lightcurves. Note that
although any long timescale trends in the total simulated lightcurve will con-
tribute the same amount of red-noise leak to all the simulated power spectra,
the bulk of red-noise leak (and the power-spectral uncertainty it introduces)
will be due to variations on shorter timescales, comparable to the observation
duration. Hence the red-noise leak contribution in a model average power
spectrum made from a 1000 segments of a lightcurve of duration 10°7 will
be roughly equivalent to that measured from 1000 independently simulated
lightcurves.

Finally, we must consider the effects of red-noise leak on the VHF power spec-
trum. Under the implementation of PSRESP described above, the VHF power
spectrum made from continuous data segments (which does not suffer from the
effects of aliasing) is used as a good representation of the underlying measured
power spectrum and its uncertainties. However, if we simply compare the VHF
power spectrum with the underlying undistorted model shape, we ignore the
effects of red-noise leak which could be significant in distorting the shape of
the VHF power spectrum, especially if the underlying power spectrum does
not flatten significantly until far below the minimum frequency sampled by
the VHF power spectrum. Therefore, we need to take account of the effects of
red-noise leak on the model power-spectral shape at high-frequencies. It is not
necessary to deal with aliasing effects since the lightcurve segments used to
make the VHF power spectrum are continuous. The simulated lightcurves are
made to be at least 64 times longer than v}, where vin is the minimum fre-
quency sampled by the VHF power spectrum, with resolution At smaller than
2l where vmay is the maximum frequency which contains significant power
above the noise level (typically around 3 x 1072 Hz) and is chosen so that the
ratio of Vmax t0 Vmin is a power of 2. Power spectra of the lightcurves sampled to
have duration v}, may then be made using the Fast Fourier Transform, which
allows a VHF model average power spectrum for 1000 simulated lightcurves

to be determined very rapidly. The VHF model average power spectrum is
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then used in place of the underlying model power spectrum (although the dif-
ferences are generally only small since red-noise leak is not pronounced in our
targets), while the errors determined from the observed VHF power are used

as errors on the model (since these will not be greatly affected by red-noise

leak).

3.4 Additional caveats

Although the technique presented here is currently the best method of reli-
ably constraining the power-spectral shape of unevenly and discretely sampled
lightcurves over a broad range of frequencies, it is important to note the as-
sumptions which underly the PSRESP method as it now stands.

As I have described earlier, the measurement of a single broadband power
spectrum from separate power spectra made from different observing schemes
at different times relies on the assumption that the power spectral shape re-
mains stationary on time-scales comparable to the duration of the monitoring
programs described here. Proof of this assumption will come from the obser-
vational results themselves, in that the observed power spectra from different
observing schemes can be well fitted with the same power-spectral model (as
shown in the following chapter) although one of our targets, NGC 4051, shows
evidence of unusual non-stationarity in its lightcurve which violates this as-
sumption and will be described in Chapter 5.

A second assumption, which is made in the calculation of probabilities, is that
the power spectra measured by different observing schemes are independent of
one another. Clearly this is not strictly true if one observing scheme (e.g. 6
weeks of daily observations) is embedded in a longer one (three years of fort-
nightly observations). However, provided that the frequency coverage of the
different schemes does not overlap significantly, then the only significantly cor-

related contribution to the power spectra will be due to red-noise leak effects
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which are weak in any case and negligible if the power-spectra flatten towards
low frequencies.

Finally, it is important to note the effects of the flux dependence of power
spectral amplitude described in Section 2.4, since lightcurves simulated by the
method of Timmer & Konig (or any other method known by the author) do
not have this property. As described in Section 2.3, aliasing distorts the power
spectrum by contributing a constant value to the power, whose integrated
power is on average equal to the integrated power between the Nyquist fre-
quency and (2tp;,)~", where ty,;, is the bin time of the sampled data points.
Therefore the constant level due to aliasing is proportional to the integrated
power. If the power spectrum was truly stationary, the contribution to this
constant level from each data point would be the same, since the integrated
power is independent of flux. However, because integrated power scales with
the square of flux, data points which sample a higher local flux will contribute
more to the aliasing than those which sample a lower flux. The net effect
however, is that the mean level of aliasing contributed by all data points is
proportional to the mean flux of the entire observation, so that it is equiva-
lent to the case where the power spectrum is truly stationary. Therefore the
fact that the simulated lightcurves don’t show the intrinsic non-stationary be-
haviour shown by real lightcurves should not be important for the purpose of

simulating power spectra.
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Chapter 4

The broadband power-spectral
shape of Seyfert galaxies

Overview

In this chapter, I apply the PSRESP method to measuring the broadband
power-spectral shape of four Seyfert galaxies, including three of the targets
we have monitored with RXTE, (MCG-6-30-15, NGC 5506 and NGC 5548)
and NGC 3516 which has been intensively monitored as part of a separate
program (Edelson & Nandra 1999). T test the measured power spectra with a
simple power-law model to see if they flatten, and then test two simple models,
a knee model and a high-frequency break model, to see how well they describe
any flattening which we see. The implications of measured break frequencies
for the hypothetical scaling of the power spectrum with luminosity and black
hole mass are discussed. Finally, we look at the energy dependence of RMS

variability and the power spectrum.
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4.1 Observations and data reduction

In this section, I will describe the data used to make broadband power spectra
for MCG-6-30-15, NGC 5506, NGC 5548 and NGC 3516, and the reduction
method applied to the data.

4.1.1 MCG-6-30-15 observations

MCG-6-30-15 was observed by RXTE as part of our long-term Seyfert moni-
toring program, which consists of sequences of snaphots of ~ 1 ksec exposure
obtained using several different sampling intervals. In accordance with the
observing plan, which was intended to measure a broadband power spectrum
at minimum cost in observing time, MCG-6-30-15 was observed weekly from 8
May until 21 August 1996, then twice-daily for two weeks from 23 August to 5
September 1996, then daily for ~ 4 weeks from 6 September to 29 September
1996. During AO2 and AO3, MCG-6-30-15 was observed every two weeks for
the duration of each observing cycle until 2 February 1999, with the excep-
tion of a 4 week gap in observations (due to sun-angle pointing constraints on
RXTE) each November. Monitoring continued in AO4 on a monthly basis,
but for the purpose of this work, I only include data to the end of AO3, be-
cause instrumental gain changes on RXTFE early in AO4 mean that count rates
measured after that time are not comparable with those measured in previous
AOs.

MCG-6-30-15 was also observed for ~ 400 ksec total exposure time from 03:31
UT on 4 August 1997 to 12:34 UT on 12 August 1997. This long-look ob-
servation was only interrupted by Earth-occultations of the source, and is the
longest quasi-continuous observation of an AGN to date. I obtained the data
for this observation from the RXTF public archive, in order to make the high-
frequency and VHF power spectra of MCG-6-30-15. Spectral analysis of this
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Figure 4.1: Intensive monitoring (top) and long-look (512-s binned) 2-10 keV
lightcurves of MCG-6-30-15.

data is described by Lee et al. (1999), while Reynolds (2000) uses the data to
study variability of the iron line. Power spectral analysis of the observation is
reported by Nowak & Chiang (2000), who find evidence for a power spectral
break at 10~* Hz, however since Nowak & Chiang simply calculate the power
spectrum and its errors directly from the observed lightcurve, without account-
ing for sampling effects and poorly-defined errors, no formal significance can
be placed on their result. The additional data provided by our long term mon-
itoring program combined with the PSRESP technique of power-spectral model
fitting should allow us to place the first valid constraints on the power-spectral
shape over a much broader frequency range.

The long-term monitoring lightcurve of MCG-6-30-15 was shown in Figure 1.6.
The intensive monitoring and long-look lightcurves are shown here in Fig-

ure 4.1.
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4.1.2 NGC 5506 observations

NGC 5506 was observed by RXTFE as part of our long-term Seyfert monitoring
program using the same observing pattern as used for MCG-6-30-15. Weekly
monitoring lasted from 23 April to 28 July 1996 in AO1, followed by twice daily
observations for two weeks and 4 weeks of subsequent daily observations, for a
total intensive monitoring period from 8 August to 19 September. Fortnightly
observations followed in AO2 and AO3 (with a two month gap during October
and November of each year due to sun-angle constraints), until 2 February
1999. Monthly monitoring continued in AO4 but is not included for the reasons
outlined earlier. The total monitoring lightcurve is shown in Figure 1.6 while
the intensive monitoring section of the lightcurve is shown in more detail in
Figure 4.2.

We obtained an RXTFE ~ 100 ksec ‘long-look’ observation of NGC 5506 from
04:45 UT 20 June to 12:33 9 July 1997. Unfortunately, the observation was
sporadically broken up over these 19 days, with no single continous exposure
(after accounting for Earth occultations) greater than 25 ksec (see Figure 4.2).
Because the lightcurve is broken up in this way, it is next to useless for probing
frequencies below 10™* Hz, but since the X-ray variability of the source shows
significant variability on short timescales, I shall just use the lightcurve to
construct a VHF power spectrum using continuous data segments (i.e. down
to 4 x 107* Hz). In order to sample frequencies down to 10~° Hz, I shall use
the 200 ksec long-look observation of NGC 5506 obtained with EXOSAT from
24-27 January 1986 (M°Hardy & Czerny 1987, and see Figure 1.4). The energy
range sampled by EXOSAT (1-9 keV) is comparable to the 2-10 keV range
I shall use here, so the power spectrum normalised by the squared mean flux
should have similar shape and amplitude to the power spectrum measured by
RXTE, if the power-spectral shape is stationary on time-scales of a decade. As
an added precaution, however, I will also fit the broadband power spectrum of

NGC 5506 without including the EXOSAT data.



4.1.

Observations and data reduction

Flux (count s™%)

20 30 40

10

40

!

320
Time (TID-10000)

330

30

Flux (count s™%)
20
i

L | 5 N L 4 i 1 5 i t L
625 630
Time (TJD-10000)

Figure 4.2: Intensive monitoring (top) and long-look (512-s binned) 2-10 keV
lightcurves of NGC 5506.

A study of the spectral variability of NGC 5506 using both the monitoring and
long-look data is contained in Lamer, Uttley & M°Hardy (2000).

4.1.3 NGC 5548 observations

In common with the monitoring programs for MCG-6-30-15 and NGC 5506,
we observed NGC 5548 with RXTE twice-daily for two weeks and then daily
for four weeks, for the period from 26 June to 8 August 1996, although this
intensive monitoring period did not occur at the end of the AO and was em-
bedded in the period of weekly monitoring which lasted from 23 April to 26
October 1996. There were no gaps due to sun-angle constraints, so the moni-

toring campaign resumed with fortnightly observations on 12 November 1996,
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which continued throughout AOs 2 and 3 (until 22 December 1998), but did
not continue into AO4.

NGC 5548 was observed for number of continuous periods from June to August
1998 as part of a separate program to study spectral variability (see Chiang et
al. 2000). I have obtained the longest of these observations from the RXTFE
public archive, of 90 ksec exposure covering the period 20 June to 23 June
1998. The observation is not continuous, but is much better sampled than the
NGC 5506 observation, so it is adequate to measure the power spectrum down
to a frequency of ~ 1075 Hz. However, since NGC 5548 shows no evidence
for variability on timescales less than 1 ksec, I shall not use this long-look
lightcurve to measure the VHF power spectrum and its errors directly.

The RXTE observations of NGC 5548 suffer from a minor complication in that
the field of view also contains the BL Lac object 1E 1415.6+2557, offset 0.5°
from NGC 5548, which is known to be X-ray bright (Nandra et al. 1993).
Chiang et al. conducted separate pointings at this source and found that its
contaminating contribution to the measured 2-10 keV PCA count rate (for
3 PCUs) of NGC 5548, after allowing for the effects of the PCA collimators,
was only ~ 2 count s™! (about 10% of the total measured count rate). The
contaminating flux was estimated to vary by < 0.8 count s™! in two months,
an amount which would be indistinguishable from variations at the Poisson
noise level of the NGC 5548 lightcurves. Hence, 1E 1415.6+2557 should not
contribute significantly to the power spectrum of NGC 5548 which we measure,
although, in order to take account of its contribution to the mean flux level
of the NGC 5548 lightcurve, I shall henceforth subtract 2 count s™' from the
measured 2-10 keV mean flux level of NGC 5548 for the purposes of power-
spectral normalisation.

Figure 1.6 shows the total long-term monitoring lightcurve obtained for NGC 5548,

while the intensive monitoring and long-look lightcurves are shown in Fig-

ure 4.3.
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Figure 4.3: Intensive monitoring (top) and long-look (512-s binned) 2-10 keV
lightcurves of NGC 5548.
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4.1.4 NGC 3516 observations

NGC 3516 was intensively monitored with RXTFE in AO2 and AO3 as part
of a separate program (P.I. Rick Edelson) to measure its broadband power
spectrum, as reported in Edelson & Nandra (1999), who selected NGC 3516
as a good target on the basis that it is a high latitude X-ray source and can
be continuously viewed without Earth occultation. The high-frequency part
of the power spectrum was measured using a continuous 4.3 day observation
(obtained 00:14 UT 22 May to 05:37 UT 26 May 1997), which was sandwiched
in a sequence of 256 snapshots obtained every 12.8 hours (obtained 16 March
to 30 July 1997), in order to sample medium frequencies. The low-frequency
coverage was extended by sampling every 4.3 days for the remainder of AO2
and AO3. Edelson & Nandra report the detection of a knee at ~ 4 x 10~7 Hz,
however they take no account of the effects of aliasing on the power spectrum
and furthermore, determine errors using the spread in the measured power
spectrum, rather than estimating them from simulations. Hence the resulting
measurement of power spectral shape is biased towards a flattening at low fre-
quencies (due to the fact that aliasing is greater for longer sampling intervals).
It is therefore important to apply the PSRESP method to the observations of
NGC 3516, in order to estimate a reliable confidence in any flattening in the
power spectrum and compare the measurements of power-spectral shape ob-
tained by PSRESP with those of Edelson & Nandra. To this end, I obtained
data from the NGC 3516 monitoring program from the RXTFE public archive,
including long-term monitoring data up to 28 December 1998. I also obtained
data from a second long-look observation from 08:00 UT 13 April to 16:13
UT 16 April 1998, which will serve to further tie down the power spectrum
at high frequencies. All the lightcurves I will use to measure the broadband
power spectrum are shown in Figure 4.4. Note that the long-look lightcurves
show little evidence for variability on time-scales less than 1 ksec, so as with

NGC 5548 1 shall not use the long-look lightcurves to measure a VHF power
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spectrum.

4.1.5 Data reduction

All the data described above was reduced using the FTOOLS v4.2 RXTE data
reduction tools. Lightcurves were made using PCA Standard 2 data in the
2-10 keV energy range, corresponding to PCA channels 7-28, for the top layer
of the PCUs only, in order to maximise signal to noise, since the background
count rate becomes significantly larger than the source count rate if the other
layers are included. Only data from PCUs 0, 1 and 2 were extracted, because
PCUs 3 and 4 are only switched on intermittently due to discharge problems.
Standard screening criteria were applied, so that the pointing offset to the
source was less than 0.02°, Earth elevation was restricted to be greater than
10°, electron contamination was required to be less than 10% and data obtained
within and up to 20 minutes after the South Atlantic Anomaly maximum was
excluded.

Background was estimated using the L7 faint source models for gain epoch 3
and subtracted from the observed lightcurves to leave the source lightcurves.
As part of their program to monitor NGC 3516, Edelson & Nandra obtained
offset pointed observations, near to NGC 3516 but in a region of sky believed
to be free of bright sources, in order to test the accuracy of the L7 back-
ground model and search for long-term variations in any residuals due to poor
background subtraction (which might contribute spurious power to the power
spectrum). Although they measured a small, but constant positive flux offset
in background-subtracted blank-sky observations (0.87 count s™'), long term
variations in this offset were very small (RMS variability 0.39 count s™' in one
year). This level of variability is not much greater than that expected due

to Poisson noise, and is negligible compared to the variations we see in our
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Figure 4.4: 2-10 keV lightcurves of NGC 3516, from top to bottom: total

monitoring lightcurve, intensive monitoring lightcurve, May 1997 long-look

lightcurve, April 1998 long-look lightcurve (long-look lightcurves binned to

512 s).
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monitoring lightcurves on a similar timescale, hence we do not expect it to
contribute significantly to the power spectrum. Comparison of simultaneous
BeppoSAX and RXTE observations of NGC 4051 have shown that, in this
source the L7 background model is accurate in subtracting background with
negligible residuals (Uttley et al. 1999, and see Section 5.2.2). This suggests
that much of the residual positive offset seen by Edelson and Nandra may be
due to spatial X-ray fluctuations in the cosmic X-ray background or a single,
relatively faint X-ray source.

Monitoring lightcurves were binned to the minimum bin-times to be used for
the power-spectral analysis, 8640 s for MCG-6-30-15, NGC 5506 and NGC 5548,
and 4608 s for NGC 3516, in order to avoid splitting single snapshots over two
or more time bins. Although binning in this way results in some small inaccu-
racies in the observation times, the discrepancies will be smaller than the bin
times used for lightcurve simulations and so will not affect the results. Long-
look lightcurves were binned in 512 s bins in order to fit power spectral models
down to ~ 1073 Hz without needing to simulate lightcurves with excessively
small bins. Additional long-look lightcurves were made with 16 s binning for
MCG-6-30-15 and NGC 5506 in order to measure VHF power spectra directly
in the 4 x 107*-10~% Hz frequency range. Finally, the 30 s binned EXOSAT
band D lightcurve for NGC 5506 was obtained from the HEASARC public
archive and binned up to 512 s (this data is pre-reduced).

4.2 A first look at the RMS wvariability and

power spectra

In order to calculate the power spectra, I first make additional, separate

lightcurves corresponding to just the periods of intensive monitoring so that
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for each source we have lightcurves for three observing schemes for input into

PSRESP:

1. A long time-scale lightcurve incorporating all monitoring data, to mea-

sure the low-frequency power spectrum (~ 107® Hz-10-% Hz).

2. An intensive monitoring lightcurve, to measure a medium-frequency power

spectrum (~ 1076 Hz-107° Hz).

3. A long-look lightcurve (two such lightcurves for NGC 3516) to measure
the high-frequency power spectrum ~ 107 Hz-10=* Hz.

Additionally, for MCG-6-30-15 and NGC 5506, I calculate the power spec-
trum (and reliable errors) directly for continuous segments of the 16 s binned
lightcurves of ~ 2.5 ksec duration, to provide a measure of the VHF power
spectrum at the highest frequencies (~ 4 x 107* Hz-10"2 Hz) which can be
input directly into PSRESP.

The monitoring lightcurves consist of a mixture of sampling times (e.g. twice-
daily and daily for the intensive monitoring lightcurves, while the long term
lightcurves consist of twice-daily, daily, weekly and fortnightly monitoring).
Therefore, in order to minimise any distortion, the power spectra are made
from lightcurves binned up to the maximum sampling interval of the observ-
ing scheme under consideration (i.e. two weeks or 1209.6 ksec for the long-
term monitoring lightcurves, 86.4 ksec for the intensive monitoring lightcurves,
except for NGC 3516 where I bin the long-term and intensive monitoring
lightcurves to 4.3 days and 12.8 hours respectively). Long-look lightcurves
will be binned to 2048 s for the purposes of making power spectra, so that
gaps due to earth occultation are minimised to be no more than one bin wide.
The total lightcurve durations, bin widths, mean fluxes, fractional RMS vari-
ability (after subtracting the Poisson noise contribution to variance) and power-

spectral Poisson noise levels (equal to twice the mean total count rate for the
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lightcurve) for each lightcurve are given in Table 4.1. Note that mean flux and
fractional RMS are calculated based on the quoted bin widths, i.e. the contri-
butions to mean flux and fractional RMS from each bin are equally weighted,
so that bins containing many data points (e.g. 2-week wide bins which contain
daily or twice-daily observations) do not contribute more to the mean flux or

variance than bins which contain a single data point.

It is particularly interesting to note that the largest fractional RMS variabil-
ity measured on long time-scales is that of NGC 5548, which has the highest
luminosity of the sample, contrary to what we would expect if variability sim-
ply scaled inversely with luminosity, as suggested by early studies of X-ray
variability on short time-scales using EXOSAT data (Lawrence & Papadakis
1993; Green, M°Hardy & Lehto 1993). However, the fractional RMS variabil-
ity of NGC 5548 measured from the long-look lightcurve is smaller than that of
NGC 5506 (for a comparable duration), suggesting that the inverse correlation
between luminosity and X-ray variability reported for EXOSAT data holds on
short time-scales, but breaks down on longer time-scales. A possible reason
for this is that the power spectra of lower luminosity Seyfert galaxies flatten
at higher frequencies than higher luminosity objects, so that the integrated
power in higher luminosity objects overtakes that of lower luminosity objects
on long time-scales. To test this, we must look at the power spectra.

I made power spectra from the binned lightcurves using the method of Deem-
ing (1975), determined the logarithm of power at each frequency and binned
the power spectra in logarithmically spaced frequency bins, separated by a
factor of 1.3 in frequency but with a minimum of two measured powers per
bin, so that the bin spacing is larger at the lowest frequencies sampled by each
power spectrum. The VHF power spectra for NGC 5506 and MCG-6-30-15
were calculated by measuring power spectra for each continuous lightcurve
segment and binning them together in logarithmically spaced bins also sep-

arated by a factor of 1.3 in frequency, except that the minimum number of
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Long time-scale
T AT p Ofrac Proise
MCG-6-30-15 | 8.52 x 10" 1.2096 x 10° 14.0 26.5% 51.5
NGC 5506 8.52 x 107 1.2096 x 10° 26.8 22.6% 76.7
NGC 5548 8.26 x 107 1.2096 x 10° 13.6 30%  54.1
NGC 3516 5.60 x 107 3.6864 x 10° 13.3 29.6% 49.5
Medium time-scale
T AT H Ofrac rnoise
MCG-6-30-15 | 3.22 x 10¢  8.64 x 10* 14.7 21.7% 51.5
NGC 5506 3.61 x 10°  8.64 x 10* 224 15.1% 68.0
NGC 5548 3.58 x 105 8.64 x 10* 14.8 20%  56.4
NGC 3516 1.18 x 107 4.608 x 10* 12.7 28.7% 48.3
Short time-scale
T AT % Ofrac  Proise
MCG-6-30-15 | 7.23 x 10° 2048 122 20.8% 477
NGC 5506° 2.25 x 10° 2048 6.9 12.1% 964
NGC 5548 1.97 x 10° 2048 225 87% 7121
NGC 3516° | 3.62 x 10° 2048 1.5 7.2%  45.7
NGC 3516° 2.88 x 10° 2048 152 9.8% 529

Table 4.1: Parameters of lightcurves for use in PSRESP. 7" and AT are the
lightcurve duration and sampling interval (in seconds), p and ogac are the
lightcurve mean flux (in count s™') and fractional RMS respectively and Pyoise
is the Poisson noise level expected in the power spectrum due to counting
statistics (in unnormalised RMS-squared units, count? s=2 Hz™!). Notes: ©
Details given in the table are for the EXOSAT lightcurve, the RXTFElightcurve
used to measure the power spectrum at the highest frequencies has p = 28.1,

Pooise = 79.7. ° Lightcurve obtained 22-26 May 1997. ¢ Lightcurve obtained
13-16 April 1998.
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Figure 4.5: Raw broadband power spectra of MCG-6-30-15, NGC 5506,
MGC 5548 and NGC 3516. The dashed line shows the low-frequency part of
the power spectrum, made from the total monitoring lightcurves, while the dot-
ted line shows the high-frequency part made from long-look lightcurves. Solid
lines mark the medium-frequency power spectrum (made from the intensive
monitoring lightcurves), VHF power spectra for MCG-6-30-15 and NGC 5506,
and the power spectrum of the second long-look observation for NGC 3516.
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points per bin was set to 10 so that the standard error could be estimated for
each frequency bin. Each power spectrum was then normalised by the squared
mean flux of the lightcurve used to make them, so that the resulting power
is in fractional RMS squared units (see Section 2.1). The resulting measured
broadband power spectrum for each object is shown in Figure 4.5.

Inspection of the power spectra in Figure 4.5 shows that they do flatten, how-
ever we must be cautious since these are raw, observed power spectra which
are almost certainly distorted by sampling effects. We can only be certain
that these power spectra do indeed flatten by using PSRESP to test models for

unbroken power-law power spectra against the data.

4.3 Do the broadband power spectra really

flatten?

To determine if the power-spectra flatten, I will test a simple power-law model
for the underlying power spectrum, Puoa(v) of the form:

Pmod(V) =A <1>“ + Cnoisea

4
where A is the the amplitude of the model power spectrum at a frequency o,
o is the power-spectral slope and Cheise is a constant value which is fixed at
the Poisson noise level for the lightcurve. Note that the Poisson noise level
is included in the model rather than subtracted from the power spectra be-
fore model fitting, because the power spectra are binned logarithmically (so
constants in linear space may not simply be subtracted). This is particu-
larly important for the VHF power spectra of NGC 5506 and MCG-6-30-15,
whose standard errors are determined in logarithmic space, and also for high-
frequency power spectra in general, which are close to the Poisson noise level,

since fluctuations in the power spectrum lead to some measured powers lying
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Long time-scale Medium time-scale Short time-scale
MCG-6-30-15 86400 s 8640 s 512 s
NGC 5506 86400 s 8640 s 512 s
NGC 5548 86400 s 8640 s 512 s
NGC 3516 46080 s 4608 s 512 s

Table 4.2: Time resolution of simulated lightcurves used in PSRESP.

below the Poisson noise level (so subtraction of this level would lead to nega-
tive measured powers).

The model is tested against the measured power spectra described in the pre-
vious section by stepping through values of « from 1.0 to 2.4 in increments of
0.1 (i.e. test the model with @ = 1.0, 1.1, 1.2 etc.). These values of a cover the
range of reasonable values which could possibly be fitted to the data. Prob-
abilities that the measured power spectra could be a realisation of the model
are calculated by PSRESP, as described in Section 3.2 using N = 1000 sim-
ulated lightcurves to determine the distorted model average power spectrum
and the distribution of x3, of the realisations of the model (which is deter-
mined for each set of power spectra by randomly measuring x%,, for 10000 sets
of simulated power spectra). The simulated lightcurves have time resolutions
ATgm given in Table 4.2. Additional distortion in the power spectrum due
to model power at frequencies greater than (2A74,)™! is calculated directly
from the model, as described in Section 3.3. Distorted model power spectra
which take account of red-noise leak for the highest frequency power spectra
(with directly measured errors) included in the broadband power spectra of
MCG-6-30-15 and NGC 5506 are determined using the method also described
in Section 3.3. The best-fitting o and corresponding probability that the mea-
sured power spectra could be a realisation of a model with a single power-law

slope are given in Table 4.3. The first and second of each of these values shown
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Best-fitting @  Probability
MCG-6-30-15 1.5 0.17%
NGC 5506 1.4/1.5 9.4%/1.4%
NGC 5548 1.6 33%
NGC 3516 1.8 3.4%

Table 4.3: Results from fitting broadband power spectra of four Seyfert galaxies

with a simple unbroken power-law model.

for NGC 5506 correspond to fits without or including the EXOSAT data re-
spectively. The simple power-law model, without any flattening is rejected at
better than 99% confidence for MCG-6-30-15, better than 90% confidence (or
close to 99% confidence including the EXOSAT data) for NGC 5506 and better
than 95% confidence for NGC 3516. Only the NGC 5548 broadband power
spectrum does not reject the model at a significant confidence, although even
in this case, the model fit is not particularly good. The best-fitting models
are compared with the measured power spectra in Figure 4.6. It is apparent
from these plots that the simple power-law model does not fit the observed
power spectra of MCG-6-30-15, NGC 5506 and NGC 3516, even after allowing
for the distorting effects of sampling, because the intrinsic power spectrum of
each of these objects does indeed flatten towards low frequencies. There is no
significant evidence for flattening at low frequencies in the power spectrum of
NGC 5548. Figure 4.7 shows the fit probability measured at each fitted value
of o for NGC 5548, which demonstrates how PSRESP is capable of finding well-
defined probability maxima in the same way that x? fitting can, using more
conventional data sets. We have now established that the power-spectra of
at least three of the four Seyfert galaxies studied here flatten significantly to-
wards low frequencies. That the power spectrum of NGC 5548 does not flatten

significantly suggests that the break in its power spectrum occurs at a lower
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Figure 4.6: Comparison of best-fitting model average power spectra with the
observed power spectra for the single power-law model described in the text.
Open squares mark the low-frequency model average, simple crosses mark the
high-frequency model average while filled squares mark the medium-frequency
model average, the VHF model average for MCG-6-30-15 and NGC 5506,
and the high-frequency model average for the second long-look observation of
NGC 3516. Note that the error bars represent the RMS error in the simulated

power spectra used to calculate x3., as described in Section 3.1.
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Figure 4.7: Probability that a single power-law of slope « is acceptable to
describe the broadband power spectrum of NGC 5548.

frequency than the breaks in the power spectra of the other objects, which
supports the interpretation for the higher long time-scale RMS of NGC 5548
given in the preceding section. The next step is to try to fit the observed power
spectra with more complex models which flatten at low frequencies, in partic-
ular, can we distinguish between models where the power spectrum flattens

to o = 0 or a = 1, and can we constrain any break frequencies to test if the

break frequency scales with luminosity?

4.4 Fitting models with power-spectral breaks

Unfortunately, due to the large amount of computing time required to run
PSRESP, it is not possible to fit complex multi-parameter models to the data on
the computing facilities (and in the time) available to the author. Furthermore,
the quality of the data presented here does not yet warrant such fits. Therefore,

I will leave more detailed model fits as a future work. For now, it is sufficient
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to determine whether we can rule out any particular model for the power-
spectral flattening which we see, and to try and constrain any characteristic
break frequencies in any models which successfully describe the data. I shall
consider two possible models for the power-spectral flattening, a ‘knee’” model
where the power spectrum turns over to a = 0 at low-frequencies, and a ‘high-
frequency break’ model, where the power spectrum breaks to a = 1 below

some break frequency, analogous to the high-frequency break of Cygnus X-1.

4.4.1 The knee model

Knee models where the power-law power spectrum turns over to slope a = 0
(i.e. white noise) below some knee frequency are predicted by simple shot-
noise models. In the simplest case (e.g. Halford 1968), where all the shots
have a single exponential decay time-scale, 7, the resulting power spectrum is
predicted to have the form:

1
O
so that on frequencies corresponding to time-scales longer than the shot decay
time-scale, the power spectrum flattens to o = 0, while at higher frequencies
a = 2 (see Figure 4.8). Note that the flattening occurs relatively quickly,
in less than a decade of frequency. However as described in Section 1.2.1,
measured power spectra of X-ray binaries have slopes of @ ~ 1 which persist
over greater than one decade in frequency before flattening and cannot be the
result of the rapid flattening from « = 2 predicted by simple shot-noise models.
Furthermore, EXOSAT measurements of the power spectrum of AGN showed
power-law slopes with o« intermediate between 1 and 2 (Green, M*Hardy &
Lehto 1993; Lawrence & Papadakis 1993). To account for these observations,
more complex shot-noise models have been invoked, where the shots have a

power-law distribution of decay time-scales (e.g. Lehto 1989; Lochner, Swank

& Szymkowiak 1991), which can produce power-spectral slopes intermediate
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Figure 4.8: The form of the knee model power spectrum.

between 0 and 2. These intermediate slopes flatten to zero slope at frequencies
corresponding to the longest shot time-scales, so that their power spectra are

described by:
A

(1 + (u@z) "

where A is the constant amplitude of the power-spectrum at zero slope and

P(v) =

Vknee 15 the ‘knee frequency’ and « is now defined as the power-spectral slope
above the knee frequency.

Let us now test this model against the measured broadband power spectra,
to see if it can explain the flattening we see. Using the equation given above
for the underlying power spectral shape (also including the constant Poisson
noise level), we can fit the model in the same way as fitting a simple power
law in the previous section. The free parameters to be stepped through are «,
which is again incremented in steps of 0.1 between 1.0 and 2.4, and vpe. which
is stepped through by multiplicative factors of 2, from 107® Hz to 107* Hz,
since a very broad range in frequency must be covered. Approximately 200

pairs of & and Ve, must be tested (as opposed to only 15 parameters when
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Probability o Vknee/1078 Hz
MCG-6-30-15 19% 1.8+ 0.1 5.12 (2.56,5.12)
NGC 5506° 58% 1.7437  0.64 (0.08/0.0,5.12/10.24)
NGC 5506 68% 1.943%  2.56 (1.28/0.16,5.12/10.24)
NGC 5548 47% 1.6+3%  0.02 (0.02/0.02,0.16/1.28)
NGC 3516 17% 2.1+0.3 0.64 (0.32,1.28)

Table 4.4: Results from fitting broadband power spectra of four Seyfert galaxies

with a knee model, see text for details

fitting the simple power law in the previous section), so to save on computing
time, the number of lightcurve simulations used to estimate each model average
power spectrum for each pair of parameters is reduced from 1000 to 100. The
X3, distribution (and hence probabilities that the data can be described as
a realisation of the model) is determined by determining x3._, for 1000 sets of
simulated power spectra. The restricted number of simulated power spectra
will increase the uncertainty in the calculated probabilities, however this effect
is not very significant, as contour plots of the fitted parameter space will show.
The best-fitting parameters and probabilities are shown in Table 4.4. The
superscripts ¢ and ® mark the NGC 5506 results excluding and including the
EXOSAT data respectively. The errors quoted for a in Table 4.4 correspond to
the values of o below which the fit probability is reduced to less than 32% (i.e.
they represent 68% confidence limits), except for models where the maximum
fit probability is itself less than 32%, in which case the errors represent 90%
confidence limits. The numbers in brackets, which follow the best-fitting knee
frequencies, correspond to the 68%/90% confidence lower limits and (after
the comma), upper limits on the knee frequency (except where the maximum
fit probability is less than 32%, in which case only the 90% upper and lower

limits are quoted). Contour plots for each of the knee model fits (excluding the
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Figure 4.9: Comparison of best-fitting model average power spectra with ob-
served power spectra for the knee model described in the text (left), and cor-
responding confidence contours for the parameter space searched (right). The
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limits respectively.
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fit of the NGC 5506 broadband power spectrum which excludes the EXOSAT
data), together with the best-fitting model average power spectra, are shown in
Figure 4.9. The contour plots show that the acceptable regions are broad and
well-defined, rather than consisting of many separate ‘islands’, which implies
that using only 100 simulated lightcurves per measured power spectrum is
sufficient to determine reliable maxima in the probability space.

As Table 4.4 shows, the fit probabilities for all objects are better than those
obtained from fitting a simple power-law model to the data, although the
knee model is still not able to fit the observed power spectra of MCG-6-30-15
and NGC 3516 particularly well. Note that the MCG-6-30-15 and NGC 3516
data sets are the best in the sample, since they have the longest long-look and
intensive monitoring lightcurves respectively, suggesting that perhaps the knee
model is not the correct model for representing the low-frequency flattening in
the sample, and that NGC 5548 and NGC 5506 would also show poorer fits
if better quality lightcurves were obtained for them. Therefore we shall now
examine a second model, the high-frequency break model, to see if this can fit

all the observed broadband power spectra adequately.

4.4.2 The high-frequency break model

The motivation for the high-frequency break model comes from the power
spectrum of the black hole X-ray binary Cygnus X-1 in the low state, which
shows two frequency breaks (as described in Section 1.2.1, also see Figure 2.5):
a high frequency break which varies between 1-5 Hz, above which the slope
« varies between 1.4 and 2.4 (and below which a ~ 1), and a low-frequency
break varying between 0.04-0.4 Hz, below which the slope flattens to o >~ 0. If
AGN have a similar power spectral-shape to Cygnus X-1 (albeit scaled down
in frequency by some factor, possibly the black hole mass), then because the

power spectral slopes of AGN lightcurves measured by EXOSAT (and appar-
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Figure 4.10: The form of the high-frequency break model power spectrum.

ently also by RXTE) are significantly greater than 1, we may be measuring
the analog of the high-frequency break in Cygnus X-1.

To test this possibility, we should try fitting the observed power spectra with a
model of the form used to fit the high-frequency power spectrum of Cygnus X-1
(e.g. Nowak 1999):

P(v) = A (;:—;)::: ifv> I‘/bk
A (-5—> otherwise

Vbk
Where A is the power-spectral amplitude at the break frequency vpi, and oy
and oy, are the high and low-frequency slopes respectively, such that ani > oe.
An example of a high-frequency break model with ap; = 2 and ), = 1 is shown
in Figure 4.10.

We do not consider the low-frequency break in this model in order to minimise
the number of free parameters. This approach is valid since, if the model is
correct, low-frequency breaks will occur at least a decade lower in frequency
than any measured high-frequency breaks and so will not contribute as signifi-
cantly to any flattening (besides which, if additional low-frequency breaks are

significant they will be apparent from the residuals in any comparison of the
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data with the model).

An important question is whether it is valid to fix the slope below the high-
frequency break. In the case of the knee model, fixing the slope at zero was
valid on physical grounds, since the model was based on shot-noise models
which predict a flattening to zero slope. The high-frequency break is not based
on any physical model however, since we have chosen it as a good empirical
representation of the data. Hence there is no physical basis for the sharpness
of the break, but since this model can adequately describe the high-frequency
power-spectral shape of Cygnus X-1, it should also serve as a possible em-
pirical representation of the power spectra of much poorer quality which we
measure here. A further advantage is that if the model is a good fit to the
data, any break frequencies measured can be compared directly with that of
Cygnus X-1, to investigate how break frequency scales with black hole mass.
Clearly it is desirable, on grounds of computation time, to restrict the num-
ber of free parameters by fixing the slope below the break, but there are also
observational reasons why we might fix the slope to oy, = 1. One particu-
larly striking aspect of all the Cygnus X-1 power spectra is that, despite the
variations in the position of the high and low-frequency breaks and the slope
above the high-frequency break (e.g. as shown by Belloni & Hasinger 1990),
the slope of the intermediate power-spectrum, between the two breaks, is al-
ways remarkably close to 1. Furthermore, Nowak et al. (1999) show that the
power spectra of Cygnus X-1 made from simultaneous lightcurves in different
energy bands show an energy dependence above the high-frequency break (in
that an; decreases towards higher energies) but maintain the same shape (i.e.
aj, = 1) below the break. These results suggest that a power-spectral slope
of 1 (or very close to 1) below the high-frequency break may, in fact, be the
rule. We can determine if the power spectra we measure are at least consistent
with this possibility by fitting the high-frequency break model (including the
constant Poisson noise level, as before), fixing aj, = 1 and stepping through

the same parameter ranges as used to fit the knee model (i.e. ap; = 1.0-2.4 in
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Probability o vpk /1078 Hz
MCG-6-30-15 | 67% 2,043 51.2 (25.6/12.8,102.4/102.4)
NGC 5506° 90% 21493 25.6 (0.4/0.0,51.2/102.4)
NGC 5506° 97% 2440, 51.2 (1.6/0.4,51.2/102.4)
NGC 5548 73% 2440, 2.56 (0.0/0.0,5.12/10.24)
NGC 3516 61% 2240.2  2.56 (2.56/0.64,5.12/5.12)

Table 4.5: Results from fitting the broadband power spectra of four Seyfert

galaxies with a high-frequency break model.

increments of 0.1, vp = 1078-1072 Hz in multiples of 2). The resulting best-
fitting parameters are reported in Table 4.5, with the results presented in the
same format as for Table 4.4. The best-fitting model average power spectra
and confidence contour plots are shown in Figure 4.11. The high-frequency
break model fits the data better than the knee model for all the objects in the
sample, and importantly, provides good fits to the measured power spectra of
NGC 3516 and MCG-6-30-15, which the knee model was unable to fit well.
Although the best knee model fits to the power spectra of NGC 3516 and
MCG-6-30-15 were only ruled out at better than 80% confidence, the fact that
the high-frequency break model fits both object’s power spectra well implies
that it is the best model for describing the data.

4.4.3 Comparison with other work

Power spectral measurements of all the Seyfert galaxies described here have
been attempted before, although with questionable statistical validity, so it is
interesting to compare the reliable results obtained with PSRESP with these

carlier efforts. The long-look EXOSAT observation of NGC 5506 was used



4.4. Fitting models with power-spectral breaks

-97-

Power (Hz ')

Power (Hz 1)

Power (Hz™!)

0.1

e

g

E

: g ’M’F%

MCG-6-30-15 -=
N
AT

LELE L e 1 et B B L B S AR R R

“H

-

"H:'t} |
- {;{‘
. j».+

1.5

1 F
™ L (:nu

IR

T TT

AT NGC 5506
WJ{

.u+¢4Hﬁ¢

y

T Y T

C aananl '
1078 107"

Lot

vonel v vvgend o vl eseenl
107 107 107 107°
Frequency (Hz)

log(vy, (Hz))

Figure 4.11: Comparison of best-fitting model average power spectra with

observed power spectra for the high-frequency break model described in the

text (left), and corresponding confidence contours for the parameter space

searched (right). The dashed and solid confidence contours represent the 68%

and 90% confidence limits respectively.



4.4. Fitting models with power-spectral breaks -98-

by M°Hardy (1988), together with observations from earlier missions, to pro-
vide a crude broadband power spectrum which showed evidence of flattening
within the EXOSAT power spectrum (i.e. above 107° Hz), which continued
towards lower frequencies. MC°Hardy interpreted this flattening as being a
gradual change over several decades in frequency, rather than being due to
breaks in the power spectrum. No confidence limits could be placed on this
apparent flattening however, as stochastic variations in the power spectrum
were unaccounted for, as were the undoubtedly strong aliasing effects of the
very low-frequency sampling used to make the power spectrum at low frequen-
cies. The results of using PSRESP to fit the much better RXTE monitoring
data, even combined with the EXOSAT long-look, only show that flattening is
significantly detected but cannot strongly constrain the model which describes
the flattening. This implies that although the flattening originally described
by M°Hardy was undoubtedly real, any interpretation of the form of power
spectral shape which describes the flattening was unwarranted by the data.
Even the continuous long-duration EXOSAT long-look contains too few mea-
surements at the lowest frequencies to provide a reliable measure of the power
at those frequencies.

The long-look RXTE observation of MCG-6-30-15 was used by Nowak & Chi-
ang (2000) to measure the power spectrum down to ~ 107® Hz. Nowak &
Chiang reported a power-spectral shape similar to that of Cygnus X-1, with
a high-frequency break at ~ 10™* Hz with slope o ~ 2 above the break, and
a slope a ~ 1 below the break, flattening to a ~ 0 below a second break at
~ 107° Hz. The high frequency break and slope measured by Nowak & Chiang
match up quite well with the slope and break measured by fitting the high-
frequency break model in PSRESP. However, there is no evidence whatsoever
from the monitoring data for a break to zero slope at a frequency of ~ 107° Hz.
Comparison of the MCG-6-30-15 model-average power spectrum with the data
in Figure 4.11 shows that although the section of the power spectrum measured

from the long-look lightcurve does flatten at low frequencies this is not signif-
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icant at all and is perfectly consistent with stochastic variations in the power
spectrum. Again, the power spectrum is over-interpreted at low frequencies
because the errors at low frequencies are not well defined.

Chiang et al. (2000) measure the power spectrum of NGC 5548 at high-
frequencies (> 107° Hz) using RXTF long-look data, and find no evidence of
flattening, but report a flattening at low frequencies measured from the RXTFE
ASM lightcurve of this object. Unfortunately, as discussed in Section 1.3.1,
the ASM count rates measured for sources as faint as NGC 5548 show strong
spurious variations, so the ASM cannot be used to measure the power spec-
trum.

Edelson & Nandra (1999) report the first broadband power spectrum made
from well sampled lightcurves, for NGC 3516, with the specific intention of
measuring low-frequency flattening. They report a significant flattening of the
power spectrum, with a break at 4.14 x 10" Hz obtained by fitting a knee
model to the data, however they do not take account of aliasing effects on the
low-frequency power spectrum or calculate valid errors on the measured power
spectral points (since they bin as few as two points together in the lowest fre-
quency bins). Fitting similar data (i.e. the same data set as used by Edelson
& Nandra but also including three months of additional long-term monitoring
data and the second long-look observation), we find that the knee model fits
a similar break of 6.4 x 1077 Hz, although this fit is not particularly good,
and a better fit can be obtained by fitting a high-frequency break model with
a frequency break at 2.56 x 107® Hz. The high-frequency slope measured by
Edelson & Nandra is @ = 1.74 4+ 0.12, in contrast with the slope, « = 2.2 +0.2
which we measure. The reason for this discrepancy seems to be that stochastic
variations in the lowest frequency power measured from the long-looks cause
large uncertainties in the high-frequency slope which can only be accounted for
using the response method. Additionally, using both long-look lightcurves to
make power spectra leads to a more accurate ‘average’ of the high-frequency

slope.
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4.5 The dependence of break frequency on AGN

luminosity and black hole mass

Now let us consider how the measured break frequencies (in the context of the
models described here) relate to AGN luminosity, and possibly the black hole
mass. Since the only well-constrained breaks are those measured for MCG-6-
30-15 and NGC 3516, we shall consider these two objects and then speculate
on likely break frequencies for NGC 5548 and NGC 5506.

What is most striking about the breaks measured for MCG-6-30-15 and NGC 3516
is that they are significantly different, in either model, at a level of better than
99% confidence, i.e. the 90% confidence limits of the break frequencies do not
overlap. This is unexpected, because both objects have similar 2-10 keV X-
ray luminosities of Ly 19 ~ 1.5 x 10*® erg s71, so the fundamental parameter
driving the position of the break frequency is not strictly related to the lumi-
nosity. One intriguing possibility is that although both objects have a similar
luminosity, they may have different black hole masses. It is quite possible that
the break frequency scales linearly with black hole mass, as would be expected
if the timescale for the break corresponds to a characteristic time-scale of the
accretion disk or the characteristic size scale of the system. If this is the case,
then MCG-6-30-15 must have a significantly smaller black hole than NGC 3516
and must be accreting at a much higher fraction of its Eddington limit.

Let us assume that the break frequency scales linearly with black hole mass,
and that the mass of the black hole in Cygnus X-1 is 10 Mg. The high-
frequency break in Cygnus X-1 in the low state is typically ~ 2 Hz, but can
vary between 1-6 Hz, while the low-frequency break is typically at ~ 0.1 Hz
but can vary between 0.04-0.4 Hz. If the knee model is correct, the knee
frequency should correspond to the low-frequency break in Cygnus X-1 (i.e.
where the power-spectral slope flattens to o = 0). Scaling the knee frequency

measured for NGC 3516 (see Table 4.4) with the typical value for Cygnus X-1
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yields a black hole mass of ~ 1.6 x 10° M.
Such a low black hole mass implies super-Eddington accretion, since the Ed-
dington luminosity Lgaq ~ 1.3 x 10% Mpy erg s, (where Mpy is the black

1 compared with a

hole mass in solar masses) is approximately 2 x 10** erg s~
bolometric luminosity Ly =~ 4 x 10* erg s™! estimated using the bolometric
correction Lot = 27L4_19 (Padovani & Rafanelli 1988). The best estimate of
the mass from the knee model is thus inconsistent with the assumption that
the source is in the low state. The upper limit to the mass according to the
knee model is ~ 1.25 x 107 Mg, taken by scaling the 90% upper limit to the
break frequency with the highest measured low-frequency break in Cygnus X-1
(at 4 Hz).

By scaling the frequency break for NGC 3516 measured by the high-frequency
break model with the high-frequency break of Cygnus X-1, we estimate a black
hole mass of ~ 107 Mg, with upper limit ~ 10® Mg. The black hole mass of
NGC 3516 has been independently estimated using optical reverberation map-
ping techniques to be ~ 2 x 10" Mg (Wanders & Peterson 1994), similar to
the best estimate from the high-frequency break model. Therefore, not only
does the high-frequency break model provide a better fit to the power spectral
shape of NGC 3516 than the knee model, the black hole mass it estimates is
consistent with an independent measure and is consistent with sub-Eddington
accretion of the order of 20% of the Eddington limit, consistent with the com-
parison with the power spectrum of Cygnus X-1 in the low state.

The break frequency for MCG-6-30-15 is significantly higher than that for
NGC 3516, so that the best estimate for its black hole mass, assuming the
high-frequency break model, is very low at 4 x 10° Mg implying strongly
super-Eddington accretion. Even the estimated upper limit to the black hole
mass (5 % 10° Mg) implies accretion at a substantial fraction (40%) of the Ed-
dington limit, which seems inconsistent with the comparison with Cygnus X-1
in the low state. An intriguing alternative possibility is that MCG-6-30-15 is in
a state analogous to the high state of Cygnus X-1, which has a characteristic
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steep (a =~ 2) high-frequency power spectrum breaking at 10 Hz to o ~ 1,
with no low-frequency breaks down to frequencies as low as 1072 Hz (Cui et
al. 1997b). Inspection of the power spectrum of MCG-6-30-15 in Figure 4.11
shows no evidence for any residuals due to flattening at low frequencies which
might contradict the hypothesis that MCG-6-30-15 has a high-state power
spectrum. Scaling by the high state frequency-break yields an estimated black
hole mass of 2 x 10° Mg (upper limit ~ 8 x 10° Mg), consistent with close-
to-Eddington accretion (which we might expect from a high state source) but
not super-Eddington accretion.

Although the black hole mass in MCG-6-30-15 has not yet been measured
by reverberation mapping, Reynolds (2000) has pointed out that the low lu-
minosity (absolute B magnitude ~ —19) of the SO host galaxy of this AGN
corresponds to a black hole mass of ~ 107 Mg, if the black hole mass-bulge
luminosity relation is the same as that determined by Magorrian (1998) for a
sample of normal elliptical and SO galaxies. I note here that the black hole
masses of all the Seyfert galaxies which have been reverberation mapped show
smaller black hole masses by a factor of ~ 10 than the Magorrian relation
suggests (Wandel 1999). This discrepancy may represent a systematic differ-
ence between Seyfert galaxies and normal galaxies which I shall not touch on
here, except to note that it implies a black hole mass for MCG-6-30-15 which
is significantly lower than 10” Mg, consistent with the mass suggested by the
high-state interpretation of the power spectrum.

The power-spectral shape of NGC 5506 is also consistent with a high state in-
terpretation of this source, although the uncertainties on the break frequency
are sufficiently large that a low-state interpretation would suffice to fit the data
self-consistently. I note here however that the low luminosity of the NGC 5506
galaxy (absolute B magnitude ~ —20), suggests that the central black hole
mass is relatively low. Furthermore, both NGC 5506 and MCG-6-30-15 have
quite steep 2-10 keV X-ray spectra compared to other Seyfert galaxies (power-
law photon index I' ~ 2, M°Hardy, Papadakis & Uttley 1998; Lamer, Uttley
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& M°Hardy 2000) which is also suggestive of the high-state analogy since the
hard power-law component of the X-ray spectrum of Cygnus X-1 is signifi-
cantly softer in the high state than in the low state. (Cui et al. 1997a)

The frequency break in NGC 5548 is not signficantly detected and so is not
well defined. The black hole mass of NGC 5548 measured from reverberation
mapping is ~ 10° Mg (Wandel, Peterson & Malkan 1999; Kaspi et al. 2000),
implying that the accretion rate is relatively low (< 10% Eddington), so apply-
ing the low state interpretation we can estimate that the high-frequency break

occurs at ~ 2 x 1077 Hz, and may become detectable with further monitoring

observations.

4.6 The energy dependence of RMS variabil-

ity and the power spectrum

Studies of the X-ray variability of black hole X-ray binaries suggest that the
power-spectral amplitude changes as a function of the energy band of the
lightcurve and that, in the case of Cygnus X-1 at least, the power-spectral
slope at high frequencies is steeper at lower energies. It is therefore of interest

to determine whether AGN variability is also energy-dependent.

4.6.1 Energy dependence of long-timescale fractional RMS

Lin et al. (2000) investigate the energy dependence of fractional RMS variabil-
ity for a sample of 4 black hole X-ray binary systems including Cygnus X-1. To
do so, they measure the fractional RMS variability of each source integrated
over the 0.002-10 Hz frequency range, in three energy bands, classed as low
(2-5 keV), medium (5-10 keV) and high (10-20 keV). They find a surpris-

ing variety of behaviours, with the fractional RMS increasing with energy for
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2-5 keV 5-10 keV 10-20 keV
I 0 Ofac | B 0®  Ofac| B 0% Ofac
MCG-6-30-15 | 7.44 4.65 29% | 6.59 247 24% | 2.11 0.21 22%
NGC 5506 12.78 9.32 24% | 13.99 8.96 21% | 4.65 0.74 18.5%
NGC 5548 8.02 5.07 28% | 7.61 3.43 24% | 2.56 0.35 23%

NGC 3516 6.45 5.02 35% | 6.83 294 25% | 2.44 027 21%

Table 4.6: Energy dependence of RMS variability.

the source 1E 1740.7-2942, decreasing with energy for the source GX 339-4,
Cygnus X-1 showing both these behaviours and GRS 1758-258 showing a peak
in RMS variability in the medium energy band.

In order to test whether the fractional RMS of the Seyfert galaxies in our
sample is energy dependent, I made long-term monitoring lightcurves for each
source in the same low, medium and high energy bands as used by Lin et
al.. Then, I calculated the mean, variance and fractional RMS variability for
each object using the same technique of equally weighting time bins as used
to calculate the same values for the 2-10 keV lightcurves in Section 4.2 (using
the long time-scale bin widths). The variance of the monitoring lightcurves
is equivalent to the integrated power in the 1078-107% Hz frequency range,
so that after scaling the frequencies by the black hole mass, the frequency
range is roughly equivalent to the 0.002-10 Hz range used by Lin et al. (as
is evidenced by the similar fractional RMS values of 20-40%). The result-
ing mean count rate (u), noise-subtracted variance (¢?) and fractional RMS
(0frac) values for each energy band are shown in Table 4.6, which shows that
the fractional RMS variability of all the objects in the sample increase towards
lower energies. Note that because the variations in different energy bands are
correlated, the relative variances and fractional RMS between bands are accu-
rate even though there are some small uncertainties in the absolute variance

and fractional RMS due to the longest time-scale variations which contribute
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to the variance. Additionally, the contribution of the contaminating BL Lac
object, 1E 1415.642557 has not been accounted for in determining the RMS
values for NGC 5548. However as 1E 1415.64+2557 shows a steeper energy
spectrum than NGC 5548 (and so contributes relatively more to the mean flux
at lower energies) and does not contribute significantly to variability, its ef-
fect will probably be to reduce the inverse correlation between fractional RMS
variability and energy.

An increase in fractional RMS variability towards lower energies could be ex-
plained if the power-law X-ray continuum becomes steeper with increasing
X-ray flux, so that as the flux increases by a small amount at high energies,
the spectrum becomes steeper so that the relative variation is larger at lower
energies. This picture is consistent with earlier reports of just this type of spec-
tral variability in the Seyferts Mkn 766 (Leighly et al. 1996) and NGC 4051
(Guainazzi et al. 1996). Furthermore, in Lamer, Uttley & MC¢Hardy (2000),
we present a spectral study of NGC 5506 using the monitoring and long-look
data which confirms that the continuum slope is correlated with source flux in
that it gets steeper as source flux increases, while Chiang et al. (2000) show
the same behaviour in long-look observations of NGC 5548.

An alternative explanation for the decrease in fractional RMS with increasing
energy could be that there is a constant component in the lightcurves which
has a harder energy spectrum than the varying-flux component. This constant
hard component could also contribute to an apparent steepening of the energy
spectrum at high fluxes, even if the underlying continuum slope of the varying
component of the lightcurve was constant. A good candidate for a constant
flux component which has a hard spectrum is that due to reflection from dis-
tant cold material, perhaps the molecular torus. Lamer, Uttley & M°Hardy
find evidence for a contribution from torus reflection in the spectral variability
properties of NGC 5506, however even allowing for this constant hard compo-
nent the source still shows spectral variation which must be intrinsic to the

continuum itself. If we assume that the discrepancy between the fractional
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RMS variability in the 2-5 keV and 5-10 keV energy bands is entirely due to
the presence of a constant component in the 5-10 keV band which does not
contribute to the 2-5 keV band, we can set a lower limit to the flux of the
constant component, as follows.

The true underlying fractional RMS variability in the limit where there is no
constant component, is given by the fractional RMS in the 2-5 keV band,
Ofrac2—5. 1he mean flux in the 5-10 keV band, pi 1s given by:

‘ Htot = UV + Ca

so that the measured fractional RMS ogacs5-10 = 0/ptor (where o is the ab-
solute RMS measured in the 5-10 keV band), but the true fractional RMS
variability is equal to the ratio of o to pv, so that ogaca—5 = 0/uy. Rearrang-

ing these equations we find that:

C = Lhtot (1 . Ufrac,5—10> )

Ofrac,2—5

Applying this equation to the data in Table 1 we find that MCG-6-30-15,
NGC 5506, NGC 5548 and NGC 3516 require constant flux contributions of at
least 17%, 12%, 14% and 29% of their total mean 5-10 keV fluxes respectively,
compared to the >~ 10% (determined from the XSPEC ‘href’ reflection model)
expected from a reflecting torus which covers 50% of the sky seen from the
source. Molecular tori are generally expected to present a lower covering frac-
tion than this, so it seems likely that most (if not all) of the trend for fractional
RMS to decrease with increasing energy is due to intrinsic spectral variability
of the continuum (although in the next chapter, we will see direct evidence for
a possible torus reflection component in the Seyfert galaxy NGC 4051).

The question remains as to why all the AGN in our sample show the same en-
ergy dependence of RMS variability while black hole X-ray binary systems show
a variety of trends. Until a more systematic and extensive survey of spectral
variability in AGN has been carried out, we cannot tell if decreasing fractional
RMS with increasing energy is the rule for all radio-quiet AGN. However, it

is worth noting that this behaviour is expected under certain Comptonisation
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models for the production of the X-ray continuum, where flux increases are
caused by increases in the flux of low energy seed photons, which then serve to
cool down the Comptonising electrons and hence soften the X-ray continuum
(e.g. Haardt, Maraschi & Ghisellini 1997). Perhaps X-ray binaries show sim-
ilar behaviour, but this is sometimes masked by the presence of constant soft
spectral components (analogous to that seen in the high state of Cygnus X-1),
which reduce the fractional RMS at low energies. If these constant soft com-
ponents are associated with the hot accretion disk in X-ray binary systems it
is perhaps not surprising that we do not see them in systems with much more

massive black holes, where the accretion disks are much cooler.

4.6.2 Dependence of power-spectral shape on energy

Nowak et al. (1999) have shown that above the high-frequency break, the
power-spectral slope of Cygnus X-1 is dependent on energy, in that it is flatter
in power spectra made from higher energy lightcurves. The change in « is
only 0.2 between the 0-3.9 keV band and 8.2-14.1 keV, but it is significant
and raises important questions as to why this change in slope occurs above
the high-frequency break but not below. Lin et al. find no evidence for a
change in power-spectral shape with energy in the other black hole X-ray
binary candidates they study, GX 339-4, GRS 1758-258 and 1E 1740.7-2942,
but I note here that the power spectra of all these objects do not show any
evidence of high-frequency breaks either.

In this chapter, we have found that the flattening seen in the power spectra of
Seyfert galaxies is consistent with that expected from high-frequency breaks
analogous to those seen in the power spectrum of Cygnus X-1, except scaled
down in frequency by the black hole mass. Therefore, we might expect to see

an energy-dependence of power-spectral slope above the break frequency in
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AGN power spectra. In order to test this possibility, I made lightcurves in the
2-5 keV and 7-15 keV bands using the same schemes outlined in Table 4.1, and
fitted their power spectra with the high-frequency break model described in
Section 4.4.2. Although the model fitted the 2-5 keV power spectra well, and
returned the same fitted break frequencies as found from the power spectral
fits in Section 4.4.2, the model was rejected at 90% confidence by the 7-15 keV
observed power spectra of NGC 3516 and NGC 5506 (although adequate fits
were obtained for MCG-6-30-15 and NGC 5548). Visual inspection of the
best-fitting models in the 7-15 keV band showed that these poor fits were due
to a systematically greater spread in the power spectral points than predicted
by the simulated data, and not because of any residual trends indicating that
the model was incorrect. It is possible that errors due to poorer background
estimation at high energies (where the background flux is large relative to the
source flux) could lead to additional spread in the power which is unaccounted
for by the simulated data sets, however it is difficult to explain why this should
only apply to NGC 3516 and NGC 5506. Alternatively, the source variability
itself may deviate from the Gaussian-distributed stochastic variations expected
from pure red-noise variability. Consideration of this issue is complex and will
not be explored further here.

If we assume that the best-fitting power spectral shapes are not biased in any
way by the unusually large spread in the power spectrum at high energies, then
we can fix the high-frequency break at the best-fitting value for each object
measured in Section 4.4.2 (except NGC 5548, whose break is not well defined,
so we set it at 2 x 1077 Hz, commensurate with the measured black hole mass)
and measure the best-fitting slopes in each energy band. The resulting slopes
are given in Table 4.7, which shows that there is a systematic trend for the
slopes at higher energies to be flatter in all the objects in the sample, consistent
with what is seen in the Cygnus X-1 data, although we cannot quantify any
uncertainties on the slope differences. It is possible that this tendency is caused

by systematic errors in the power spectrum at high energies. A more detailed
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Q2-5keV  (7-15keV
MCG-6-30-15 2.0 1.7
NGC 5506 2.2 1.9
NGC 5548 1.6 1.3
NGC 3516 2.2 2.0

Table 4.7: Energy dependence of power-spectral slope

study requires better quality data or a better understanding of any systematic

uncertainties in the high energy data, so I shall leave this for future work.

4.7 Summary

We have seen that the power spectra of three of the four Seyfert galaxies
under study show significant evidence for flattening towards low frequencies,
and that this flattening is consistent with that expected from a high-frequency
break model power spectrum, analogous to the model which describes the
high-frequency break in the power spectrum of Cygnus X-1, where the low fre-
quency power spectral slope, ai, is fixed to 1. A knee model can successfully
describe the power spectra of NGC 5506 and NGC 5548, which have the poor-
est data sets in the sample, but does not provide a very good fit to the power
spectral shapes of NGC 3516 or MCG-6-30-15, which have the best data sets,
suggesting that the high-frequency break model is the better model in that it
is consistent with all the data.

The possibility that we are measuring the AGN analog of the high-frequency
break in Cygnus X-1 and that the break-frequency scales inversely with black
hole mass is reinforced by the estimated black hole masses of NGC 3516 and



4.7.  Summary -110-

MCG-6-30-15, derived under this assumption, which are consistent with in-
dependent estimates of the mass based on, respectively, optical reverbera-
tion mapping and considerations of host galaxy luminosity. The high break-
frequency of MCG-6-30-15 suggests that this source may be in a high state
analogous to that occasionally seen in Cygnus X-1. NGC 5506 may also be a
high-state source although the break-frequency is not well defined. The power
spectrum of NGC 5548 shows no strong evidence of a break, consistent with
the high black hole mass of this AGN, estimated by reverberation mapping.
It is important to note however, that the data are only good enough to de-
termine whether a given model is consistent with the data or not, We cannot
categorically say that the high-frequency break model is correct, since other
power-spectral models, perhaps with more gradual flattening or low-frequency
slopes with « other than 1, may also describe the data well.

The energy dependence of fractional RMS variability suggests that the slope
of the medium-energy X-ray spectrum scales with X-ray flux in all four ob-
jects in the sample, consistent with spectral studies. The energy-dependence
of power-spectral slope is confused by the fact that the power-spectral models
which work well for all the objects in the sample at low energies (2-5 keV,
2-10 keV) do not provide a good fit the power spectra of NGC 5506 and
NGC 3516 at high energies (7-15 keV). The poor fits are due to unusually
large fluctuations in the observed power spectra, which may be caused by
poor background subtraction or may be due to an intrinsic deviation from
the expected red-noise behaviour in the high-energy lightcurves of these two
sources. If we assume that the break-frequency is independent of energy and
that there are no systematic trends in the power spectrum caused by the un-
expectedly large fluctuations in the high-energy band, then the high-frequency
power spectral slopes of all the objects are steeper in the 2-5 keV band (by
Aca = 0.2-0.3) than in the 7-15 keV band, consistent with what is seen from
Cygnus X-1 (although uncertainties are difficult to quantify).
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Chapter 5

X-ray, EUV and optical
variability of NGC 4051

Overview

In this chapter we will first investigate the unusual variability properties of
NGC 4051 in the X-ray and EUV band, revealing evidence of a variety of be-
haviours during the course of the RXTFE monitoring campaign, including two
quiescent low states lasting several months in early 1998 and 1999. I then dis-
cuss evidence of non-Gaussianity in the lightcurve and measure the broadband
power spectrum. [ also investigate EUV variability during the low state. The
low state X-ray spectrum is studied, revealing strong evidence for reflection
from a molecular torus and implying that the primary X-ray source switches
off almost completely during the low state. Simultaneous EUV and X-ray vari-
ability during the normal active state is discussed and constraints on the lag
between the two bands are used to constrain the size of the EUV /X-ray emit-
ting region, if simple Comptonisation models are assumed. Finally, we present
and discuss some key results from the ‘AGN Watch’ team’s optical monitoring
campaign of NGC 4051, in the context of the relationship between the X-ray

and optical continua. The optical, X-ray and EUV measurements together
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suggest that the inner accretion disk disappears or changes to a radiatively

inefficient mode in the low state.

5.1 The strange variability properties of NGC 4051

In this section, I shall first introduce the RXTEFE lightcurves we have obtained

for NGC 4051 and then investigate their unusual properties in more detail.

5.1.1 Observations and data reduction

NGC 4051 was monitored with RXTFE as part of our Seyfert monitoring pro-
gram, using the same observing plan as used for NGC 5506, NGC 5548 and
MCG-6-30-15 in AO1-AQ3, i.e. ~two weeks of twice-daily monitoring, four
weeks of daily monitoring and weekly monitoring for the remainder of AO1,
followed by fortnightly monitoring in AO2 and AO3. The intensive monitor-
ing schemes were not consecutive with one another however, as the twice-daily
monitoring period took place from 20 May to 29 May 1996, while the daily
monitoring period lasted from 4 October to 31 October 1996. The weekly
monitoring which took place throughout the remainder of AO1 (until the be-
ginning of the daily monitoring period which led into AO2) began on 23 April
1996. In AO4, monitoring continued at fortnightly intervals.

During the period of twice-daily monitoring, we also observed NGC 4051 with
the Deep Survey Spectrometer (DS/S) instrument on board the Ertreme Ul-
traviolet Fxplorer (EUVE) satellite (which detects photons in the 124-188 eV
energy range), to study simultaneous variability in the medium-energy X-ray
and EUV bands.

From December 13 to December 16 1996, we observed NGC 4051 with RXTE

for ~ 70 ksec useful exposure, which overlapped for 120 ksec duration with
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a further continuous FUVE observation. The results of a combined analysis
of these simultaneous RXTE/FEUVE observations will be discussed in Sec-
tion 5.3. In this section, I shall describe the general variability properties of
the RXTE lightcurves, which were reduced in the standard manner described
in Section 4.1.5. The resulting 2-10 keV long-term lightcurve (including data
up until 1 March 1999, before the gain change of the PCA) and daily intensive
monitoring lightcurves are shown in Figure 5.1, together with the December
long-look lightcurve.

What is immediately apparent from the long-term monitoring lightcurve is
that the X-ray variability process underlying the lightcurve is not stationary
on long time-scales. The source enters two distinctive low-flux states, which
are characterised (apart from their low mean fluxes ~ 1 count s™') by a very
low level of variability. The first low state lasted for ~ 150 days, from January
1998 to the end of May 1998, while the second began in late December 1998
and lasted until March 1999. We were fortunate enough to have a long-look
observation of NGC 4051 scheduled in early May 1998, simultaneous with ob-
servations by FUVE and the BeppoSAX satellite which enabled us to confirm
that the X-ray source was not significantly variable and measure a good-quality
X-ray spectrum, which is described in the next section. In the remainder of
this section however, I shall concentrate on the unusual variability proper-
ties of the long-term lightcurve and use the December long-look lightcurve to

investigate the power spectrum.

5.1.2 RMS variability and evidence for non-Gaussian

variations in the lightcurve

First, let us look at the RMS variability of the long-term monitoring lightcurve.
The mean flux, g (count s™!), noise-subtracted variance o (count? s%) and

fractional RMS, o, calculated by equally weighting contributions to mean



5.1.  The strange variability properties of NGC 4051

-114~

156 20
T T

Flux (count s™1)
10
T

f .
*‘0']0. :‘. N

it

600 800
Time (TJD—10000)

1060

20

156
T

Flux (count s™%)

1 I |

370 375
Time (TJD—10000)

365

A R B B St A S B T L

Flux (count s™1)

R * ;}) }
b
o Ll o Ikimﬂ L\‘ NHI ,ML{[

A

P SN MO S S S W

i

431 431.5 432
Time (TJD—10000)

430 430.5

Figure 5.1: 2-10 keV lightcurves of NGC 4051, from top to bottom: total

monitoring lightcurve, intensive monitoring lightcurve, December 1996 512-s

binned long-look lightcurve.
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Band ! o? Ofrac
2-10 keV | 4.86 13.91 7%
2-5 keV 2.55  5.07 88%
5-10 keV | 2.31 2.21 64%
10-20 keV [ 0.75  0.15 52%

Table 5.1: NGC 4051 long-term lightcurve variability parameters

and variance from 2-week bins, are shown in Table 5.1 for the 2-10 keV
lightcurve and each of the energy bands considered in Section 4.6.1. The
fractional RMS values measured from the long-term lightcurve are exception-
ally high. The reason for this is that the lightcurve mean is pulled down by the
low-state periods and also by a period of generally low fluxes lasting ~1 year
between TJD 10500 and the beginning of the first low state, so that the period
of large variability observed in the first AO contributes much more to the vari-
ance than it would if it were considered in isolation. The measured RMS values
are clearly distorted because the lightcurve is so strongly non-stationary.

The period from ~TJD 10500-10800 is striking in that it seems to show evi-
dence for non-linear variability, with the source flux typically being fairly low,
punctuated by large flares, i.e. the measurements of flux are not evenly dis-
tributed about the mean. Leighly (1999) points out that a skewed distribution
of flux does not immediately imply non-linearity in the lightcurve, since it
is possible that the underlying lightcurve is linear but non-Gaussian. A lin-
ear non-Gaussian lightcurve might be caused by an underlying linear process
which must reach a certain threshold level before triggering a corresponding
flux increase in the lightcurve. Therefore a Gaussian distribution of fluxes in a
lightcurve implies linearity, but a non-Gaussian distribution does not strictly
imply non-linearity. A rigorous test for non-linearity has been proposed by
Keenan (1985), however the Keenan test is not possible to apply here since it

requires a longer, more intensively sampled time series than is available here.
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Band i a Ofrac
2-10 keV [ 8.12 9.95 39%
2-5 keV 452 3.89 44%
5-10 keV | 3.60 1.42 33%
10-20 keV | 1.03  0.09 29%

Table 5.2: NGC 4051 variability parameters for the Gaussian-distributed por-

tion of the long term lightcurve

Instead, we can test the Gaussianity of the flux distribution of the lightcurve
by measuring the distribution of fluxes below and above the mean flux. If
the distribution is Gaussian, the distribution of points about the mean will
be symmetric. We can then apply the KS test to the distributions of abso-
lute flux deviation (i.e. the magnitude of mean flux minus measured flux)
below and above the mean, to ascertain the probability that they come from
the same parent distribution. Green, M°Hardy & Done (1999) applied this
method to two ROSAT observations of NGC 4051 to show that the Novem-
ber 1991 lightcurve was significantly non-Gaussian while the November 1992
lightcurve was consistent with Gaussian variability. I have split the long-term
monitoring lightcurve prior to the first low state into two equal halves, and find
that the first half of the lightcurve is consistent with a Gaussian flux distribu-
tion (the distribution of fluxes above and below the mean are the same at 53%
confidence) while the second half of the lightcurve (TJD 10503-10810) shows
a significantly non-Gaussian distribution (the distributions of fluxes above and
below the mean are not the same at 90% confidence).

If we only consider the Gaussian portion of the long-term lightcurve (i.e. up
until TJD 10503), we find that the RMS values are similar to those obtained
for the Seyfert galaxies described in the previous chapter (see Table 5.2). I
shall discuss the variability properties of the low state in the following section.

For now, let us turn to the properties of the power spectrum of NGC 4051.
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5.1.3 The power spectrum

The non-Gaussian variability in the long-term lightcurve of NGC 4051 poses a
problem in that the power spectrum for a non-Gaussian or non-linear process
is not well defined and cannot be well fitted by any simple model, such as a
power law or broken power law. Green, M°Hardy and Done (1999) demon-
strate this by using the response method to fit models to power spectra of
ROSAT lightcurves of NGC 4051 obtained in November 1991 and November
1992. Although the Gaussian distributed lightcurve power spectrum was well
fitted by various broken power law models, the non-Gaussian lightcurve power
spectrum from November 1991 was not well fitted at all by any simple power-
law or broken power-law model, showing large, scattered residuals. Therefore,
we are restricted to measuring the low-frequency power spectrum only from
the Gaussian-distributed portion of the long-term monitoring lightcurve.

The broadband power spectrum is made from the 2-10 keV lightcurves, us-
ing the method described in Section 4.2, except that the medium time-scale
lightcurve only includes the daily monitoring scheme and not the twice-daily
scheme, as the two were not consecutive. The long time-scale lightcurve used to
make the low-frequency power spectrum includes data only up to TJD 10503.
The high-frequency power spectrum was made using the December long-look
lightcurve, which was also used to measure the VHF power spectrum, in the
same manner as for MCG-6-30-15 and NGC 5506. Mean fluxes for the long
time-scale, medium time-scale and long-look lightcurves are 8.15, 7.73 and
3.31 count s™! respectively, while the corresponding Poisson noise levels in the
power spectrum are 39.5, 38.7 and 29.1 count? s72 Hz™1,

Fitting the measured broadband power spectrum with a high-frequency break
model, we find that the best-fitting probability is only 3%, corresponding to
a break frequency of 6.55 x 10™* Hz and high-frequency slope o = 2.3. Since
the range of break frequency stepped over was large and only 100 simulated

lightcurves were used for each observing scheme, this ‘optimum’ fit is consis-
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Figure 5.2: Comparison of the best-fitting high-frequency break model average
power spectrum with the observed broadband power spectrum of NGC 4051.

tent with noise in the fitting process. There is no preferred break frequency
(including the possibility of no break at all). If we examine the best-fitting
power spectrum, shown in Figure 5.2, we see that the problem stems from the
high-frequency power spectrum which shows much wilder fluctuations than
expected from the stochastic variations of a red-noise power spectrum. Fitting
the high-frequency power spectrum alone, with a simple power-law model, we
find that the best-fitting probability is only 7%, again due to the wild fluctu-
ations in the power spectrum.

If we examine the December 1996 long-look lightcurve (see Figure 5.1) used to
make the high-frequency power spectrum, we see that it looks suspiciously non-
Gaussian. The uneven sampling and relatively short duration of the lightcurve
do not allow us to use the KS test to determine if it is non-Gaussian, but
note that the fractional RMS variability of the lightcurve is 63%), higher than
that measured for the Gaussian-distributed part of the long-term monitoring
lightcurve. The December 1996 long-look observation was obtained between

TJD 10430 and TJD 10433, only 70 days prior to the start of the period we have
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defined as the non-Gaussian part of the lightcurve. Therefore, it seems likely
that the period of non-Gaussian behaviour in the lightcurve began some time
prior to the December long-look observation, and only becomes apparent at a
later date because of the uncertainties in the form of the underlying long-term
lightcurve caused by the sparse sampling. The large scatter in the December
power spectrum is caused by the non-Gaussianity, in the same way that the
scatter in the November 1991 power spectrum measured by Green, M°Hardy &
Done was associated with non-Gaussianity in the ROSAT lightcurve. There-
fore, we cannot measure a valid broadband power spectrum for NGC 4051
because the different parts of the power spectrum are associated with different

lightcurve behaviours.

5.2 The low states

We shall now investigate the variability and spectral properties of the low

states of NGC 4051.

5.2.1 Variability of the low state

Inspection of Figure 5.1 shows that the long term variability (i.e. on time-
scales of a month) is minimal during the first and second low states. The low
level variability that can be seen is probably real, although due to the particu-
larly low flux levels, we should be cautious about interpreting such variations,
since systematic variations due to poor background subtraction might also
contribute a low level of variability. During the first low state, we were fortu-
nate enough to observe NGC 4051 with two satellites with imaging capabili-
ties, FUVE and the BeppoSAX satellite, allowing more confident background
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Figure 5.3: Simultaneous EUVE (DS/S instrument) and 4-10.5 keV BeppoSAX
(MECS instrument) lightcurves of NGC 4051 in the 1998 low state, binned to
22176 s (4 EUVE orbits).

subtraction and constraints on any variability. EUVE observed NGC 4051
from 01:10 UT May 8 to 11:48 UT May 15 1998, while BeppoSAX observed
NGC 4051 from 09:57 UT May 9 to 18:05 UT May 11 1998. Lightcurves
from these observations are shown in Figure 5.3. The medium energy X-
ray lightcurve shows no significant evidence of variability, nor does the EUV
lightcurve on the 20 ksec time-scale at which it is binned. However, the EUV
lightcurve seems to show evidence of a slow trend of increasing flux as the ob-
servation progresses. This is confirmed by splitting the entire EUV lightcurve
into two bins of 324 ksec duration, which yields significantly different fluxes (to
better than 99% confidence) in each half of the lightcurve. Therefore it seems
that although variability on short time-scales (<day) is not significant, there
is significant variability on longer time-scales, at least in the EUV lightcurve.
Singh (1999) reports evidence from ROSAT HRI observations of significant ex-
tended soft X-ray emission in NGC 4051, which may be associated with the nu-
clear outflow seen in this source at optical and radio wavelengths (Christopoulou

et al. 1997). Converting the measured ROSAT HRI count rates due to the
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extended emission to EUVE DS/S count rates using the PIMMS software, gives
a contribution to the EUVE DS/S flux of ~ 5 x 1073count s™! (assuming a
thermal bremsstrahlung model of temperature 1 keV). The estimated KUV
flux contributed by the extended emission is not particularly sensitive to the
model used, in that an extreme 10 keV bremsstrahlung model yields a rate
of ~ 3 x 107°count s™! while smaller temperatures yield higher fluxes. The
mean EUVE flux over the entire low state observation is ~ 7 x 10 3count s™!,
implying that a significant proportion of the low state FUVE flux originates
from the extended emission region, so that the flux intrinsic to the central
source is even lower than that measured.

During the second low state in early 1999, we observed NGC 4051 for 2 orbits
each day with EUVE for two 5 day observing periods separated by 8 days, to
coincide with optical monitoring being conducted by the ‘AGN Watch’ team.
The resulting lightcurve is shown in Figure 5.4, which shows that although the
source was in the low state for the first four days of the first observing period
(March 8-12 1999), it had suddenly recovered to its normal state before the
observation on March 13, i.e. the recovery-time from the low-state was con-
strained to be less than one day. Note that the EUV flux from NGC 4051
prior to its exit from the low state is greater than that seen during the low
state in May 1998, which indicates that significant EUV flux from the central
source remains during the low state (i.e. it has not completely switched off in
the EUV band) and that the central source varies significantly in the EUV on

long time-scales.

5.2.2 The low state X-ray spectrum

We now investigate the spectrum of the source in its low state, as measured

by the PCA on board RXTF and the MECS instrument on BeppoSAX during
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Figure 5.4: FUVE lightcurve of NGC 4051 during the 1999 low—normal state

transition.

the long-looks of May 9-11 1998. The BeppoSAX data was first considered
separately by Guainazzi et al. (1998), henceforth G98, who found that the
spectrum at medium X-ray energies was particularly hard and showed a promi-
nent iron line, consistent with what might be expected if the central source
had switched off in medium X-rays to leave a constant hard component due to
reflection of the central continuum from the distant molecular torus. Here, we
shall constrain the spectral parameters of this possible torus reflection spec-
trum by fitting a reflection model to the BeppoSAX MECS spectrum together
with that measured from the RXTE PCA. The 2-10 keV lightcurve obtained
by the PCA shows no significant variability above the expected level for sys-
tematic errors in the background estimation, consistent with the observed lack
of variability in the BeppoSAX lightcurves (G98). We therefore use the PCA
and MECS spectra integrated over the whole observation.

We will not consider the data from EUVFE and the LECS instrument on board
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BeppoSAX in our fits, because these data show evidence for a separate low-
energy component at energies below 4 keV, in addition to the component seen
at medium energies by the PCA and MECS. As described in the preceding
section, the bulk of this low-energy component is almost certainly associated
with the extended soft X-ray emission discovered by Singh (1999). Since we are
interested in the medium energy spectral component, we shall only consider
the PCA and MECS spectra in the energy ranges 4-15 keV and 4-10.5 keV
respectively. We use a PCA response matrix generated by the PCARSP v2.36
script; details of the MECS calibration and data reduction can be found in
G98.

We fit the spectra in XSPEC v10.0. Simple power-law fits show a very flat
spectrum so, as in G98, we shall attempt to account for this hard spectrum
in terms of a reflection model. By fitting up to 15 keV we can use the simple
href multiplicative model for reflection of a power-law spectrum off a slab of
cold material. We also include a Gaussian iron line and Galactic absorption.
This simple model approximates the reflection spectrum of cold material with
an unknown distribution around the primary X-ray source. Like G98, we as-
sume that the reflecting material subtends 27 steradians of sky, as seen from
the source of the incident continuum. The inclination angle of the reflector to
the line of sight is unknown, but since it does not significantly affect the fits,
we freeze it arbitrarily at 30 degrees. We find that the best-fitting observed
fraction of the illuminating power-law continuum in all our model fits where
it is left free is zero (i.e. the source has switched off completely); so we fix this
parameter to zero for the purpose of constraining the other model parameters.
In Table 5.3, we show the resulting best-fitting parameters for separate model
fits to the PCA and MECS spectra. Both sets of data are fitted reasonably
well by the model and the model parameters are consistent with being the
same in both the PCA and MECS spectra. The agreement between the two
instruments confirms the accuracy of the PCA background model. We there-

fore attempt to constrain the model parameters further by fitting both the
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T AJ1072 B oK Fi/1075  x2/dof. Laio
PCA 21404 0.6410 6424018 0294347 27420 164/26 .30
MECS 22404 09411 6.46£032 04056 160412 28.2/22  0.39
PCA/MECS | 2.30 £0.25 1.04£07 6.464+%8 01493 20498 49.0/53  0.38

Table 5.3: Best-fitting reflection model parameters for PCA, MECS and com-
bined MECS and PCA spectra. I' is the photon index of the incident power-
law continuum, A is the incident power-law normalisation, Fx and ok are the
line energy and actual width respectively (in keV) and Fx is the line flux in
photons cm™2 s~1. All errors are 90% confidence limits for 2 interesting pa-
rameters. Also shown is the x? value and number of degrees of freedom for
each fit, and the 2-10 keV luminosity of the incident power-law in units of

10*? erg s™* (assuming Hy = 50 km s™! Mpc™).

PCA and MECS spectra jointly with the same model parameters. The result-
ing best-fitting parameters are also shown in Table 5.3. Figure 5.5 shows the
model fitted jointly to the spectra from both instruments. The inferred slope
of the illuminating continuum, as obtained by the joint fit, is higher than that
obtained from the individual fits to both the PCA and MECS spectra. The
higher slope is due to the improved definition of the continuum flux at lower
energies by the MECS data, which sets the 1 keV continuum normalisation to
a higher value than that given by the PCA fit alone, combined with the greater
sensitivity of the PCA at high energies which holds down the continuum at
higher energies. As one might expect, given that none of the illuminating con-
tinuum is directly visible, the slope of that continuum is not well determined.
However, we note that a continuum photon index of 2.3 was observed during

the simultaneous RXTE and EUVE observations in May 1996 (see next sec-

tion).
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Figure 5.5: May 9-11 RXTFE PCA and BeppoSAX MECS spectra for the best-

fitting multiplicative reflection model described in the text.

The value inferred for the luminosity of the primary continuum incident on
the reflector is fairly typical for NGC 4051 in its active state (e.g. Guainazzi
et al., 1996). Note that the inferred value for the incident luminosity assumes
the slab geometry which is inherent in the reflection model (i.e. 50% covering
fraction). Since the inferred continuum luminosity is compatible with observa-
tions, the actual covering fraction must be of this order. Fixing the continuum
slope of the combined-fit model to its best-fitting value, we can set a 99%
confidence upper limit (for 2 interesting parameters) of 0.024 for the fraction
of the illuminating primary flux which is directly observed. Combining this
observation with the lack of variability from the EUV to medium X-ray bands,
the simplest assumption is that the primary continuum has switched off com-
pletely.

The iron line parameters are not strongly affected by the parametrization of the
underlying continuum. The iron line equivalent width is ~ 1 keV, consistent
with the interpretation that the entire medium-energy spectrum originates in
cold reflecting material. The line energy and width are also consistent with

this interpretation.
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Given that the May 1998 long-looks occur towards the end of the low state,
it would seem that the reflecting material must lie some considerable distance
from the central continuum, in order that we can still see reflection of the
source in the active state. Therefore the distance of the reflector from the cen-
tral continuum must be > 150 light-days, consistent with the interpretation
that we are witnessing reflection from the molecular torus, which is assumed
to lie at distances ~light-years from the central source. The fact that the X-
ray power-law continuum seems to disappear during the low states (or at least
drop to a very low level) suggests that the inner disk, which presumably pow-
ers the X-ray emitting region, has disappeared, possibly becoming radiatively
inefficient (e.g. an ADAF). We will consider more evidence for the disappear-
ance of the inner disk in the light of results from optical spectral observations

during the low state, later in this chapter.

5.3 Simultaneous EUV and X-ray variability

In this section, we shall consider the interband EUV and X-ray variability
properties of NGC 4051 during periods of normal activity, as measured by
simultaneous observations of NGC 4051 with FUVE and RXTFE in May and
December 1996. In particular, we shall use the data to constrain any lags be-
tween the medium X-ray and EUV band, and use these constraints to constrain

Comptonisation models for the power law continuum.

5.3.1 The EUV-X-ray correlation

We show the background-subtracted RXTE (2-10 keV) and EUVE lightcurves
for the May observations in Figure 5.6. For presentation purposes, we have

scaled up the EUVE lightcurve by a factor of 100. The bin width is 5544 s,
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Figure 5.6: May 1996: 5544 s binned FUVE (scaled by factor 100) and RXTE
(3 PCUs, 2-10 keV) lightcurves of NGC 4051 (errors are 1o).
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Figure 5.7: December 1996: 5544 s binned EUVE (scaled by factor 100) and

RXTE (3 PCUs, 2-10 keV) lightcurves of NGC 4051 (errors are lo).
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Figure 5.8: Z-transformed discrete cross-correlation function of EUVE and
RXTE (4-10 keV) lightcurves, combined from separate May and December
ZDCFs. The ZDCF is binned to 20 ks and errors are lo.

which is the orbital period of EUVE. For clarity we do not show the May 6th
observations (but we note that the 2-10 keV and FUVE count rates for this
time were ~ 8.0 cts s™! and 0.12 cts s™! respectively). The lightcurves for the
December observations are shown in Figure 5.7, using the same bin width and
the same scaling factor for the EUVE lightcurve including, for completeness,
the data obtained by both instruments outside the times of overlap.

Visual inspection of the lightcurves shows a striking correlation between
the two bands. We can quantify this correlation and search for lags between
the two bands by carrying out a cross-correlation analysis of the lightcurves.
In the context of this work we are particularly interested in the relation of
the power-law component of the X-ray spectrum to the EUV emission. Since
NGC 4051 is known to display both variable low energy X-ray absorption and
an iron fluorescent emission line at ~ 6 keV (Guainazzi et al. 1996), we will
exclude these components and obtain the ‘pure’ power-law contribution to the
emission by extracting a lightcurve in the 4-10 keV band, excluding 5-7 keV
(corresponding to PCA channels 12-14 and 21-28 in the current gain epoch
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3).

We compute the cross-correlation function (CCF) of the time series using the
Z-transformed Discrete Correlation Function (ZDCF) method of Alexander
(1997), which is based on the DCF method of Edelson & Krolik (1988) but
estimates errors more reliably. We calculate separate ZDCFs for May and
December 1996 and bin up the resulting noisy ZDCFs (which have different
binning) into identical 20-ks-wide bins, before combining them by adding to-
gether values corresponding to the same lag (weighting according to errors).
We show the resulting combined ZDCF in Figure 5.8.

A simple visual inspection of the ZDCF indicates that the EUV band leads the
X-rays by between 0 and 20 ks. Simulations of perfectly correlated lightcurves
(with zero lag) which use the same sampling pattern as our data show that
the peak at 20 ks is probably artificial, due to an excess of data pairs sampled
at that particular lag. Therefore, we believe that the most likely lag is within
the 0 ks bin. We now turn to an alternative technique for constraining the lag,

which is not affected by the sampling pattern.

5.3.2 A simple spectral model

The simplest explanation for the strong correlation between the FUVE and
RXTE lightcurves is that both instruments are sampling the same continuum,
i.e the X-ray power-law extends to the EUV band. A detailed spectral analysis
of the RXTFE data will be described in a later work, but here we can test the
hypothesis that the EUV continuum is an extension of the X-ray power-law
continuum by fitting a simple power-law to the 4-10 keV (excluding 5-7 keV)
region of the spectrum for the brightest observation in May. We find a power
law slope (photon index, I') of 2.3 £ 0.1, corresponding to a 2-10 keV flux
of 6.5 x 107! ergs cm~2 s~!. If we use these parameters in the PIMMS V2.3

count rate calculator, assuming a galactic absorption of 1.3 x 10%° cm™2, we
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obtain a predicted EUVE DS/S (Lexan/B) count rate of 0.27 & 0.1 cts s™'.
This agrees well with the actual EUVE count rate (simultaneous with the
500 s long RXTE observation) of 0.24 4 0.05 cts s™'. Note that because the
EUVE count rate can be adequately explained as the extrapolation of the
X-ray power law modified by Galactic absorption, there is no requirement
for a significant neutral column in the AGN host galaxy, a result consistent
with previous ROSAT and ASCA observations. The lack of any significant
absorbing column (in addition to Galactic) implies that the significant low
energy X-ray absorption seen in previous observations of NGC 4051 (M°Hardy
et al., 1995; Guainazzi et al., 1996) must be due to ionised gas (so that hydrogen
and helium are virtually completely ionised). This is again consistent with
previous observations, which indicate that the X-ray absorption is due to an
ionised ‘warm absorber’.

Previous observations of NGC 4051 with EXOSAT (Papadakis & Lawrence
1995) and recently ASCA (Guainazzi et al. 1996), indicate that the photon
index of the X-ray power-law is positively correlated with the source luminosity,
in the sense that the continuum becomes softer as the source flux increases.
An inspection of the scaled FUVE and RXTE lightcurves indicates that this
may indeed be the case; there is a tendency for the linearly scaled EUVE flux
to exceed the 2-10 keV count rate when the source is bright, and vice versa
when the source is dim. If the EUVE count rate can be described as a simple
function of the RXTFE count rate, we can fit such a function to the data. The
scaled lightcurves indicate that the EUVE count rate scales with the RXTE

count rate in a non-linear way. We suggest a simple function of the form:
Rguve = A Rgxrg +C

where Rpyve, and Rrxtr are the predicted EUVE count rate and the RXTFE (4-
10 keV, excluding 5-7 keV) count rate respectively. A, n and C' are constants.
The error on the predicted values is given by:

AR
A Rguve = (Reuve — C) %
R
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where A Rrpuve and ARpxTr are the errors on the FUVE and 4-10 keV count

rates respectively.

For given parameters A, n and C we can calculate the predicted value (and
error) of Rguve for each point in the RXTFE lightcurve and compare with the

actual values by calculating a x? value, defined as:

REUVE measured — LEUVE
X = Z EUVE,measured AREU\)/E
Where Rpuve,measured ad AREUVE measured are the measured values of the
FEUVE count rate and associated error respectively, and the sum is over the
n pairs of data points that are measured simultaneously in both bands. By
stepping through a range of values of the parameters we can attempt to find
the set of best-fitting model parameters.
We use the 4-10 keV band of the RXTF data (excluding 5-7 keV), so that we
sample only the continuum component of the X-ray spectrum. Due to orbital
constraints there are gaps in the FUVFE lightcurve so that not all RXTF data
points have corresponding simultaneous FUVE data points. We therefore bin
the lightcurves into identical 1 ks bins (so the corresponding time for each
bin is the same for both the FUVE and 4-10 keV lightcurves). In this way
we only sample times where the EUVE and RXTFE data are simultaneous to
within 1 ks. This restriction is necessary because large flux changes can occur
on timescales of a few ks, so the flux in both bands must be measured as si-
multaneously as possible to allow a good comparison between bands. We next
fit the simultaneous data with our model.
We first fit a simple linear model to the data (n = 1). We obtain best-fit values
of A = 0.029453% and €' = —0.006£39%5, with x? = 35.14 for 31 degrees of
freedom. This model is acceptable, but a non-linear model (allowing n to be
a free parameter) improves the fit (x?/d.o.f. = 30.00/30), with best-fit values
A =0.01243%2 n = 1.68 £0.55 and C' = 0.006+3-097. Negative and positive

values of C' (as given by the linear and non-linear model fits) correspond to

constant flux components in the RXTE and FUVE bands respectively. The
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Figure 5.9: Comparison of linear and non-linear models (dotted line and solid
line respectively). For clarity the data have been averaged (and lo errors
calculated accordingly) into bins of 0.3 counts s™! width. See text for details

of corresponding fit parameters.

constant soft component, which may be largely associated with the extended
emission in the host galaxy imaged by ROSAT (Singh 1999), contributes an
EUYV flux consistent with the constant value estimated by our non-linear model
fit. However, the constant component from the molecular torus would lead to
a negative value of C. The exact value of C, which is at present not well
constrained, is determined by a trade-off between these two constant compo-
nents. Using our data, we cannot formally rule out either the non-linear or
linear model, however the F-test indicates that the non-linear model is better
at describing the data at 63% confidence. In Figure 5.9 we show a comparison
of the linear and non-linear models with the data.

The fact that we can successfully model (reduced x? = 1.0) the relationship
between both energy bands to a simultaneous time resolution of 1 ks implies

that there is no significant lag between the bands (i.e. any lag is less than
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1 ks). This result is consistent with the less-than-unity value of the zero-lag
peak in the lower resolution CCF. We can rule out the possibility that our
model is so general that it will fit any time lag by shifting the lightcurves with
respect to each other and fitting the model. If we cause the FUVF lightcurve
to lag the RXTE lightcurve by 1 ks, the best-fitting non-linear model yields
x?/d.o.f. = 65.78/23. If we cause the RXTE lightcurve to lag the EUVE
lightcurve by 1 ks we obtain x?/d.o.f. = 39.38/35. If the RXTE lightcurve
lags the EUVE lightcurve by 2 ks we find x?/d.o.f. = 60.78/38. Clearly the
model does not easily fit other lags, although a lag of 1 ks between the X-ray
and EUV bands is allowed by the model. We might expect the model to fit
short lags even if the true lag is zero, since both lightcurves are autocorrelated
on short timescales (~ks). In any case, it remains true that effectively zero lag
between the bands is adequate to describe the data.

Recent simultaneous observations of NGC 5548 with RXTFEand EUVE showed
evidence that the 2-20 keV X-ray variations lagged changes in the EUV by
35 ks (Chiang et al. 2000). Scaling this lag by the black hole mass, using
the masses of NGC 4051 (1.4 x 10° Mg) and NGC 5548 (10® Mg) measured
by reverberation mapping (Wandel, Peterson & Malkan 1999), we predict an
X-ray-EUV lag of ~ 600 s in NGC 4051, consistent with our upper limit.

5.3.3 Constraining simple Comptonisation models

We have shown that the variable X-ray and EUV fluxes almost certainly come
from the same spectral component, and that the best-fitting model to describe
the relationship between the fluxes in both bands is probably non-linear, im-
plying that increases in continuum flux are accompanied by spectral slope
changes. Specifically, the power-law steepens as the continuum flux increases.
This behaviour was observed previously by ASCA (Guainazzi et al. 1996).

Using PIMMS we can estimate the change in power-law slope associated with a
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doubling of the RXTE count rate assuming n = 1.68. The corresponding slope
increase is ~ 0.1, a value consistent with the results obtained by Guainazzi et
al. (1996).
By constraining the lag between the EUV and 4-10 keV bands to be less than
20 ks or less than 1 ks (depending on whether we take the conservative result
of the ZDCF, or the more speculative result of the scaling model), we can
constrain the physical size of the Comptonising region in the context of simple
upscattering models. In this context, the lag between the EUV and 4-10 keV
bands corresponds to the time taken to upscatter EUV photons to medium
X-ray energies (regardless of the energy of the initial seed photons). We now
consider a simple Comptonisation model, where the EUV photons originate
at the centre of a homogeneous spherical cloud of thermal electrons, and are
upscattered on their way through the cloud to produce the medium-energy
X-ray photons. We use this simple model to estimate an upper limit to the
size of the X-ray emitting region.
The time spent to upscatter a photon from an energy £; to a higher energy
E; is:

tup = —— (5.1)

where N is the number of scatterings required to raise the energy from E; to

F, and A is the mean free path of the photon between scatterings. The mean

free path is given by:
1

Ne 0T

A= (5.2)

where n. is the electron density and ot is the Thomson cross-section (assum-

ing £ <« mec?). We can express n. in terms of the optical depth of the

Comptonising cloud, 7 and the radius of the cloud, R:

T

oT R

(5.3)

Ne =
Incorporating equations 2 and 3 into equation 1, and rearranging yields:

t
R= ElN_B (5.4)
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so that substituting our maximum lag for ¢,, sets an upper limit on R. The
number of collisions required to scatter the photons from energy E; to Ej
depends on the electron temperature, 7. (e.g. see Longair, 1992). In the
non-relativistic regime, the number of scatterings is given by:

B log (E,/ EY)
" log (1+ (4% Tufme 2))’

(5.5)

The electron temperature is not well constrained, but because the power-law
continuum extends right across the useful PCA band (up to 15 keV) with no
cut-off at the highest energies, we are justified in assuming a lower limit to
the electron temperature of ~ 25 keV. OSSE observations of Seyfert galaxies
show high energy cutoffs in their continua which correspond to typical electron
temperatures of ~ 100 keV (~ 60 keV in the case of NGC 4151) (Zdziarski et
al. 1997), consistent with our simple non-relativistic assumption.

The ratio of photon energies between the two bands is > 20, so for an example
where kT, = 25 keV, N > 16. For kT, = 100 keV, N > 5. For photon
energies £ < k T,, the optical depth for Compton scattering in a spherical
cloud can be determined from the spectral slope of the resulting Comptonised

continuum (Posdnyakov, Sobol & Sunyaev 1983):

2 me ¢\ ?
"= (4 [(a+3/2)2 —9/4] kT > — 09
where « is the energy spectral index of the Comptonised continuum. Using the
spectral index of 1.3 measured by RXTFE, we find 7 = 1 for kT, = 100 keV, and
7 = 2.5 for kT, of 25 keV. Therefore, in the range of temperatures 25-100 keV,
we expect the ratio 7/N < 0.2. Using this limit in equation 4, we arrive at an

upper limit for K assuming ¢,, < 1000 s:
R <6x10" cm.

A size of 6 x 10'2 cm corresponds to ~ 20 Schwarzschild radii for a 10° Mg
black hole. Thus, if the power-law continuum is produced by a single central
source, the emitting region is very close to the central black hole. Alterna-

tively, in disk corona models (e.g. see Haardt, Maraschi & Ghisellini 1997) the
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power-law continuum is produced by the scattering of thermal photons from
an accretion disk in a hot corona above the disk. In this case, the continuum
may originate in many scattering regions spread over the disk, so the size con-
straint we impose may represent the size of a typical scattering region. Note
that this size limit increases by a factor ~ 20 if we instead choose the more
conservative 20 ks upper limit on the lag, inferred from the ZDCF.

We note here that Monte Carlo simulations of thermal Comptonisation in
the relativistic regime (Skibo et al. 1995) show that if « > 1, 7 < 0.1 for
kT, > 250 keV. In the case of very low optical depth to scattering, EUV and
X-ray photons may undergo only one upscattering from the original seed pho-
tons before leaving the Comptonising cloud. In this case, upper limits to lags
between the two bands yield no information regarding the size of the Compton-
ising region. This situation is extreme however, but in the case of NGC 4051
we cannot be completely confident in our assertion of a small Comptonising
region until finite lags are measured between different energy bands, or a spec-
tral cut-off is determined.

Finally, we note that although our constraint on the size of the emitting region
in NGC 4051 is model dependent, simple causal arguments place a model-
independent upper limit of 3 x 10'® cm on the separation between the EUV
and X-ray emitting regions, if the lag between both bands is less than 1 ks.
Combining this constraint with the rapid variability seen in both bands, we
can infer that the continuum in both bands is emitted co-spatially within a

region of that size (i.e., 1000 light-seconds).
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5.4 The relationship between X-ray and opti-

cal variability

The relationship between variations in the optical and X-ray lightcurves of
AGN can constrain models for the production of the optical continuum (or at
least the part of it which is varying). Variability in the optical lightcurves of
radio-quiet AGN has been studied for several decades, but no understanding of
it has emerged. In radio-quiet AGN, the bulk of the optical continuum should
come from the accretion disk. Variability in the optical continuum may then
be caused by variations in the accretion flow of matter through the disk or
perturbations in the accretion disk leading to local changes in disk tempera-
ture, and hence fluctuations in the black body flux. An alternative possibility
however, is that the variations are caused by optical reprocessing of the X-
ray emission, which is known to be strongly variable. The X-ray flux which
is absorbed by the accretion disk heats it and so is effectively reprocessed to
optical radiation, leading to fluctuations in the optical lightcurve which track
the X-ray fluctuations. Simultaneous optical and X-ray monitoring of AGN is
required to test this hypothesis.

Done et al. (1990a) used simultaneous optical and Ginga X-ray observations
of NGC 4051 to search for correlations between the two bands. They found
that although the X-ray flux varied greatly during the observation (by a factor
of 3), the optical flux did not vary at all. Apart from the possibility that the
X-ray reprocessing model of variability is wrong, one reason for the lack of
optical response to large X-ray variations could be that the X-ray reprocessing
region is large compared to the X-ray emitting region, so that rapid X-ray vari-
ations are smeared out and the reprocessor only responds to longer time-scale
variations in the X-rays. Long-timescale X-ray and optical studies are needed
to test this possibility.

In order to investigate the relationship between optical and X-ray variabil-
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Figure 5.10: NGC 4051 X-ray, 5100A continuum and Hf line monitoring

lightcurves.

ity on long time-scales, we collaborated with the ‘AGN Watch’ team (Brad
Peterson, Belinda Wilkes and collaborators) who monitored variations in the
optical spectrum of NGC 4051 for much of the duration of our RXTE monitor-
ing campaign. Besides comparing the long-term optical and X-ray lightcurves
of NGC 4051, the other purpose of optical spectral monitoring was to measure
lags in the response of optical emission lines to variations in the optical con-
tinuum, and so estimate a mass for the central black hole using reverberation
mapping techniques (e.g. Peterson et al. 1998). NGC 4051 is classed as a
narrow-line Seyfert 1 (NLS 1) and correspondingly, the mass measured by the
optical monitoring program was low at ~ 1.1 x 10° Mg, implying an accretion
rate of ~ 20% of the Eddington limit. Further details of the optical monitor-
ing and reverberation mapping results are described in Peterson et al. (2000).
Here I will present the key results found with regard to the relation between
the X-ray and optical bands (also presented in Peterson et al. 2000).

The X-ray, optical continuum and HS line lightcurves are shown in Figure 5.10.
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Figure 5.11: Comparison of smoothed long-term X-ray and optical continuum

lightcurves (taken from Peterson et al. 1999).

The amplitude of X-ray variability is clearly much greater than any optical
variability. In particular, when the X-rays virtually disappear during the low
state of early 1998, the optical continuum emission remains, so clearly most
of the optical emission is not driven by the X-rays. Short time-scale optical
variations occur on time-scales of days but these are not correlated with short
time-scale X-ray variations. However, careful examination of Figure 5.10 re-
veals that there does seem to be a slow downwards trend in optical continuum
and line flux on time-scales of months, which corresponds to the decline in X-
ray emission from a normal active state to the period of non-Gaussian activity
with lower mean flux and ultimately to the low state. This correlation between
the long-term optical and X-ray variability is made more clear by smoothing
the X-ray and optical lightcurves with a 30-day sliding window, as shown in
Figure 5.11 (Peterson et al. 2000).

We can infer from Figure 5.11 that the X-ray and optical lightcurves are cor-
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related on long time-scales (i.e. months), but what does this mean for models
of the optical variability? In order to smear out variability on time-scales of
days any reprocessing region must be light-weeks across. The gravitational
radius of a black hole of mass 106 My, such as that inferred for NGC 4051 is
only 10 light-seconds, so any reprocessor would need to be of the order of 10°
gravitational radii in size, far larger than the accretion disk, which emits the
bulk of its optical continuum within 100 gravitational radii of the black hole.
Furthermore, in order to maintain a high enough brightness temperature to
emit in the optical band, any reprocessor of size ~light-weeks would need to
be irradiated by extreme quasar-like luminosities. Clearly the variable optical
emission is not caused by reprocessed X-rays.

An alternative explanation for the correlation between long-term X-ray and
optical variations could be that both are correlated with the same underlying
parameter which varies on long time-scales. An obvious choice for this pa-
rameter is the accretion rate. If the variable part of the optical continuum
is associated with the inner accretion disk where disk variability time-scales
are shortest, then variations in the accretion rate in the inner disk will cause
variations in the optical continuum and X-ray continuum together (since the
X-ray continuum is probably associated with a corona above the inner disk).
There are thus two components to the optical variability of NGC 4051. A
short-timescale component is associated with perturbations in the accretion
disk and leads to the short-timescale optical variability, while a long-term
component is associated with gradual changes in the accretion rate, leading to
the long-term correlation between X-ray and optical emission.

During the low state, HB3 line emission continues to vary on short time-scales.
This poses a problem however, since HB3 emission is driven by photons above
13.6 €V, and yet the EUV flux above 100 eV is very faint and not strongly
variable during the low state. To account for this, the varying EUV flux must
cut off somewhere between 13.6 eV and 100 eV. Examination of the RMS opti-

cal spectrum obtained during the low state shows that the variable part of the
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broad Hell emission line (which is ionised by photons of energies above 54 eV)
disappears during the low state (Peterson et al. 2000). This implies that the
EUV component above 54 eV, which normally drives the Hell variations is
no longer active during the low state, i.e. the variable EUV component cuts
off between 13.6 eV and 54 eV. As discussed earlier, the low state itself may
correspond to the disappearance of the inner disk, possibly a transition to an
ADAF. This possibility is supported by the disappearance of variable EUV
photons implied by the measurements of optical line variability, i.e. the inner
disk is truncated within the region where disk temperatures peak in the EUV.
Assuming that the inner disk is radiatively dominated, the disk temperature
T of a 10° Mg black hole at a radius R (where R is in units of gravitational
radii) is given approximately by T ~ 1.5 x 10° R~%/® K (Treves, Maraschi &
Abramowicz 1988), so that a cut-off temperature of between 13.6 eV and 54 eV
(i.e. 1.6-6.3 x 10° K) corresponds to a disk truncation radius of between 10

and ~ 100 gravitational radii.

5.5 Summary

We have seen how the X-ray lightcurve of NGC 4051 shows unusual non-
stationary behaviour, including a ‘normal’ Gaussian distributed part, an un-
usual non-Gaussian distributed part, associated with the relatively low-flux
period prior to a quiescent, low state which lasted 5 months in early 1998 and
recurred for a further three months in early 1999. The non-stationarity in the
lightcurve makes it impossible to describe the broadband power spectrum with
a valid power-spectral model, since the December long-look lightcurve which
is used to calculate the high-frequency power spectrum seems to be contained
within the non-Gaussian part of the lightcurve, and cannot be well fitted by
any power-spectral model.

FEUVE observations obtained during the first low state indicate that there is
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a low level of variability in the low state on long time-scales, at least in the
EUV band. The bulk of the EUV flux measured in the low state is probably
non-variable and associated with extended emission detected by ROSAT. The
EUYV lightcurve obtained during the second low state caught the source tran-
siting back to the normal active state, showing that this transition occurs on
time-scales <day.

Simultaneous long-look observations of NGC 4051 in the first low state, with
BeppoSAX and RXTFE, show that the spectrum is particularly hard with a
prominent iron Ko line, and is well described by a model where the low-state
X-ray emission originates almost entirely from reflection of the normal, active
continuum off a distant (> 150 light-days) molecular torus.

Simultaneous FUVFE and RXTF observations while the source was active in
May and December 1996 show that the EUV emission is highly correlated with
the X-rays and may be simply described as the low-energy extension of the
X-ray power-law continuum. Assuming a simple spectral model, the lag may
be constrained to be less than 1 ksec, which implies that the size of the X-
ray /EUV emitting region is < 20 Schwarzschild radii for a 10 Mg, black hole,
if the X-rays are produced by Comptonisation of FUV photons.

Finally, we have seen that although the optical and X-ray continua are not
correlated on short time-scales (days, implying that simple X-ray reprocessing
models for the optical variability are wrong), they do seem to be correlated
on time-scales of months—years, which suggests that the long-term variations
in both continua may be associated with long-term changes in accretion rate
or the pattern of the accretion flow. This result is confirmed by the inference
from optical line measurements that the continuum close to the Lyman edge
remains during the low state, while it cuts off somewhere between 13.6 and
54 eV. Together with X-ray measurements, these results suggest that in the
low state the inner disk disappears or enters a radiatively inefficient mode of
accretion. An intriguing interpretation of the unusual variability of NGC 4051

will be presented in the next chapter.
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Chapter 6

Conclusions

Overview

In this concluding chapter, I discuss some of the implications of the results
presented in this thesis, commenting throughout on the potential for future
work. First T raise the problems caused to shot-noise models by the flux-
scaling of power-spectral amplitude uncovered in Chapter 2, and suggest a
‘fractal flares’” model to explain this result. Then I discuss the implications
of the power-spectral measurements presented in Chapter 4, for the physical
time-scales which the break-frequency represents and the potential of using
X-ray variability measurements as a black hole mass estimator. I also consider
implications for AGN QPOs. Then I discuss the evidence for different accretion
states in AGN, consider the evidence for high state AGN and suggest that the
unusual variability properties of NGC 4051 imply that it is the AGN analogue
of the microquasar GRS 1915+105. Finally I comment on the implications of

these results for AGN unification models.
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6.1 The physical nature of the red-noise pro-

cess

The intrinsically non-stationary behaviour we have seen in the power spectra
of AGN and XRBs is particularly puzzling. The linear dependence of RMS
variability on flux over a broad range of time-scales implies that this kind
of non-stationarity is intrinsic to the red-noise variability process and is dis-
tinct from the changes in power-spectral shape reported on long-timescales in
XRBs, which may be associated with changes in the accretion flow (e.g. Bel-
loni & Hasinger 1990). The fact that the amplitude of the power spectrum
scales with the local squared mean flux contradicts what we expect from simple
shot-noise models for the variability. Shot-noise models form part of a class
of ‘stationary increment processes’ which construct lightcurves from individ-
ual increments, e.g. shots, and are often used to simulate red-noise variability
which is surprisingly common in Nature, being found in phenomena as diverse
as fluctuations in electrical resistance in simple circuits, economic time series,
and traffic density fluctuations on a motorway (Keshner 1982). The key fea-
ture of a stationary increment process is that its power spectrum is stationary
(Solo 1992). In many applications of models based on stationary increment
processes, stationarity of the power spectrum is a desirable feature, because
the observed power spectra are indeed stationary. However, we have seen that
the red-noise X-ray lightcurves of compact accreting systems are intrinsically
non-stationary, even on the shortest time-scales. It would seem then that a
stationary increment process such as shot-noise is not a good representation
of the real physical process underlying the variability.

We should not be too hasty to rule out shot-noise processes however, because
the intrinsic stationarity in the red-noise variability process is such that the
AGN/XRB power spectra are stationary provided we divide by their local

mean. This suggests that some kind of shot-noise model may be applicable
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provided the size of the shots are somehow linearly correlated with the local
mean flux. Conventional shot-noise models assume that lightcurves are built
from shots with a broad distribution of decay time-scales, in order that power-
spectral slopes other than o = 2 can be produced above the knee frequency,
so that the knee frequency corresponds to the decay time-scale of the longest
shots (e.g. Lehto 1989; Lochner, Swank & Szymkowiak 1991). The fact that
the power spectral amplitude scales in the same way with local mean flux over
three orders of magnitude in frequency (as shown in Figure 2.5) implies that
shots over an equivalent range of duration must be equally correlated with
flux. Here we must confront a fundamental problem however, since it is the
shots themselves which the lightcurve is built of and hence the flux itself is
correlated with the shots. Therefore the shots must be correlated with one an-
other on all time-scales, i.e. the smallest, shortest duration shots must ‘know’
what the longest duration shots are doing and vice versa.

Perhaps the simplest solution is to discard the idea that lightcurves are built
‘from the bottom up’ out of individual shots and instead suppose that the
shot-like variability we see is the result of flares which cascade ‘from the top
down’. The fundamental units of variability may be a few large flaring regions
that are broken into a fractal structure of many levels of smaller flaring units.
Under one realisation of this model, as a large flare erupts it breaks into smaller
sub-flares which break into smaller sub-sub-flares, and so on, in a cascade. The
number of flares at each level of the cascade varies stochastically about some
mean which is independent of the luminosity of the parent flares. The smallest
flares (i.e. farthest down the cascade) vary on the shortest time-scales, so that
at high frequencies, variability is due to large numbers of small flares. Then,
if the number of flares at a given level of a cascade obey Poisson statistics, the
levels farthest down the cascade will contribute least to the variability of the
lightcurve, so that the integrated power decreases towards higher frequencies,
producing something like a red-noise power spectrum.

A numerical study of lightcurves resulting from ‘fractal flaring” models of this
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type is beyond the scope of this work. Presumably the fractal structure of
the X-ray flares would be intrinsically related to self-similar structure of the
varying regions themselves, such as a fractal structure of the magnetic field
loops which might power the corona. Given the abundance of fractal struc-
ture elsewhere in Nature, we should not be surprised if it also underlies the
self-similar variability of the X-ray lightcurves of compact accreting systems.
Investigation of a possible physical physical basis for fractal structures in com-
pact accreting systems will be left as a future work.

A further question resulting from the RMS vs. flux relationship discovered for
Cygnus X-1 and SAX J1808.4-3658 is what is the nature of the second, possi-
bly constant component to the lightcurve? Note that this component, revealed
by the non-zero intercept in the linear RMS vs. flux trend, is not necessarily
constant, but may contribute a relatively small constant level to the RMS vari-
ability of the lightcurve. For this reason, I shall refer to it as the ‘constant-o’
component of the lightcurve, as opposed to the ‘variable-o” component which
causes the linear RMS vs. flux trend. We can investigate the spectrum of the
constant-o component by measuring C, the value of the intercept on the x-axis,
as a function of energy using lightcurves made in smaller energy bands than
the 0.0-13.1 keV lightcurve used to uncover the RMS vs. flux relationship.
Figure 6.1 shows the ratio of C' in each energy band to the mean flux of the
lightcurve in the energy band, for four energy bands (0-3.9 keV, 3.9-6.1 keV,
6.1-8.3 keV and 8.3-13.1 keV), for Cygnus X-1 and SAX J1808.4-3658. The
error bars are estimated from the linear fits to the RMS vs. flux relation in
each band, but given that the lightcurves in each energy band are correlated
with one another, the uncertainties in the overall spectral shape are probably
much smaller than the error bars imply.

Interestingly, the spectrum of the constant-o component is very similar to the
mean spectrum of the entire lightcurve. What this means is unclear, and is
dependent on the assumption that the power spectral shape of the constant-

o component does not vary with energy in a manner different to the power
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Figure 6.1: Relative flux of C' compared to the mean flux in four energy bands.

spectrum of the total lightcurve. If we assume the simplest case, where the
constant-c component is constant and does not contribute to the variability,
then the spectral shape measured here is a direct measure of the underlying
constant spectrum. In this case, the similarity of the spectrum of the constant
component to the mean spectrum of the entire lightcurve suggests that it is not
a distant reprocessor, as in the case of the torus component in NGC 4051, but
that it originates from the same source as the variable continuum. One possi-
bility is that it represents a measurement of the non-varying part of the X-ray
emitting corona. The prevalence of the shot-noise ‘building block’ paradigm
and the notable variability of XRBs and AGN makes us assume that the con-
tinuum X-ray emission from accreting systems is by neccessity made up of
varying parts, however this need not be the case. Provided its temperature
can be maintained, the corona will Comptonise seed photons from the accretion
disk regardless of whether it is static or active. If the corona lies relatively close
to the surface of the accretion disk, the constant emission component might
represent the quieter parts of the corona, while the active regions of the corona
are fairly localised in the same way that solar flares are localised to certain

regions of the solar corona. On the other hand, if the constant-o component is
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not truly constant and contributes to o, it may represent regions of the corona
with a different magnetic field configuration to the regions which display frac-
tal flaring of the kind discussed earlier.

The power spectra of Cygnus X-1 and SAX J1808.4-3658 which were used to
uncover the RMS vs. flux trend have a relatively simple red-noise form. It will
be particularly interesting to see how more complex XRB power spectra vary
as a function of local mean flux. For example, do QPO amplitudes show the
same dependence on flux as shown by the red noise, and is it possible to use
the linear dependence of red-noise RMS variability on flux as a tool to disen-
tangle the red-noise variability component in a lightcurve from other variable
or constant components? The RXTFE archive is a rich source of data for these

kinds of studies.

6.2 Power-spectral scaling in AGN and XRBs

The main result of this work has been to show that the power spectra of AGN
flatten towards low frequencies. Whether this flattening has the same form as
that in XRBs is still not certain. The data do not yet allow us to categorically
rule out simple knee models or more complex models where the power spectra
might have multiple breaks or flatten gradually. However, it is encouraging
that a simple high-frequency break, similar to that seen in the classic black
hole XRB Cygnus X-1, can fit the data well, and yield plausible black hole
masses if we assume that the black hole mass scales with the break frequency.

A useful way of comparing power spectra is to plot frequency x power, rather
than power, as a function of frequency. The vP(v) plot produced in this way
is analogous to the EF(F) method of displaying energy spectra, in that the
peak in the vP(v) plot shows which time-scales most of the variability occurs
on, as well as the magnitude of variability on those time-scales. In Figure 6.2 1

have plotted the v P(v) power spectra for the best-fitting high-frequency break
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Figure 6.2: Comparison of vP(v) power spectra of MCG-6-30-15, NGC 5506,
NGC 3516, NGC 5548 and Cygnus X-1 in the low and high states.
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models fitted to the observed power spectra of MCG-6-30-15, NGC 5506 and
NGC 3516 (see Section 4.4.2). The vP(v) power spectrum of NGC 5548 is also
included in the figure, except that since the break is not very well defined for
this object, I have assumed a break of 2 x 10~7 Hz, corresponding to the black
hole mass of 10® Mg, estimated from reverberation mapping. For comparison,
vP(v) power spectra of Cygnus X-1 are included, corresponding to typical
power-spectral parameters in the low and high states (Nowak et al. 1999, Cui
et al. 1997). Note that the flat peaks in the v P(v) power spectra correspond to
the o = 1 part of the power spectrum, where there is equal integrated power
per decade of frequency. The low-frequency drop-off in the vP(r) power in
the low state of Cygnus X-1 corresponds to the low-frequency break or ‘knee’
in the power spectrum, which we have not yet detected in the AGN power
spectra (it could occur at frequencies < 107¢ Hz, but the low-frequency data
is not yet adequate to detect it).

It is apparent that the vP(v) power spectra of AGN are similar to those in
Cyg X-1, in that they have similar peak powers, but they are shifted at least
5 decades down the frequency axis. The fact that the peak powers are similar
implies that the number of varying regions and the general pattern of variability
is the same in AGN and XRBs, while the luminosity of the varying regions
and their variability time-scales are scaled by some factor which is similar to
the black hole mass. In the remainder of this chapter, we assume that this
model is indeed the best model to describe the broadband power spectra of
AGN, and we shall examine the specific implications of this interpretation of

the data in the remainder of this section.
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6.2.1 What physical time-scale does the break frequency

correspond to?

The first question we might ask is: what physical time-scale does the break
frequency represent? Physical time-scales we might consider are the light-
crossing time-scale of the emitting region, ¢jzn¢, the dynamical time-scale ¢4y,
(corresponding to the orbital time-scale of matter around the black hole), and
the thermal, sound-crossing and viscous time-scales of the accretion disk ¢perm,
tsound and tyisc respectively (e.g. Treves, Maraschi & Abramowicz 1988). The

values of these various time-scales are given by:
tight ~ 10 (Mpu/10°)R  seconds,

tayn = 88 (M]3H/106)R3/2 seconds,
ttherm = tdyn/C  seconds,

seconds,

isoun ~ ——1 n
d H(R) dy

R\’
tyise <H—(}?)> (tayn/cr)  seconds,

where Mgy is the mass of the black hole in units of solar mass, 2 is the radius
(measured from the black hole, in gravitational radii Rg) and ttherm, fsound
and tyisc assume a thin accretion disk with viscosity parameter o (Shakura &
Sunyaev 1973) and scale height H(R) at radius R.

The light-crossing time-scale is clearly much too small to correspond to the
break frequencies measured, since it would require an X-ray emitting corona
of size > 10000 Rg which is physically unfeasible (since a huge amount of
power would be required to heat and support such a large corona) and is ruled
out by the short time-scale variability we measure. The break frequency might
correspond to the dynamical time-scale if the X-ray emitting region extends
out to ~ 60 Rg (e.g. assuming a black hole mass of 10" Mg in NGC 3516,

and a break timescale of ~ 4 x 10° s). The thermal and viscous time-scales
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depend on the viscosity parameter o which is related to the detailed physics
of the disk and is unknown. However, o is probably significantly less than 1
(its maximum value) so that tiherm > tdyn, in which case the break frequency
might correspond to the thermal time-scale in the inner disk (R ~ 10 Rg).
The ratio of the viscous time-scale to the thermal time-scale is given by the
square of the ratio of R to the disk scale-height. In a conventional thin disk,
R > H(R) so that the viscous time-scale is much longer than the thermal
time-scale, which would seem to imply that the break time-scale is too short
to be explained as a viscous time-scale. However, it is likely that the inner
disk is dominated by radiation pressure, which acts to puff the disk up so that
R ~ H(R) in the innermost part of the disk. Thus the break time-scale might
correspond to the viscous time-scale if the inner disk is sufficiently hot. How-
ever, since the disk temperature scales with MB_}IIM, the inner disks of more
massive black holes are less dominated by radiation pressure, such that the
ratio R/ H(R) scales with ~ Mé{;o. Therefore, if the break time-scale corre-
sponds to the viscous time-scale it should not scale linearly with black hole
mass, but scales as ~ Mgg’ . Although the extra exponent is only small, its ef-
fect over more than 5 orders of magnitude in black hole mass would mean that
the black hole masses estimated in Section 4.5 are too high by a factor of 10.
This would imply that NGC 3516, MCG-6-30-15 and NGC 5506 are accreting
well into the super-Eddington regime and that their black hole masses are much
lower than even the smallest black hole masses estimated from reverberation
mapping. It therefore seems unlikely that the break time-scale corresponds to
the viscous time-scale. A similar argument can be used against the possibility
that the break time-scale corresponds to the sound-crossing time-scale, which
is proportional to R/H(R) and hence does not scale linearly with black hole
mass. However, the argument against the sound-crossing time-scale is not so
strong, since the deviation from linear scaling is not as great as for the viscous
time-scale.

A more definitive estimate of the mass-scaling of the break time-scale can be
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made by measuring the break frequencies of a large sample of AGN which have
independently-estimated black hole masses (e.g. using reverberation mapping).
There are now more than half a dozen reverberation-mapped AGN being mon-
itored by RXTFE, so these data will help to constrain the scaling somewhat bet-
ter than the small sample presented here. Of particular interest is NGC 5506,
which has been found to have a water megamaser (Braatz, Wilson & Henkel
1994). VLBI monitoring of the megamaser in this source should yield a very
accurate mass for the central black hole, free from the assumptions and un-
certainties inherent in reverberation mapping. The possibility that NGC 5506
is a high state AGN can be confirmed by such a measurement, which would
provide a highly accurate measure of the mass-scaling of the frequency break,
provided that an accurate break-frequency can be determined. Obtaining a

better-quality broadband power spectrum for this target should be a priority.

6.2.2 How well can we measure black hole mass?

The results presented here support the hypothesis that the break frequency
we measure for AGN scales linearly with Mgj;. The next question is, how ac-
curately can we measure the black hole mass? Assuming that the slope below
the break frequency can be fixed at or close to 1, then with the best data sets
presented here, we can constrain the break frequency to within a factor 2, and
this accuracy will also be achieved for other objects using forthcoming data
sets. However, the main uncertainty is not the break frequency we measure,
but rather what value of the break frequency in Cygnus X-1 should we com-
pare it to? As discussed earlier, Belloni & Hasinger (1990) have shown that
the position of the high-frequency break in Cygnus X-1 in the low state varies
from 1-6 Hz, so it seems likely that AGN show similarly variable break fre-
quencies (although presumably the time-scales for changes in break frequency

in AGN are of the order of decades to centuries or longer). Since we do not
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know whether the break frequency we measure in an AGN power spectrum is
lower or higher than average, we cannot be sure which value of the Cygnus X-1
break frequency to scale it to, and this causes a further factor ~ 6 uncertainty
in our estimate of black hole mass.

We can remove this intrinsic uncertainty if we can find other characteristics
of the variability or spectra of XRBs (and Cygnus X-1 in particular) which
are correlated with the changes in break frequency. Belloni & Hasinger (1990)
found no such correlations for the high-frequency break, but did find that al-
though the position of the low-frequency knee in Cygnus X-1 varies by a factor
of 10, the knee-frequency is tightly inversely correlated with the power at the
knee. Thus by measuring the power at the knee it is possible to calibrate
out the variability in the knee and hence estimate an accurate scaling factor
between the power spectrum of Cygnus X-1 and the AGN power spectrum
(which may be used to estimate a black hole mass if the knee frequency scales
in the same way as the high-frequency break). If knees exist in AGN power
spectra, they must occur at relatively low frequencies so that well sampled
long-duration lightcurves (e.g. 5 year duration), which are not yet available,
are required to detect them. It is still possible that we may find other corre-
lations between the high-frequency break and, for example spectral features
such as iron line width or equivalent width (which we might expect if changes
in the break frequency are related to physical changes in the accretion disk),
so this remains an important future work.

An earlier attempt at estimating black hole mass in AGN from X-ray variability
power spectra was made by Hayashida et al. (1998), who defined a ‘character-
istic’ threshold frequency for AGN power spectra as being the point at which
the vP(v) power crossed a certain threshold (defined as vP(v) = 2 x 1073 us-
ing the fractional RMS normalisation used here). By comparing the threshold
frequency estimated from power spectra measured from Ginga long-look AGN
lightcurves with that measured for Cygnus X-1 and scaling linearly with black

hole mass, they estimated black hole masses which were generally much lower
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than those measured by reverberation mapping, and implied super-Eddington
luminosities. Besides the fact that Hayashida et al. did not take proper ac-
count of sampling effects in measuring AGN power spectra, it is easy to see
why this method is unsuitable for estimating black hole masses. The threshold
frequency defined in this way cannot be used as a characteristic frequency be-
cause it is strongly dependent on the measured high-frequency power-spectral
slope «, in addition to being dependent on the break frequency.

Consider two AGN power spectra, with the same vP(v) power at the break
frequency, vpx P(vbi). The threshold v P(v) power is given by:

e
venP(ven) = vk P(vbk) <;;;) :

Rearranging this to give 14, we find:

1

Ve = Vi VthP(Vth) -
‘ vk P (k) ’

so that the ratio of threshold frequencies, Ry, = v4h,1/Vth,2 measured for two
AGN power spectra with the same mpy and vy P(vpy) but different slopes, oy

and ay is given by:

a3 g

R = (2210200 T
Yok P (Vpk)

So for a reasonable value of v P(1px) = 0.01 and taking ve, P(vn) = 2 x 1073,
if the range of values of « is 1.5-2.4 (as seen in Cygnus X-1), the variation in
threshold frequency is increased by a further factor of 8, i.e. the total error in
using this ‘characteristic time-scale’ can be up to factor~ 50.

It is not very surprising then that the method of Hayashida et al. is very
poor at estimating reliable black hole masses. The fact that it tends to un-
derestimate black hole masses (for example, Hayashida et al. estimate a black
hole mass of 107 Mg, for NGC 5548 versus 10® Mg measured by reverberation
mapping) can be explained as a selection effect, due to the fact that more

massive black holes will only have variable lightcurves on short time-scales

if they have unusually flat power spectra, hence their threshold frequencies
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will be higher than objects with more typical power spectra. However, the
method of Hayashida et al. may prove useful if we can assume that an AGN
is in the high-state and that the high-state power spectrum also scales with
black hole mass, as the MCG-6-30-15 power spectrum presented here seems
to indicate. The reasons for this are three-fold. First, the break frequency in
the high-state power spectrum of Cygnus X-1 only varies by factor~ 2 (from
6.5-14 Hz, Cui et al. 1997). Second, the power-spectral slope is always steep,
varying between 1.9 and 2.6, so that the resulting variation in threshold fre-
quency for AGN with the same break frequency is only a factor ~ 2, for the
threshold-to-break v P(v) ratio assumed earlier. Thirdly, the data presented
by Cui et al. (1997) indicate that the break frequency in the high state may be
positively correlated with the power-spectral slope above the break frequency,
so that variations in break-frequency or slope can be calibrated out. Taking
these factors into account, it seems that we can use the method of Hayashida
et al. to determine masses of AGN in the high state to within a factor ~ 2,
using only long-look data or relatively short duration monitoring lightcurves.

The main uncertainty lies in whether or not an AGN is in a high state, which

I shall discuss later.

6.2.3 Where are the AGN QPOs?

The scaling of characteristic time-scales of accreting black hole systems with
black hole mass can provide clues as to the location of the seemingly elusive
AGN QPOs. For the AGN considered in this work, of probable black hole
masses ~ 106 Mg, ~ 107 Mg and ~ 10® Mg, we expect to find the 1-20 Hz
QPOs seen in black hole XRBs at frequencies of 107*~10"" Hz. Although
this frequency range is sampled by the power spectra we have measured, the

poorer quality of the power spectra at low frequencies, combined with the like-
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lihood that any QPOs only contribute a few per cent to the fractional RMS
variability, conspire to make it improbable that we would see any evidence for
them. Much better quality low-frequency power spectra are required to search
for these QPOs. On the other hand, high-frequency (~ 100 Hz) QPOs such
as those seen in the microquasars might be detectable at ~ 1072 Hz in the
high-frequency power spectra of the lowest mass objects in our sample (e.g.
NGC 4051, NGC 5506 and MCG-6-30-15), although we see no evidence for
them. This is probably not surprising, since high frequency QPOs are appar-
ently rare among black hole XRBs.

6.3 Accretion states and AGN unification

6.3.1 Evidence for high state AGN

One of the key results to emerge from the power-spectral study of the small
sample of AGN presented in this work, is the discovery that at least one AGN in
the sample, namely MCG-6-30-15, shows strong evidence for a high state power
spectrum. NGC 5506 may also have a high state power spectrum, although the
break frequency is not particularly well-defined so we cannot be certain of this.
Further support for this hypothesis can be seen in the v P(v) power spectra
shown in Figure 6.2, which shows that the peak powers of MCG-6-30-15 and
NGC 5506 are the lowest of the four AGN in the sample, similar to the lower
peak power of the high state power spectrum of Cygnus X-1 compared to the
low state. This result is robust, since the peak power is related to the RMS
variability and is fairly resilient to errors in the power-spectral shape. The
long-term fractional RMS variability of MCG-6-30-15 and NGC 5506 is 26.5%
and 22.6% respectively (see Section 4.2), compared to 30% for NGC 5548 and
29.6% for NGC 3516, which are likely to be low state sources. For comparison,
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the fractional RMS variability measured for Cygnus X-1 in the high state is
~ 18% (Cui et al. 1997) while the low state fractional RMS varies between
30%-40% (e.g. Belloni & Hasinger 1990). The greater range of RMS vari-
ability between low and high states in Cygnus X-1 compared to that seen in
our sample may be due to the presence of a strong constant soft X-ray com-
ponent to the high state emission of Cygnus X-1, which acts to reduce the
RMS variability of the red-noise lightcurve. This component is likely to be
weaker in high-state AGN if it is associated with a hot accretion disk, since
disk temperatures in AGN must be lower than in XRBs.

It may seem surprising that we find evidence for high-state activity in two out
of four AGN in our sample, when high states in black hole XRBs are relatively
rare, but this is probably due to a selection effect. The AGN in the sample
were partly selected on the basis that they were fairly bright and showed sig-
nificant enough variability that there was a reasonable chance of measuring
a frequency break in their power spectrum. We have seen that rapidly vari-
able AGN probably have relatively low black hole masses, but because these
systems are quite rare (as the large sample of reverberation-mapped AGN in-
dicates), they tend to be distant and hence must be highly luminous to satisfy
our brightness criterion. Therefore we preferentially select high accretion rate
AGN, i.e. potential high state objects. A more sensitive monitoring instru-

ment than RXTE is required to avoid this bias in the future.

6.3.2 Is NGC 4051 a macro-microquasar?

Given that AGN show evidence for at least two of the accretion states shown
by black hole XRBs, it is of interest whether there are AGN which show ev-
idence for other patterns of variability seen in black hole XRBs. NGC 4051

is particularly puzzling, since it shows evidence for several different variabil-
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ity states within just three-years (see Section 5.1), including ‘normal’ Gaus-
sian variability seen in other AGN, a period of non-Gaussian variability which
lasted about a year and two quiescent low states, lasting several months each,
where the X-ray source seemed to almost switch off. Earlier ROSAT observa-
tions of NGC 4051, in November 1991, and November 1992 showed evidence of
non-Gaussian and Gaussian variations respectively (Green, M°Hardy & Done
1999).

It is interesting to note that the mean flux of the non-Gaussian lightcurve
measured in November 1991 is a factor ~ 5 lower than that of the Gaussian
lightcurve measured in November 1992, and similar to that measured for the
non-Gaussian part of the long-term monitoring lightcurve, suggesting that the
non-Gaussian behaviour is associated with periods of lower long-term mean
flux. This result can be explained if the basic building blocks of the lightcurves
are a few large flaring regions, which vary stochastically, as suggested by the
fractal flaring model posited in Section 6.1. If the mean number of flaring re-
gions is large, then stochastic variations about the mean will follow a Gaussian
distribution, hence the resulting lightcurve will be Gaussian. However, if the
number of flaring regions is decreased in proportion with the mean flux (per-
haps associated with a change in accretion rate) then stochastic variations will
push the lightcurve into non-Gaussianity, since the number of flaring regions
cannot drop below zero but can still rise significantly above the mean.

The low state is a distinguishing feature of the long-term X-ray lightcurve of
NGC 4051 and might correspond to the disappearance of the inner accretion
disk. Peterson et al. (2000) suggest an analogy with black hole X-ray transient
systems, in that the low state may correspond to the quiescent states seen in
these sources. However, this analogy is misapplied, since black hole X-ray
transients show transient behaviour on time-scales of months to years, which
would correspond to ~ 10° years in NGC 4051 (assuming a black hole mass
of ~ 10° Mg, inferred from reverberation mapping), not the ~year time-scale

which we see.
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A more profitable approach is to assume that the time-scale for the state-
transitions seen in NGC 4051 scales linearly with black hole mass, and con-
sider whether any XRB systems show similar variability patterns on the much
shorter time-scales implied by the mass scaling. Therefore, we must look for
changes of state in a black hole XRB system on time-scales of only ~ 100-
1000 s. To the author’s knowledge, the only black hole XRB system which
shows this behaviour is the microquasar GRS 19154+105. Amongst its many,
varied behaviours, GRS 19154105 has been observed to enter quiescent low
states of duration ~hundreds of seconds, following periods of large amplitude
variability (Mirabel et al. 1998). The low states have characteristically hard
X-ray energy spectra and repeat on similar or slightly longer time-scales than
the duration of the low state. This pattern of repeated sequences of large-
amplitude variability followed by quiescence is similar to what we observe in
NGC 4051.

A typical active-low-active cycle for GRS 1915+105 is shown in Figure 6.3.
Also shown are simultaneous radio and infra-red lightcurves, which show cor-
responding flaring events that are associated with the cycle. The radio flare
lags the infra-red flare and this behaviour can be ascribed to the adiabatic
expansion of plasma clouds ejected along the jet, which emit synchrotron radi-
ation towards longer wavelengths as the plasma cloud expands and cools (also
depicted in the figure). It is believed that the ejection of plasma clouds is intrin-
sically associated with the disappearance of the inner disk in GRS 19154105
(Feroci et al. 1999). Optical and EUV observations suggest that the inner
disk in NGC 4051 also disappears during the low state.

Could it be that NGC 4051 also shows infra-red and radio flares associated
with the transition to the low state? A categoric answer to this question re-
quires good quality ground-based monitoring observations in the infra-red and
radio, both during and after low-state transitions, which we hope to obtain in
the future. However, there is circumstantial evidence that NGC 4051 does flare

in the infra-red and that this flaring might be associated with the transition
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Figure 6.3: The low state transition in GRS 1915+105. Infra-red and radio

lightcurves are plotted in normalised luminosity units on the same axis, while

the zero flux base of the X-ray observations is represented by the flat line,

corresponding to Earth occultation of the source.

X-ray hardness ratio is

plotted at the bottom of the figure and a depiction of the cloud ejection model

is printed at the top (figure taken from Mirabel & Rodriguez 1999).
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to the low state. Salvati et al. (1993) report infra-red monitoring observa-
tions of NGC 4051 which show that the continuum source flared during the
first 6 months of 1992, increasing in flux by a factor of 2, before dimming
to its original flux level. Salvati et al. were unable to explain this flare in
the context of standard UV reprocessing models. Note however, that ROSAT
observed NGC 4051 in a low-flux, non-Gaussian state in November 1991, and
that in our RXTFE monitoring lightcurve, the period of non-Gaussian variabil-
ity precedes the first low state. Furthermore, sparse ROSAT observations of
NGC 4051 in December 1991 (Komossa & Meerschweinchen 2000) show little or
no evidence of variability and that the ROSAT flux is similar to that expected
from the extended emission reported by Singh (1999). Therefore, I speculate
that NGC 4051 entered a low state some time in Novernber-December 1991
and that the infra-red flare reported by Salvati et al. later in 1992 may be
associated with this transition, in the same way that infra-red flares follow the
low-state transition in GRS 1915+4105.

One might query the speculation above, on the grounds that microquasars
show radio jet emission and as such are compared to radio-loud AGN, whereas
Seyferts are not considered to be radio-loud. However, sensitive radio obser-
vations of Seyfert galaxies show that they have compact radio cores and radio
jets (Kukula et al. 1999), although the radio emission is about a thousand
times weaker compared to their total luminosities than that seen in radio-loud
objects. If we compare the strength of radio emission with the total luminosity
in GRS 19154105, it turns out that GRS 19154105 has a similar relative radio
strength to Seyfert galaxies. Other black hole XRBs (Including Cygnus X-1)
also show evidence for weak radio jets (Fender et al. 2000) and have sim-
ilar relative radio strengths to Seyfert galaxies, although they do not show
the plasma ejections which characterise microquasars. It seems that the term
‘microquasar’ is something of a misnomer and that in terms of their relative
radio strengths at least, microquasars should in fact be called ‘micro-Seyferts’.

However, in view of the attraction of the term ‘microquasar’, I shall not try to
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supplant it. Hence I will suggest that NGC 4051 is a ‘macro-microquasar’.

6.3.3 Different states: towards an AGIN Grand Unifica-

tion Theory

We have seen strong evidence that AGN exist in at least two of the states seen
in black hole XRBs, specifically the high and low states, and circumstantial
evidence which suggests that even the unusual variability properties of mi-
croquasars may have an AGN analog. Therefore, | suggest that an essential
missing piece in the AGN unification puzzle is the fact that AGN can exist in
a number of accretion states analogous to those seen in XRBs. For example,
what are the Narrow Line Seyfert 1s? NLS 1s are characterised by rapid, some-
times non-Gaussian X-ray variability and typically-soft X-ray spectra, as well
as the narrow permitted lines which denote the class. Rapid variability and
soft X-ray spectra could be associated with relatively low mass black holes ac-
creting in the high state, which might account for at least some of the NLS 1s.
However, we should note that NGC 4051 is also classed as an NLS 1 and that
its long-term lightcurve shows evidence of prolonged periods of non-Gaussian
activity, similar to what is seen in some other NLS 1s (Leighly 1999). Perhaps
some of the NLS 1 population is associated with the same kind of accretion
instability which we see evidence for in NGC 4051 and which might be anal-
ogous to that seen in microquasars. The X-ray spectrum of GRS 19154105
during periods of activity between low states is particularly steep (I' ~ 2.5)
and has a strong thermal emission component (Feroci et al. 1999), so that a
soft spectrum might also be characteristic of the unstable state. Some of the
more luminous and extreme NLS 1s which show evidence of non-linear vari-
ability could be associated with just such a state.

Although the suggestions above are highly speculative, it remains true that

if the basic patterns of accretion disk variability are the same irrespective of
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central black hole mass, then many AGN are different because they occupy dif-
ferent states. The time-scales for changes in state are likely to be very large,
of the order of a hundred thousand years or more, (except for unstable sys-
tems analogous to GRS 19154105, which might show changes on time-scales
of years to decades), but as we study large representative samples of AGN we
are likely to find objects in all manner of states. It is to be hoped that fu-
ture studies of AGN variability and comparison with XRBs, together with an
improved theoretical understanding of accretion disks, might lead to an AGN

‘Grand Unification Theory’ which encompasses every animal in the AGN zoo.
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