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2Dipartimento di Matematica e Fisica, Università degli Studi Roma Tre, via della Vasca Navale 84, 00146 Roma, Italy
3Aalto University Metsähovi Radio Observatory, Metsähovintie 114, FIN-02540 Kylmälä, Finland
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ABSTRACT
We analyse a sample of 26 active galactic nuclei with deepXMM-Newtonobservations, using
principal component analysis (PCA) to find model independent spectra of the different vari-
able components. In total, we identify at least 12 qualitatively different patterns of spectral
variability, involving several different mechanisms, including five sources which show evi-
dence of variable relativistic reflection (MCG–6-30-15, NGC 4051, 1H 0707-495, NGC 3516
and Mrk 766) and three which show evidence of varying partialcovering neutral absorption
(NGC 4395, NGC 1365, and NGC 4151). In over half of the sourcesstudied, the variability is
dominated by changes in a power law continuum, both in terms of changes in flux and power
law index, which could be produced by propagating fluctuations within the corona. Simula-
tions are used to find unique predictions for different physical models, and we then attempt
to qualitatively match the results from the simulations to the behaviour observed in the real
data. We are able to explain a large proportion of the variability in these sources using simple
models of spectral variability, but more complex models maybe needed for the remainder.
We have begun the process of building up a library of different principal components, so that
spectral variability in AGN can quickly be matched to physical processes. We show that PCA
can be an extremely powerful tool for distinguishing different patterns of variability in AGN,
and that it can be used effectively on the large amounts of high-quality archival data available
from the current generation of X-ray telescopes.
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1 INTRODUCTION

Active galactic nuclei (AGN) can be extremely variable in the X-
ray band on time scales as short as the light travel time over afew
gravitational radii (RG), which can be from minutes to days, de-
pending on the mass of the black hole (BH). Examination of the
X-ray spectra of AGN reveals a large variety of different spectral
shapes, produced by various different processes, most notably ab-
sorption by intervening material (see review by Turner & Miller
2009) and reflection from the accretion disk and surroundingma-
terial (see reviews by Fabian & Ross 2010; Reynolds 2013). AGN
spectra can be very complex, with multiple different modelspro-
viding acceptable fits to the same dataset, meaning that spectral fit-
ting of integrated datasets alone cannot sufficiently distinguish be-
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tween alternative physical models. By investigating the properties
of variability in these sources, we can hope to identify the physical
processes driving AGN, probing them at different distancesfrom
the event horizon by looking at different time scales.

Principal component analysis (PCA) is a method of decom-
posing a dataset into a set of orthogonal eigenvectors, or principal
components (PCs), which describe the variability of the data as effi-
ciently as possible (e.g. Kendall 1975; Malzac et al. 2006).In prac-
tise, when applied to a set of spectra, this produces a set of variable
spectral components which describe the variability of the source
spectrum. If the spectrum is made up of a linear sum of variable,
uncorrelated and spectrally distinct physical componentsthen PCA
will, with sufficient data quality, return an exact description of the
physical components. The advantage of this method is that itpro-
duces detailed spectra of each variable component, in a model in-
dependent way. Calculating the RMS spectrum (e.g. Edelson et al.
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2002) can show the total variability as a function of energy,but can-
not be used to determine how many variable components contribute
to the variability or to isolate contributions from different mecha-
nisms. Components that are only weakly variable, such as varia-
tions in absorption or reflection, will usually be drowned out by
variations in the primary continuum. Detailed spectral modelling
can be used to overcome this limitation, by carefully fittingthe
data for different intervals and identifying the origin of the variabil-
ity. However, this is by definition not model independent, meaning
that very different conclusions can be drawn from the same dataset
(for example, see the discussion on reflection/absorption models in
MCG–6-30-15 by Marinucci et al. 2014). PCA combines the ad-
vantages of both of these methods, and can be used to calculate
model independent spectra of multiple variable spectral compo-
nents. This technique has many applications both within astronomy
and in other fields (Kendall 1975), and has been used as a powerful
tool for the analysis of X-ray binary variability (Malzac etal. 2006;
Koljonen et al. 2013).

Early attempts at using PCA to understand spectral variabil-
ity in AGN were hampered by a lack of high quality data. PCA
has been used in a minor role for examining X-ray spectral vari-
ability in AGN for some time (e.g. Vaughan & Fabian 2004), but
frequently at low spectral resolution and with only one compo-
nent confidently identified. The use of singular value decomposi-
tion (SVD, Press et al. 1986) allows the full spectral resolution of
the instrument to be retained, producing detailed component spec-
tra (Miller et al. 2007). More recent work (Parker et al. 2014a,b)
has demonstrated that PCA can return multiple components from
a sufficiently large dataset, effectively isolating different spectral
components. There is now more than a decade of archivalXMM-
NewtonEPIC-pn (Strüder et al. 2001) data which can be used to
examine the variability of AGN on long time scales and at high
spectral resolution. In this work we present a systematic analysis
of 207 observations of 26 bright, variable AGN, using PCA to re-
veal hidden patterns of variability and to relate these patterns to the
physical processes in AGN. The paper is organised as follows:

• In § 2 we describe the data used in this analysis and how it
was processed, along with details of the analysis itself. Weinclude
a demonstration of the method with a simple toy model, showing
the potential power of PCA as an analytic tool.
• In § 3 we give details of our method of simulating PCA spec-

tra, and present the results of our simulations for different physical
models of AGN variability. These different spectra then represent
different predictions for the different spectral models, which we can
use to understand the results from real data.
• We present the results of the analysis in§ 4, describing and

showing the PCs found for each source, along with some back-
ground on each object. We also give some basic interpretation of
each result, attempting to match the PC spectra to those found us-
ing simulations.
• Finally, in § 5 and§ 6, we discuss out main results and sum-

marise our conclusions.

2 OBSERVATIONS, DATA REDUCTION AND ANALYSIS
METHOD

We restrict this analysis toXMM-NewtonEPIC-pn data only. The
method used is also applicable to other instruments, but that is be-
yond the scope of this paper. We select only sources with more
than one orbit of exposure time. We used Science Analysis Soft-
ware (SAS) version 13.0.0 for all data reduction. The data are fil-

tered for background flares, and we use the epproc SAS task to re-
duce the data. We use 40 arcsecond circular regions for both source
and background spectra for all sources, selecting the background
region to avoid contaminating sources. Representative spectra for
each source can be found in Appendix A.

The list of observation IDs used in this analysis for ev-
ery source is shown in Table 1 (full version available online).
For three sources (NGC 1365, MCG–6-30-15 and Ark 120) we
have made use of data from jointXMM-Newtonand NuSTAR
(Harrison et al. 2013) observing campaigns (Risaliti et al.2013;
Walton et al. 2014; Marinucci et al. 2014; Matt et al. 2014). All
other data is publicly available, and was downloaded from the
XMM-NewtonScience Archive (XSA). To give some idea of the
nature of the variability in each source and how it changes between
observations we show count-count plots in Appendix A. In thema-
jority of cases, these plots are approximately linear with alarge
scatter, however some sources (e.g. NGC 4051, NGC 3516) show
a downturn at low counts as discussed in Taylor et al. (2003),and
in some cases (e.g. RE J1034+396) the soft and hard bands seemto
be independent.

In general, we follow the methods discussed in Parker et al.
(2014a), hereafter P14a. For each source, we calculate the frac-
tional deviations from the mean for a set of spectra (see example
spectra for NGC 4051 in Appendix A), extracted from 10 ks inter-
vals (unless otherwise specified). These spectra are arranged into
an n × m matrix M , wheren andm are the number of energy
bins and spectra, respectively. We then use singular value decom-
position (SVD, Press et al. 1986) to find a set of principal compo-
nents (or eigenvectors) which describe the variability of the spec-
trum as efficiently as possible. SVD factorises the matrixM , such
thatM = UAV ∗, whereU is ann × n matrix,V is anm × m
matrix, andA is ann × m diagonal matrix. The matricesU and
V then each describe a set of orthogonal eigenvectors to the matri-
cesMM∗ andM∗M , respectively. These eigenvectors represent
the spectral shape of the variable components. The corresponding
eigenvalues are given by the diagonal values ofA, and are equal to
the square of the variability in each component (in arbitrary units).
The fractional variability in each component can then be found by
dividing the square roots of the eigenvectors by the sum of all the
square roots.

The resulting components show the strength of the correla-
tion between energy bins, so a flat positive (or negative, thesign of
the y axis is arbitrary) component shows that all bins vary equally,
whereas a component that is positive at low energies and negative
at high energies represents a pivoting effect. This is complicated
by the requirement that the eigenvectors are orthogonal, i.e. their
dot-product must be zero. We examine the effect of this constraint
on simulated PCs in§ 3. We note that the method of preparing the
spectra is such that constant multiplicative components will have no
effect on the PCA results, as they will not affect the fractional resid-
uals. However, a constant spectral component that changes with
energy will suppress the spectral variability of the variable compo-
nents. This has important implications for distinguishingbetween
absorption and reflection in AGN variability.

The significance of the components produced is determined
using the log-eigenvalue (LEV) diagram, an example of which(for
Ark 564) is shown in Fig. 1. This shows the fraction of the to-
tal variability which can be assigned to each PC, so for Ark 564,
∼ 90 per cent of the variability is in the first PC and so on. The
components due to noise produced by the PCA are predicted to de-
cay geometrically (see e.g. Jolliffe 2002; Koljonen et al. 2013), so
deviation from a geometric progression can be used as a test of the
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Source Observation ID Date Duration 0.5–2 keV rate 2–10 keV rate Ratio
(s) (s−1) (s−1) 2–10/0.5–2 keV

MCG–6-30-15 0111570101 2000-07-11 46453 7.67 2.90 0.38
0111570201 2000-07-11 66197 10.86 4.21 0.39
0029740101 2001-07-31 89432 15.05 4.82 0.32
0029740701 2001-08-01 129367 16.37 5.31 0.32
0029740801 2001-08-05 130487 14.98 4.72 0.32
0693781201 2013-01-31 134214 20.05 6.24 0.31
0693781301 2013-02-02 134214 11.60 3.86 0.33
0693781401 2013-02-03 48918 8.09 3.21 0.40

NGC 4051 0157560101 2002-11-22 51866 2.82 0.61 0.22
0606320101 2009-05-03 45717 5.56 1.82 0.33
0606320201 2009-05-05 45645 9.37 2.34 0.25
0606320301 2009-05-09 45584 11.40 2.40 0.21
0606321401 2009-05-11 45447 8.47 1.69 0.20
0606321501 2009-05-19 41843 8.56 2.09 0.24
0606321601 2009-05-21 41936 17.58 3.21 0.18
0606321701 2009-05-27 44919 3.51 1.30 0.37
0606321801 2009-05-29 43726 4.72 1.81 0.38
0606321901 2009-06-02 44891 2.15 0.51 0.24
0606322001 2009-06-04 39756 5.25 1.79 0.34
0606322101 2009-06-08 43545 1.69 0.64 0.38
0606322201 2009-06-10 44453 4.43 1.46 0.33
0606322301 2009-06-16 42717 6.19 1.37 0.22

Table 1. List of observations used in this paper. Sources are orderedby their first appearance in the text. We show 0.5–2 and 2–10 keV count rates for each
observation, and the ratio between the two, so that the amplitude of spectral variability can be estimated. Note that theon-source exposure time will be smaller
than the total duration, and the actual usable time used depends on the size of the intervals we use to extract spectra. Full table is available online.

F
ra
ct
io
n
al
 V
ar
ia
b
il
it
y

10−6

10−5

10−4

10−3

0.01

0.1

1

Eigenvector

0 10 20 30 40 50

Figure 1. LEV diagram for Ark 564. This shows the fractional variability
in each eigenvector obtained from the PCA of this source. Theblack line
shows the best-fit geometric progression, fit from component4 to 50. The
remaining three components are found to be highly significant, as they de-
viate from this line by many standard deviations.

significance of a component. In this case, three components deviate
from the best-fit geometric progression, and are highly significant.
For the sake of brevity, we only show an example LEV diagram,
rather than one for every source. The strongest statement about the
significance of the components we investigate comes simply from
the strong correlation between points in adjacent bins. Anycoher-
ent components produced are extremely unlikely to be due to ran-
dom noise, which is independent between bins.

A simple test case is shown in Fig. 2. For this example, we
add together three functions:y1(x) = 0.3 + x/8; y2(x) = sin(x)
andy3(x) = sin(2x), along with random noise. We create fifty
‘spectra’, of the formy(xi) = 0.6a1y1(xi) + 0.2a2y2(xi) +
0.1a3y3(xi) + 0.1a4, whereaj are random values, evenly dis-
tributed between±0.5 andxi are the 200 values between 0 and
6π over which the functions are calculated. In the left panel we
show the three input spectra, minus noise, in the middle panel we
show a sample of the generated functions and in the right panel we
show the functions recovered using our PCA code. The LEV dia-
gram for this test is shown in Fig. 3, and clearly shows that three
components are significant, with 47 per cent of the variability in
the first component, 7 per cent in the second, and 3 per cent in the
third. All the remainder is attributable to noise. These values are
functions of the amplitude and variability of each component, and
the signal to noise ratio of the data.

P14a calculated extremal spectra and used comparisons to
spectral fitting to find physical interpretations for the components
produced in that analysis. However, this is inefficient for large sam-
ples of objects and could potentially compromise the model inde-
pendence of the results. In this work, we create simulated spectra
(see§ 3) based on physical models that are allowed to vary within
given parameter ranges, then use PCA to find the component spec-
tra for each model. This produces a predicted set of PC spectra for
each model, which we can then match to the PC spectra found from
the data for each source.

3 SIMULATIONS

In this section we use simulations to predict the PCA spectrapro-
duced by different models of AGN variability. This technique for
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Figure 2. Left: The three functions we add together, along with noise,as a simple test of the PCA method. Middle: Sample of 10 ‘spectra’ created by adding
together the three functions on the left in random amounts with additional noise. Right: The PCs returned by the analysis. Note that the y axis is arbitrary and
different between the left and right panels. Error bars are not plotted for clarity.
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Figure 3. LEV diagram for the test case shown in Fig. 2. In this test, three
input functions are summed, and noise is added. The LEV diagram shows
that three returned components are statistically significant, the remainder
can be attributed to noise. Error bars are not shown, but are smaller than the
points for the three significant eigenvectors.

analysing PCA spectra was used by Koljonen et al. (2013), andthe
method we use here was introduced in Parker et al. (2014b), here-
after P14b, where it is used to demonstrate the differing predic-
tions for intrinsic source variability and absorption variability in
NGC 1365.

3.1 Method

In general, we follow the method outlined in P14b and simulate
spectra using the xspec command ‘fakeit’, then analyse the results
using the same method as we use for the real data. The parame-
ters of interest are selected randomly between extreme values for
each spectrum. For simplicity, we simulate 10 ksEPIC-pnspec-
tra, to be as similar as possible to those found from real data. We
do not match the model flux to the data, instead exaggerating the

model flux so that the features are more prominent. This is equiv-
alent to simulating longer exposures at lower flux for the simple
models discussed here, but less time consuming to calculate. We
do not attempt to exactly match the PCs produced by the data, in-
stead looking to produce general predictions for differentvariabil-
ity mechanisms.

All of the components produced by these simulations are
equally valid with the y axis inverted as they represent deviations
from the mean, rather than the minimum, and will therefore some-
times be positive and sometimes negative. In general, we attempt
to arrange the components in the manner which makes the most
intuitive sense.

We will initially consider the PCs returned from a variable
powerlaw, and then investigate the effect of additional spectral
components. In each case, we will first look at the effect of includ-
ing a constant component and varying the powerlaw, then allowing
the new component to vary. Finally, we will examine a select few
examples with more than one additional variable component.

Where the components returned from the simulation corre-
spond directly to one of the model components, we label the figure
with the relevant symbols:Npl, Nbb, Nref, NH andfcov correspond
to power law, black body and reflection normalizations, column
density and covering fraction respectively.

3.2 Single and multiple power laws

As a baseline model, we establish the components expected from
variability of a power law continuum. Fig. 4 shows the two com-
ponents obtained from a simulation of a simple variable powerlaw,
with no other spectral components. The photon index is allowed
to vary between 1.9 and 2.1 randomly, and the normalisation is
allowed to change by a factor of two. The resultant components
are completely straight, showing no features of any kind, although
there is a slight increase with energy in the primary component, due
to a correlation between flux and photon index in the model.

For a good comparison with real data, we refer the reader to
3C 273 in§4.4. This source is dominated by a powerlaw from a
relativistic jet, and the first two components found from thedata
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Figure 4. The first (top, black) and second (bottom, red) principal compo-
nents obtained by using PCA on simulated spectra of a power law which
varies in normalisation and photon index. The first component corresponds
to changes in the normalization, and the second to pivoting of the power
law.

are an excellent match to the predictions for a varying powerlaw
shown in Fig. 4.

We next investigate the effect of adding a second power law
to the spectrum. Additional continuum components such as this are
hard to distinguish spectrally, but have been suggested by some
studies (e.g. Grupe et al. 2008; Noda et al. 2013) and are a natural
consequence of multi-zone Comptonization models. We therefore
include a weaker second power law, with a harder photon index
Γ = 1 and a normalisation of 0.1 times that of the primary power-
law. When we keep this second continuum component constant and
vary the primary power law as before, the effect is simply to lower
the fractional variability of the primary component with increasing
energy. This is shown in the left two panels of Fig. 5.

We have so far treated spectral pivoting as being due to
changes in the photon index of a primary power law continuum.
However, it is possible to generate a similar effect from theinter-
play between two (or more) continuum components with different
photon indices changing in normalization. In the right two panels
of Fig. 5 we show the two components produced from the same
two power law model, when both power law components change
in normalisation but not index. The primary power law is varied
in normalization between 0.5 and 2, and the secondary powerlaw
between 0.08 and 0.12. As expected, the first PC is very similar
in this case and that with no variability in the second power law,
but there are qualitative differences in the second component. As
this now corresponds to the spectral pivoting caused by changes
in the flux of the second continuum component, it is enhanced at
high energies, rather than damped out as in the previous case. This
may be relevant to the objects in§4.2, where the second component
gets steeper with energy. For the remainder of these simulations, we
will only consider the case of a single, pivoting powerlaw, but the
reader should bear in mind that a similar effect could be achieved
with a combination of two or more such components that changein
relative amplitude rather than index.

3.3 Black body/soft excess components

We now investigate the PCs produced from a constant or weakly
variable soft excess component. For our simulations we use ablack
body for simplicity and brevity, but the resulting components are
equivalent to those that would be produced by any other mod-
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Figure 5. Left: The two significant PCs from a simulation of a power law
varying in normalisation and photon index, in the presence of a constant
hard powerlaw. This spectral component suppresses the variability of the
PCs at high energies. Right: The two PCs from a simulation where the
spectral pivoting arises from two power laws, one hard, one soft, varying
in normalisation but not in index. These components are verysimilar to
those produced by a pivoting power law, but with additional curvature.

els that explain the soft excess in terms of an additional compo-
nent that only contributes at low energies (e.g. Comptonization and
Bremsstrahlung models).

Initially, we consider the effects of a constant black-bodycom-
ponent on the PCs returned from a varying power law. For this sim-
ulation we include a black body with a temperature of 0.1 keV and
a normalisation of 0.1, then vary a power law with a photon index
of between 1.9 and 2.1, and normalisations between 0.5 and 1.0.
The effect of such a constant component is to suppress the vari-
ability seen in the variable components, pushing the bins where the
black-body is strongest towards zero. This can be seen in thetop
row of Fig. 6, where the flat PCs produced by a varying power law
are pushed towards zero at low energies by the black body.

Fixing the photon index and allowing the black body to vary
(between normalisations of 0.8 and 1.2) produces a different sec-
ond component, (top middle panel of Fig. 6) which has the same
shape as the black body at low energies, then is negative but close
to zero at high energies. The negative values are caused by the or-
thogonality constraint of PCA, which requires that the dot-product
of any two PCs be zero. In practise, this means that if the primary
component is 100 per cent positive, approximately 50 per cent of
the energy bins of all subsequent PCs must be below zero.

A more complex component is produced if we vary the photon
index of the power law as well. Firstly, we vary the index weakly
(between 1.95 and 2.05), and the results of this are shown in the
third row of Fig. 6. This produces a minor change in the first two
components - they both show an incline at high energies, rather than
being completely flat, and produces a third significant PC (right
panel). This component appears to act as a correction factorto the
second component, which no longer describes all of the pivoting
itself. If we double the range that the photon index varies over, we
see that the second component changes significantly (bottomrow).
This component is most similar to the pivoting component pro-
duced when the black body is constant (top row). The third compo-
nent changes only very slightly, and shows the same general struc-
ture. Again, the third component here is a correction factor, rather
than a direct match to a single physical component. However,in
this case the third PC is used to make the second PC appear more
like the black body PC in rows 2 and 3, rather than the other way
around. In Fig. 7 we show the effect of adding the ‘correctionfac-
tor’ component onto the second order black body component from
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Figure 6.PCs returned from simulations of power law and black body variability. The top row shows the components produced when thepower law is allowed
to vary in normalisation and photon index, while the black body is kept constant. The second row shows those for a fixed photon index, but where the black
body flux is allowed to vary. The third and fourth rows show thecomponents produced when all three parameters are allowed to vary, with the black body
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Figure 7. The effect of subtracting the ‘correction factor’ PC from the sec-
ond order black body variability term for the simulations ofpower law and
black body variability. The PC corresponding to the black body variations
is shown in red diamonds, and the third PC is shown in blue squares. When
one is subtracted from the other, the resulting component (green crosses)
matches the pivoting PC produced when the photon index variations domi-
nate (see the top row of Fig. 6).

the weakly varying powerlaw index case. This produces a compo-
nent with the same spectral shape as the pivoting term (top middle
panel of Fig. 6).

The third components produced by these simulations demon-
strate a key weakness of this kind of analysis - if two physical com-
ponents have a similar effect on the spectrum, then they willnot
be expressed as two separate PCs - rather there will be one PC de-

scribing the average effect, and one describing the differences be-
tween the two. In this case, both an increase in the black bodyflux
and an increase in the photon index produce a steeper spectrum, so
the second component is an average of these two effects. Thiswas
also found to be the case in the absorption simulations shownin
P14b, where because the low energy spectrum of NGC 1365 was
dominated by diffuse thermal emission the absorption and intrinsic
variability components were very similar, leading to an averaging
effect. However, the dominant driver of the spectral variability can
still be identified, as shown here and in P14b.

While we do not find any sources that show such simple black
body variability (which is far more likely to be visible in X-ray
binaries than AGN), it is instructive to note that variations in a soft
spectral component can result in a PC that shows apparent hard
variability. This may be relevant to the fourth order PC in MCG–6-
30-15 and similar objects (§4.1).

3.4 Distant Reflection

Distant or neutral reflection is found in many AGN (e.g. Ricciet al.
2014), and occurs when X-ray emission from the corona is scat-
tered and reprocessed by cold material, far from the black hole. Be-
cause of this much larger spatial scale, the variability in this spec-
tral component is much lower than that found in components that
originate from the inner disk, or those due to intervening clouds or
winds. It follows that the main effect of distant reflection will be
to damp out the variability in the energy bands where it is strong,
particularly the 6.4 Fe Kα line.

We show in Fig. 8 the two PCs returned from a simulation
of a varying power law continuum and constant distant reflec-
tion. We model the reflection component with theXILLVER model
(Garcı́a et al. 2013), with an input power law index of 2, an iron
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Figure 8. The first (top) and second (bottom) PCs from a simulation of a
power law continuum varying in normalization and spectral index in the
presence of a constant neutral reflection component. The main difference
caused to the shape of the components returned is the strong narrow iron
line feature at 6.4 keV.

abundance of 1, the ionizationξ at the lowest allowed value of 1,
and an inclination of 30 degrees. The flux of the reflection compo-
nent is fixed, and is approximately equal to half the average flux of
the continuum. The primary power law is then varied as before.
While the resulting PCs do show slight differences in curvature
over the whole energy range, these are likely to be undetectable due
to noise and the presence of other spectral components in thereal
data. By far the largest difference is the strong, narrow iron line
visible at 6.4 keV, which suppresses the variability of the power
law components, pushing them towards 0. We note that in the case
where the primary power law is heavily obscured then it is probable
that distant reflection will leave more signatures in the PC spectra
at low energies.

3.5 Blurred Reflection

We now present the results of simulations including relativistically
smeared reflection from the inner accretion disk. P14b present the
two components produced from a simulation of a varying power-
law, and the three components found when a weakly variable (ap-
proximately 0.4 times as variable as the powerlaw) relativistic re-
flection component is added. We reproduce and expand upon these
results here, investigating the effects of a strongly blurred and ion-
ized reflection component.

In Fig. 9 we show the two components returned from a simu-
lation of a varying power law and constant reflection. The reflection
parameters are the same as those in§3.4, except the normalisation
of the reflection component is increased so that the 0.3–10 keV flux
is approximately equal to that of the power law. The reflection spec-
trum is then convolved with theKDBLUR, with the inner and outer
radii set at 1.235 and 400 gravitational radii, respectively, and an
emissivity index of 3. The first PC, shown in the top panel, canes-
sentially be thought of as a flat line with the reflection component
subtracted. This then represents the suppression of variability at
energies where the relativistic reflection makes a substantial contri-
bution to the total flux. The second component is similar, although
starting from from a diagonal rather than flat line, it is likewise
pushed towards zero where the reflection component dominates.

Fig. 10 shows the three significant components obtained from
simulations of a model with a varying power law and varying rel-
ativistic reflection, for a range of ionisation parameters.The fluxes
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Figure 9. The first two (top and bottom, respectively) PCs recovered from
a simulation of a power law varying in normalization and photon index, in
the presence of a constant relativistically blurred reflection component. The
effect of this component is to suppress the spectral variability at the energies
of the iron line and soft excess.

of the power law and reflection components are kept approximately
equal, but the reflection component is only allowed to vary bya
factor of 2, compared to 5 for the power law. The first two PCs
are equivalent to those shown in Fig. 9, and are largely due tothe
power law variability. The additional third PC represents all of the
reflection variability that cannot be adequately describedby the first
two PCs. This component displays the correlated soft excessand
broad iron line typical of relativistic reflection. Unlike the distant
reflection discussed in§3.4, relativistic reflection makes a strong
contribution at soft energies, and has a much broader iron line.

These simulations are particularly relevant to the sourcesdis-
cussed in§4.1, 5 of which show both the low and high energy
breaks in the first and second components and a higher order PC,
very similar to those presented in Fig. 10, with a correlatedsoft
excess and broad iron line.

3.6 Neutral Absorption

We are also interested in the effects of absorption variability in
AGN spectra, although there are problems with using PCA in an
absorption dominated variability regime. One of the key assump-
tions of PCA is that the dataset can be expressed as a linear sum of
principal components. This assumption is reasonable when applied
to additive components such as a reflection spectrum, but is not
valid when we consider variable multiplicative componentsapplied
to a variable spectrum, potentially leading to spurious terms be-
ing produced. Constant absorption produces no such problem, as a
constant multiplicative factor makes no difference to the fractional
deviations we use to calculate the PCs. Nevertheless, as shown by
P14b and as we demonstrate here, it is possible to find physically
meaningful components from such an analysis. We stress thatin
all cases, the shape of the underlying spectrum is unimportant, pro-
vided that it is relatively constant compared to the absorption vari-
ability. Again, this is due to the PCs being calculated from the frac-
tional residuals rather than the total spectrum.

Fig. 11 shows the three PC spectra produced when we con-
sider a partial covering absorption component (modelled with ZPC-
FABS in Xspec) applied to aΓ = 2 powerlaw. The covering fraction
is allowed to vary randomly between 0 and 1, and the column den-
sity is allowed to vary by a factor of 3. The first component corre-
lates well with the covering fraction, however the other twocompo-
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Figure 10. The first (left, black), second (middle, red) and third (right, blue) principal components obtained by using PCA on simulated spectra of a power
law plus relativistic reflection model, where the powerlaw flux varies by a factor of 4 and the reflected flux by a factor of 1.5. These components are shown for
four different ionisation parameters, and the fractional variability attributed to each component is shown in each plot. Black dashed lines indicate zero on the
y axis for the second two plots (axis labels are not shown, as the scale is arbitrary).
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Figure 11. The three principal components produced by a simulation of
varying absorption. A power law is convolved with a neutral partial cov-
ering absorption model, and the column density and coveringfraction of
the absorber are allowed to change. The first term shown here corresponds
well to the covering fraction, and the second two terms represent correction
factors to this, which depend on the column density.

nents returned by the analysis do not correspond directly toa single
parameter and represent changes in the column density at different
covering fractions. The first component matches well with the first
component of NGC 4395 (§ 4.3.1), which shows strong absorp-
tion variability (Nardini & Risaliti 2011). Indeed, if we simulate a
source where the variability is dominated by changes in the cover-
ing fraction of a neutral absorber, allowing some variability of the
underlying powerlaw, we obtain two components which are in ex-
cellent agreement to those shown found for NGC 4395. This simu-
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Figure 12.The two principal components found from a simulation of partial
covering absorption and intrinsic variability.

lation is shown in Fig. 12, for a partial covering absorber that varies
in covering fraction from 0.5 to 1, withNH fixed at1022 cm−2, ap-
plied to a power law withΓ = 2 that varies by a factor of∼ 20 per
cent.

The marginally more complex simulations from P14b showed
the effects of diffuse thermal emission on the PCs returned from
partial covering. This addition, which characterises the PC spectra
of NGC 1365, damps out the variability at low energies.

3.7 Ionized absorption

In Fig. 13 (reproduced from P14b) we show the PCs produced by
variations in an ionised partial covering absorber. For this simula-
tion we use theZXIPCF model (Reeves et al. 2008) and allow the
covering fraction to vary randomly between zero and one for dif-
ferent values of the ionisationξ. This produces a single PC in all
cases, the spectral shape of which depends strongly on the ioni-
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Figure 13.Principal components produced by simulations of partiallycov-
ering ionised absorption. The covering fraction is allowedto vary randomly
between 0 and 1, with all other parameters fixed, producing a single sig-
nificant component. The four panels correspond to four different ionisation
parameters. This figure is reproduced from Parker et al. (2014b).

sation. We also investigate allowing the column density to vary,
keeping the covering fraction fixed at 0.5. This produces almost
identical primary components, and in the case of the lowest ionisa-
tion simulation a second component, similar to the one foundin the
neutral case (Fig. 11), is also returned. We find that as the ionisation
parameter is increased, the strength of the component returned (in
terms of the fraction of the spectral variability attributable to this
component, and not to noise) lowers. This is due to the decreased
effect of the absorption, and means that we are most likely tobe
able to detect neutral absorption variability using this method.

4 PCA RESULTS FROM THE DEEP XMM-NEWTON
SAMPLE

In this section, we present the results from PCA of the 26 sources
in our sample. For each source, we show all the significant PCsre-
turned and the fraction of the total variability attributable to each
component. As in the case of the simulations presented earlier, the
resulting component spectra are equally valid with the y axis in-
verted. Based on the PCA results obtained, we attempt to arrange
and categorize the sources analysed in a logical manner, through
comparison with the simulations presented in the previous section,
and break the sample into four subgroups:

• The first source analysed using this method was MCG–6-30-
15, which was presented in Parker et al. (2014a). This was found
to have four significant principal components, although thefourth
was weak and was not investigated in detail. Having analysedour
sample of AGN, we find four more sources (NGC 4051, 1H0707-
495, Mrk 766 and NGC 3516) which display the same pattern of
variability with four components, and several others whichare lim-
ited by flux or lack of variability, but which show at least thefirst
two components, with a similar spectral shape. The key features
of this group of objects are the suppression of the continuumvari-

ability around the energies of the iron line an soft excess and a PC
showing a strong correlation between these energy bands.
• We find a second group of four objects (Ark 564, PKS 0558-

504, Mrk 335 and 1H 0419-577) with a similar but qualitatively
different pattern of variability. These sources show similar suppres-
sion of the primary powerlaw by a reflection component, but the
pivoting term steepens sharply with energy.
• In § 4.3 we discuss the three sources (NGC 1365, NGC 4151,

and NGC 4395) that show good evidence of variable partial cover-
ing absorption. The higher order terms differ between theseobjects,
and may indicate the presence or lack of intrinsic variability.
• Finally, we include the PC spectra for the nine sources which

do not appear to fit into the groupings discussed so far. Theseob-
jects are presumably exhibiting different variability mechanisms,
and we discuss them on an individual basis.

4.1 Group 1: MCG–6-30-15 Analogues

Within the sample of objects we have analysed, four addi-
tional NLS1 sources that show the same four variable compo-
nents as MCG–06-30-15 have been identified. These sources are
NGC 4051, 1H0707-495, NGC 3516, and Mrk 766. We also found
several sources which could be displaying the same variability pat-
tern, but have lower data quality, making it impossible to becertain.

4.1.1 MCG–6-30-15

MCG–6-30-15 is very well studied, bright and highly variable
narrow line Seyfert 1 (NLS1) galaxy. It was the first AGN in
which a relativistically broadened iron line was found (Tanaka et al.
1995), and also shows the characteristic features of warm absorp-
tion (Otani et al. 1996)

Fig.14 shows the three PC spectra presented by P14a, along
with the weak fourth component not discussed in that work. The
first three PCs found in this object were analysed in detail by
P14a, who found that they were well explained by the effects of
a powerlaw varying in normalisation and photon index, and un-
correlated variations in a relatively constant reflection spectrum.
These findings are consistent with the light-bending interpretation
of the variability in this AGN, in which the height of the pri-
mary X-ray source above the disk changes (Martocchia et al. 2000;
Miniutti et al. 2003; Miniutti & Fabian 2004) leading to moreex-
treme variations in the primary emission than in the reflected emis-
sion.

The suppression of the primary component at the energies of
the soft excess and iron line indicate the presence of a strong, rel-
atively constant spectral component at these energies. Likewise,
the breaks in the second component correspond to the same en-
ergies, where the primary power law, and hence variations from
the changes in photon index, are suppressed. This is best explained
by a strong relativistically blurred reflection component,which is
relatively constant when compared to the power law due to light
bending. A partially covered power law can reproduce the spec-
trum of the source, but not the spectral shape of the observedPCs
(P14a,b). In P14b we showed that the first three components could
be produced by the variable continuum and reflection model, and
that the predictions for either ionised or neutral partial covering
absorption variability are completely different from those due to
intrinsic variability (Fig. 11,13) and therefore cannot explain the
observed variability without extreme fine-tuning of multiple spec-
tral components.
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Figure 14. Principal component spectra found in MCG–6-30-15, ordered
from top to bottom by the fraction of variability in each component, as
presented in P14a. The percentage of variability in each component is also
shown.

It is interesting that the reflection component shows a turnover
below∼ 0.7 keV (third panel), whereas the suppression of the con-
tinuum variability (first panel) shows no such break. This suggests
that the variable reflection component isolated here is not the sole
origin of the soft excess in this source. The fourth order compo-
nent also appears to contribute to the soft excess, althoughit is
strongly suppressed by the reflection component. The originof this
component remains a mystery, as we have so far been unable to
convincingly reproduce it using simulations.

4.1.2 NGC 4051

NGC 4051 is a NLS1 which extremely variable on all time scales.
Ponti et al. (2006) showed that the spectrum of the source in var-
ious flux states could be well described by a power law plus rela-
tivistic reflection model, like that used in MCG–6-30-15. Italso ex-
hibits strongly flux-dependent time lags (Alston et al. 2013), which
favour models involving intrinsic variability and relativistic reflec-
tion over reprocessing by distant material.

Our analysis of NGC 4051 reveals five significant PCs, shown
in Fig. 15, four of which correspond well to those found in MCG–
6-30-15. PCs one, two and four match components one, two and
three from MCG–06-30-15 and the simulation shown in Fig. 10.
These components show the same breaks and dips, and differ only
quantitatively. The third PC from NGC 4051 appears to match the
weak fourth component found in MCG–6-30-15. Finally, the fifth
component, which has no analogue in MCG–6-30-15, shows what
appears to be an absorption edge at an energy of∼1 keV, with
no other strong features visible in the spectrum. We suggestthat
this component corresponds to a change in the properties of an
ionized absorber, as described in (Ogle et al. 2004), however this
conclusion is extremely tentative and must be treated with caution
because of the high order of this PC. We conclude, based on the
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Figure 15.Principal component spectra found in NGC 4051, ordered from
top to bottom by the fraction of variability in each component. PCs one,
two, three and four correspond to one, two and four and three from MCG–
06-30-15, and the additional component 5 appears to be attributable to a
variable absorption feature.

almost identical components produced, that the variability in this
source is driven by the same processes as in MCG–6-30-15.

We note that the variability is dominated by the first (power
law) component, the spectrum of which is qualitatively verysimilar
to the RMS spectrum of NGC 4051 presented by Ponti et al.. This
is unsurprising, given that both methods should produce a spec-
trum of the relative strength of variability (which is largely due to
the variable powerlaw in both cases) but it is an interestingconfir-
mation of our method.

The much higher signal to noise in the third component rela-
tive to the fourth component in MCG–06-30-15 gives us the oppor-
tunity to investigate this component in more detail, and hopefully
to understand its origin. In§ 3, we showed that a component with
this spectral shape can be produced by adding a second reflection
component to the spectrum, with a higher ionisation parameter and
more extreme relativistic blurring.

4.1.3 1H0707-495, NGC 3516 and Mrk 766

1H 0707-495, NGC 3516 and Mrk 766 all display the same four
variable components as MCG–06-30-15 and NGC 4051, again with
the only large difference being the order of the third and fourth
component, which is reversed with respect to MCG–06-30-15 in
1H 0707-495 and Mrk 766. The component spectra of these ob-
jects are shown in Fig. 16, with the third and fourth components
swapped in Mrk 766 and 1H0707-495 for ease of comparison. All
four components are significantly detected, and appear to bealmost
identical to those found in the previous sources.

The similarity of the PCs obtained from these three sources
suggests that the same physical processes are causing the majority
of the variability in each source, with only quantitative differences
between them, such as the relative strengths of the components or
the exact parameters of the relativistic reflection spectrum. We note
that, in all the sources discussed so far, the drops in the primary
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Figure 16. Principal component spectra found in NGC 3516 (left), Mrk 766 (middle) and 1H 0707-495 (right). The spectra are ordered from top to bottom,
with the exception of PCs 3 and 4 in Mrk 766 and 1H 0707-495, which have been swapped for ease of comparison. These components are qualitatively the
same as those found in MCG–06-30-15 and NGC 4051.

component at low energies and around 6 keV correspond extremely
well to the shape of the component attributed to reflection variabil-
ity by P14a. This is very good evidence for the presence of rela-
tivistic reflection in these objects. While warm absorptionfeatures
are clearly visible in the spectra of some of these objects, we find
no evidence of spectral variability clearly attributable to absorption
in the PCs returned. We discuss this further in§ 3.6 and§ 5.4.

The broad iron line features in the third or fourth components
of all 5 sources so far discussed appear to peak slightly below
6.4 keV, and are generally slightly misaligned with the suppression
features in the first and second components. There are several fac-
tors which are likely to contribute to this. Firstly, we mustaccount
for presence of distant reflection in these objects. With theexcep-
tion of 1H 0707-495, all these sources have narrow iron lines, dis-
tinct from the broad component. Because distant reflection can be
regarded as constant on these time scales the effect of this emission
is to strongly suppress the variability at 6.4 keV (see§3.4). This
is particularly obvious in the first two components of NGC 3516,
which has a very strong narrow line (e.g. Markowitz et al. 2008).
This suppression will also affect the blurred reflection component,
suppressing the 6.4 keV variability and therefore shiftingthe broad
line peak to lower energies. Secondly, as the red wing of the line
originates closer to the event black hole, it should be more rapidly
variable than the blue edge of the line (See e.g. the frequency re-
solved iron K lags in Zoghbi et al. 2012; Kara et al. 2014). This
will skew the PC line profile towards the most variable part, rather
than reflecting the true shape of the line. Finally, we stressthat we
have deliberately chosen conservative parameters for the relativis-

tic blurring in§3.5, with an emissivity index of 3 whereas many, if
not all, observed sources have steeper profiles (Walton et al. 2013).

The presence of a separate reflection component in the PCA
results is clear evidence of at least a partial disconnect between the
reflected and the continuum emission. We note that the 10 ks in-
tervals used for this analysis is considerably longer than the light
travel time over the inner disk (on the order of tens to hundreds of
seconds), and hence reverberation lags, for these objects.We there-
fore suggest that the variations found here could due to changes in
the accretion disk, particularly in the ionisation parameter, which
can take place on longer time scales and introduce independent
reflection variations. Alternatively, this behaviour could be symp-
tomatic of light bending effects, which can suppress the variability
of the reflection component (e.g. Miniutti & Fabian 2004).

4.1.4 Other objects

We show here the five remaining objects that show the same (or
very similar) first two components, with suppression of the first
component at low and high energies and flattening of the second
above 2 keV. The conclusion that these objects are showing the
same variability pattern is weaker, due to the lower qualityor less
variable data used, so some of these objects may yet have a dif-
ferent physical origin for their variability. Nevertheless, our current
analysis is consistent with the same behaviour

The objects in this subgroup are IRAS 13224-3809,
PG 1211+143, NGC 2992, MCG-5-23-16, and NGC 5506. The two
components from all these sources are shown in Fig. 17 and Fig. 18.
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Figure 17. First (left) and second (right) PCs from IRAS 13224-3809 and
PG 1211+143. The primary component found in both of these sources is
very simlar to that found in 1H 0707-495 (Fig. 16), and the second compo-
nents show some degree of flattening at high energies.
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Figure 18. First (left) and second (right) principal components from
NGC 2992, MCG-5-23-16, and NGC 5506. Unlike the other sources in
Class A, these objects show a lot more noise at low energies, due to the
effects of neutral absorption. However, the components returned appear to
be broadly similar to those found in the unabsorbed objects.

4.1.5 IRAS 13224-3809 and PG 1211+143

IRAS 13224-3809 and PG 1211+143 both show a sharp break at
around 1 keV in their first PC spectra (Fig. 17), which is almost
identical to that found in 1H 0707-495 (Fig. 16). The second com-
ponents of both objects appear to be also very similar, but both are
heavily degraded by noise at high energies. We therefore tentatively
group them with the others in this class We note that PG 1211+143
is around an order of magnitude more massive than 1H 0707-
495 (Kaspi et al. 2000; Peterson et al. 2004), and its reverberation
lags appear to be correspondingly shifted to longer frequencies
and larger amplitudes, but otherwise very similar (de Marcoet al.
2011).

4.1.6 NGC 2992, MCG-5-23-16, and NGC 5506

These three sources are qualitatively different from the other ob-
jects in this class. They show no clear signs of a break at highener-
gies in the second component, and the quality of both components
returned is noticeably worse at low energies (Fig. 18). In fact, these
objects are Compton thin Seyfert 2 sources, so it is possiblethat

the resemblance between them and the other objects in this class is
only superficial.

The shape of the first component in all three sources, with a
break at low energies and a suppression feature at∼6.4 keV sug-
gests that this component corresponds to the intrinsic source vari-
ability, rather than absorption variability, which would have no ef-
fect at high energies given the column density in these AGN. The
low energy drop then corresponds to the soft excess (some of this
may also be from diffuse thermal emission, as in NGC 1365), and
the 6.4 keV feature corresponds to the iron line produced by distant
reflection.

The second component is more ambiguous, and could poten-
tially be produced by pivoting of the primary power law (as inthe
sources described above), changes in the column density of the ab-
sorption (as in NGC 4395, NGC 4151 and NGC 1365, see§ 21),
slow variations of a soft excess component, or a combinationof
mechanisms.

4.2 Group 2: Ark 564 Analogues

This second major class includes all the objects where the sec-
ond (pivoting) PC steepens with energy, rather than flattening like
those described in§ 4.1, and which also show some low energy
suppression of the first component. These sources are Ark 564,
PKS 0558-504, Mrk 335, MR 2251-178 and 1H 0419-577. There
is much more variety in the shape of the components (particularly
the primary components) found in these objects than there isin the
Class A objects, which may indicate that there are several different
variability mechanisms in these objects. The PCA spectra for these
objects are shown in Fig. 19.

4.2.1 Ark 564

The first PC found for Ark 564 shows features that are very sim-
ilar to those found in the primary components of the Class A ob-
jects: suppression of the power law variability at low energies, and
at the energy of the iron line. However, these features are rather
weaker than in the Class A sources, implying that the constant com-
ponent giving rise to them is correspondingly weaker. The second
component is also much smoother, flattening at low energies and
steepening at high energies, with no sharp breaks. Finally,the third
component shows a correlation between low and high energies, but
with no noticeable iron line feature. This is qualitativelysimilar
to the third or fourth order component found in the objects shown
in Figs. 14, 15 and 16, and can be produced by the presence of a
variable high ionisation reflection spectrum, as shown in Fig. 10.

A Comptonization or Bremsstrahlung model with no reflec-
tion for the constant component of the spectrum does not extend
to high enough energies to explain the observed curvature inthe
second and third components, and cannot produce the third PCat
all, which requires an excess at both low and high energies. As in
the earlier sources, we suggest that this component can be iden-
tified with the soft excess, and the high energy upturn suggests a
reflection origin. The lack of an iron line feature in this component
then implies either suppression from another, less variable reflec-
tion component (such as distant reflection) or that the reflection is
highly ionised. Alternatively, there could be a correlation between
the soft excess component and another, harder component, causing
the high energy variability. We discuss this further in§ 5.2.
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Figure 19.First (left, black), second (middle, red) and third (right,blue) principal components from the sources which show a steepening with energy of the
second component, and some suppression of the primary component at low energies. Three of these sources also show a thirdsignificant component, which
has roughly the same shape in all objects.

4.2.2 PKS 0558-504

PKS 0558-504 shows very similar variability to Ark 564, producing
three components which show the same features. The first PC is
suppressed at both low and high energies, and the second shows the
same steepening with flux. The minimum of the third component
appears to be at a lower energy than in Ark 564, but it shows the
same correlation between low and high energy bins.

This object is radio loud, which indicates the presence of a jet.
However, its spectrum and variability appear to be fairly standard
for a NLS1 (Papadakis et al. 2010).

4.2.3 Mrk 335 and 1H 0419-577

These two sources show clear suppression of the primary PC atlow
energies and at around 6 keV, and the second component converges
towards zero at low energies in both objects. As in the case ofthe
Class A objects, the shape of the primary components returned for
these objects cannot be explained by a variable absorption model,
requiring a constant component at low energies and at 6 keV which
is strong enough to cause the observed spectral features (see § 3).

There is a hint of structure in the third component of Mrk 335,
although it is noisy, and such structure is noticeably absent from
the other sources in this group. Combined with the heavy suppres-
sion of the pivoting component at low energies, this suggests that
these two objects may be qualitatively different from Ark 564 and
PKS 0558. One possible issue with the PCA of these objects is that
they have been observed in withXMM-Newtonin both high and
low flux states, which may mean that the components returned are
dominated by variability between, rather than during, the observa-
tions.

4.3 Group 3: Variable Absorption Sources

We present here the three objects which show clear evidence of
strongly varying partial covering neutral absorption. These objects
are NGC 4395, NGC 1365 and NGC 4151. NGC 1365 was anal-
ysed in detail in P14b, and we discuss this more below.

4.3.1 NGC 4395

The variability in NGC 4395 is dominated by absorption
(Nardini & Risaliti 2011). The first two components producedhere
are an almost perfect match to the simulations of a partiallycovered
power law, where the covering fraction and intrinsic sourceflux are
both allowed to vary (see§ 3). We suggest that the weak third com-
ponent is caused by changes in the column density, which requires
a correction factor be added to the absorption term (see component
2 in Fig. 11.

We note that this source does show evidence of reflection
features in the spectrum and a reverberation lag (De Marco etal.
2013), but any reflection features in the PCA components are com-
pletely swamped by the absorption variability.

4.3.2 NGC 1365 and NGC 4151

These two sources are very similar in terms of their behaviour.
They both show thermal emission from gas around the nucleus,
which has been resolved withChandra. This emission dominates
the spectrum below∼ 2 keV, and almost completely damps out the
AGN variability. This is why the first and second components of
both sources are strongly suppressed at low energies.

We recently analysed theXMM-Newtondata on NGC 1365
using PCA, (P14b) and we refer the reader to that work for detailed
explanation of the results. The main conclusions were that the vari-
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Figure 20. First (left, black), second (middle, red) and third (right,blue) principal components from the sources which do not appear to fit into either of the
categories defined in§ 4.1 and 4.2. Third components are only shown if they are foundto be significant. Objects are grouped with those similar in appearance.

ability in NGC 1365 is dominated by changes in the column density
and covering fraction of the absorber, but intrinsic variability can
also be distinguished when considering only relatively unobscured
observations.

4.4 Group 4: Other Sources

All the objects which do not appear to fit into the classes defined
above are shown in Fig. 21, grouped with those that appear to be
similar, if any. In this section we will briefly discuss the variability
patterns in each of these objects, and potential origins forthe PCs
shown here.

4.4.1 IRAS 13349+2438

This source the only source in our sample where the primary com-
ponent shows a significant anticorrelation between low and high
energies. This first term appears to be qualitatively very similar to
the pivoting terms found in the objects described in§ 4.1, showing
the break at∼ 1 keV, with a possible second break around 7 keV.
However, there is no PC corresponding to the normalisation of the
primary emission. The second term is consistent with being entirely
positive, and is largely suppressed at high energies. This is very
similar to the first order term found in NGC 4395, and the com-
ponent produced in simulations of an absorber that varies incov-
ering fraction (see§ 3) and indeed this source does show a strong
warm absorber (Sako et al. 2001). IRAS 13349+2438 also shows
a marginally significant soft lag (90% confidence, De Marco etal.
2013), which supports the interpretation of the first component as
a pivoting power law component in the presence of relativistic re-
flection, however the absence of detected variability in theprimary
emission remains a mystery.

4.4.2 NGC 3227

A recent analysis of the variability in the Seyfert 1.5 NGC 3227 by
Arévalo & Markowitz (2014) showed the spectral variationscould

be described by a two component soft excess plus power law model,
where both components vary independently. This is consistent with
the separate soft and hard components returned by our analysis,
although the signal is weak (particularly in the second component).
However, this object does appear to be particularly unusual(or the
state in which it was observed was unusual), so these conclusions
may not be universally applicable.

An alternative model was proposed by (Noda et al. 2014),
where the variability arises from multiple power law components,
one hard and one soft, with a constant distant reflection component.
It is possible that such an arrangement of power laws could repro-
duce the observed PCs, and there are some similarities between the
2nd PC found here and that simulated for the two power law model
in Fig. 5.

4.4.3 PDS 456

The primary component we find for thez = 0.184 quasar PDS 456
appears to be unique. Rather than being suppressed at the energy
of the soft excess and iron line, this component appears to been-
hanced. The second component appears to be a good match for
the third or fourth order components described in§ 4.1 (although
more redshifted), which are attributed to relativistic reflection vari-
ability. PDS 456 is rapidly variable and shows a strong absorp-
tion edge at∼ 8 keV (Reeves et al. 2000), and there is strong ev-
idence of high-velocity outflowing material (O’Brien et al.2005;
Reeves et al. 2014). The broad band spectrum has been success-
fully modelled using a standard relativistic model by Walton et al.
(2010).

It is surprisingly difficult to reproduce a PC with the spec-
tral shape of the primary component of PDS 456. Allowing the
reflected emission to scale with the primary power law does not
work, as the fractional deviation produced by this is the same as
in the case with no reflection at all. The same problem appliesto a
constant absorption component. Allowing for a variable partial cov-
ering absorber produces no variability at high energies, and while a
variable reflection component alone could produce a similarcom-
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ponent to this, it does not make intuitive sense to have the reflected
emission more variable than the primary power law emission.One
possible way that this component could arise is in the case where
the primary emission, modified by ionised absorption, varies with
respect to an unabsorbed component (i.e. variable partial covering
ionized absorption, but more complex than the simple case consid-
ered in§ 3.6). In this case, the spectral features imposed on the
power law by the absorption are preserved in the PC spectra.

4.4.4 RE J1034+396

The PC spectra for this source show that the primary variablecom-
ponent, presumably the power law emission, is heavily suppressed
at low energies,with a second component that shows a strong excess
at low energies and a possible increase again at high energies.

4.4.5 1ES 1028+511 and PG 1116+215

The primary component in both of these sources is completelysup-
pressed at low energies, similar to that in RE 1034+396. How-
ever, the second PC is much more like those found in Ark 564 and
PKS 0558-504, showing the same steepening at high energies.

4.4.6 3C 273

The first two components returned from the analysis of 3C 273 are
the most featureless we find for any source, consistent with an al-
most completely power law dominated spectrum. There is a slight
decrease with energy in the primary component, which suggests the
presence of a small relatively constant component in the spectrum.
We note that in this object the second order pivoting term makes up
a much larger fraction of the variability (∼ 30 per cent) than in the
other sources that show a significant pivoting term (∼ 5 per cent).
This is probably due to the emission from the jet, which changes
significantly in photon index.

The third order term appears to introduce a break in the spec-
trum at around 2 keV, which is well constrained and much sharper
than the third order PCs seen in other sources. This could be due
to the interplay of the two power law components from the jet and
corona (e.g. Pietrini & Torricelli-Ciamponi 2008).

4.4.7 Ark 120

We find an extremely straight primary component from the PCA of
Ark 120, which is unexpected given the extremely large soft excess
shown by this source. This implies that the origin of the softexcess
must be strongly correlated with the primary power law emission,
and suggests a different origin for the soft excess in this source and
the sources in§ 4.1 and 4.2. The gradual decrease with energy im-
plies, as in 3C 273, that there is a relatively constant component
which increases with flux but without any strong broad features.
This could potentially be explained by a distant, neutral reflec-
tion component, and we note the possible narrow features around
6.4 keV in the primary PC.

Nardini et al. (2011) found that theSuzaku spectrum of
Ark 120 was well described by a blurred reflection model. How-
ever, Matt et al. (2014) found that a jointXMM-NewtonandNuS-
TARobservation could be modelled with theOPTXAGN Comptoni-
sation model (Done et al. 2012) as well as distant reflection,while
models with a relativistic reflection component were ruled out. It

may be that the soft excess in this source is dominated by Comp-
tonisation strongly correlated with the continuum, while the earlier
sources have a larger contribution to the soft excess from reflection.

The second component shows a steepening at high energies,
much like the second components of the objects in§ 4.2. This prob-
ably indicates the presence of a distant reflection component, where
the iron line and absorption edge around 7 keV cause the breakin
the pivoting term (see§ 3 for more discussion on this).

4.4.8 Mrk 509

The three components returned for Mrk 509 are qualitativelydif-
ferent from those found for the objects discussed above. There is
almost no curvature in the first component, and no obvious breaks
in the second, implying that the strong and relatively constant com-
ponent found in the other objects is not present here. The third com-
ponent is also significantly different. It shows a much weaker iron
line feature, and the spectral breaks are much less pronounced. We
suggest that this component can be identified with the neutral re-
flection discussed in Ponti et al. (2013), as the strength of the iron
line feature is strongly dependent on the ionisation parameter.

Both the second and third order terms in Mrk 509 are very
weak, when compared with the other objects in this class. We note
that this source is relatively massive (Peterson et al. 2004), and is
therefore less variable.

4.5 Summary

Applying PCA to our sample of AGN has revealed a large number
of principal components, many of which match well to the simu-
lated components in§ 3, although many more remain unidentified.
We have successfully identified four sources which show clear evi-
dence of relativistic reflection, and three which show clearevidence
of cold absorption. A further four sources are consistent with hav-
ing the same, so far poorly understood, pattern of variability, and a
final nine sources show variability patterns that differ strongly from
both the major groups of sources and from each other.

5 DISCUSSION

5.1 Additional discussion of selected sources

MCG–6-30-15:We note that MCG–6-30-15 and all of the other
analogous sources where four components are found exhibit lags
between the primary emission and the soft excess at> 99%
confidence (De Marco et al. 2013; Emmanoulopoulos et al. 2011),
which correlates strongly with the black hole mass. This is inter-
preted as evidence of a delay between the primary emission and the
reflected emission from the disk, and in all cases the lag is onthe
same order as the light travel time for a few gravitational radii. An
alternative model was proposed for spectral shape and variability
of MCG–6-30-15 by (Miller et al. 2008), who suggested that the
red wing of the iron line could instead be produced by a combi-
nation of ionised absorbers. However, this model has some serious
flaws. It requires that the absorption be strongly correlated with the
strength of the primary emission (Reynolds et al. 2009) to explain
the relative constancy of the iron line feature; it cannot explain the
strong correlation between the soft excess and the iron line, as these
arise from different components (P14a); an absorption model can-
not produce the negative time lags seen in this and other similar
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sources (Emmanoulopoulos et al. 2011); and it is disfavoured by
broad-band spectral fitting (Marinucci et al. 2014).

1H 0707-495:This is a well known source which displays
strong evidence of prominent relativistic reflection. A 500ks ob-
servation withXMM-Newtonin 2008 revealed the presence of both
iron K and L emission lines, and a reverberation lag of around30 s
between the continuum and reflection emission. A more detailed
examination of this lag by Kara et al. (2013b), using over 1 Msof
data, found evidence of an iron K line in the lag-energy spectrum.
In general, the spectral shape and variability of 1H 0707-495 can be
modelled with a power law continuum plus two separate relativis-
tic reflection components, with the same blurring parameters but
different ionisation states (Zoghbi et al. 2010; Dauser et al. 2012;
Fabian et al. 2012). This is suggested to correspond to regions of
different density on the surface of the disk, potentially caused by
turbulence. Such a highly ionised reflection component, in the pres-
ence of a more constant and less ionised component, could poten-
tially produce the PCs shown in the bottom panel of Fig. 16, but
detailed modelling of this is beyond the scope of this work.

NGC 3516: NGC 3516 shows several zones of warm ab-
sorption, described by Mehdipour et al. (2010), who showed that
variations in the covering fraction of the warm absorbers cannot
be solely responsible for large variations in the flux, and there-
fore that intrinsic source variability plays a large part inthe the
spectral variability of the source. Turner et al. (2011) argue that the
lack of reverberation lags in this source is evidence that the flux
variations are not intrinsic to the source, however De Marcoet al.
(2013) found such a lag at> 99% confidence, indicating reflec-
tion from the accretion disk and the presence of intrinsic variability.
Turner et al. (2002) found evidence of a relativistically broadened
iron line in NGC 3516, and Markowitz et al. (2008) found that this
was still required after complex absorption is taken into account,
and adding an additional absorbing component could not repro-
duce the spectral curvature. We note that some of the strongest vari-
ability, potentially due to an extreme absorption event (Turner et al.
2011), is seen in the 2005Suzakuspectrum of this source, and will
therefore not manifest in our results.

Mrk 766: The origin of the spectral shape in Mrk 766 is con-
troversial. Page et al. (2001) found that in a 60 ksXMM-Newton
observation the spectral variability could be explained bya power-
law plus relativistic reflection model, however Miller et al. (2007)
and Turner et al. (2007) analyse a longer, 500 ks observationand
argue that the variability is instead better explained by variable ab-
sorption. More recently, Emmanoulopoulos et al. (2011) found al-
most identical time lags in Mrk 766 and MCG–6-30-15, indicating
reverberation close to the black hole.

IRAS 13224-3809:This object is very similar to 1H 0707-495
in both spectral and timing properties, with a strong soft excess and
turnover around 7 keV (Boller et al. 2002, 2003). A 500 ks obser-
vation of this source withXMM-Newtonwas analysed by Fabian
(2013), who found evidence for relativistically smeared iron K and
L lines, high spin, and a reverberation lag of 100 s. Kara et al.
(2013a) found that the reverberation lags were dependent onthe
source flux, with the lag shifting to higher frequencies and smaller
amplitudes as the source flux drops, consistent with the light bend-
ing model, where the corona is closer to the black hole in low flux
states.

Ark 564:Ark 564 has been found to show both a highly signif-
icant soft lag (De Marco et al. 2013), and an iron K lag (Kara etal.
2013c), which strongly indicates the presence of relativistically
blurred reflected emission in this objects.

Mrk 335 and 1H 0419-577:Like Ark 564, Mrk 335 shows

both a soft lag and an iron K lag (De Marco et al. 2013; Kara et al.
2013c). We note that both of these sources have been observedin
extremely low flux states (Grupe et al. 2008; Pounds et al. 2004a),
which have in the past been interpreted in terms of both relativis-
tic reflection (Fabian et al. 2005; Gallo et al. 2013) and absorption
models (Pounds et al. 2004b; Turner et al. 2009), which give equiv-
alent fits. Analysis of variability in these sources can break the
deadlock between the two models, for example, the discoveryof
a time lag between the iron line and the continuum emission in
Mrk 335 by Kara et al. is very strong evidence of relativisticre-
flection in this object, and a recent analysis of spectral variabil-
ity with NuSTAR(Parker et al. 2014c) in a low state of the same
source found that the variability could be well explained using sim-
ple light-bending models. TheNuSTARspectrum also shows an ex-
tremely strong broad iron line and Compton hump, while the low
energy spectrum was observed simultaneously withSuzakuand is
also well modelled by reflection (Gallo et al. 2014)

NGC 1365 and NGC 4151:The recent jointNuSTARand
XMM-Newtonanalyses of the spectrum (Risaliti et al. 2013) and
the variability (Walton et al., submitted) of NGC 1365 show clear
evidence of relativistic reflection in this source, stretching up to
80 keV. NGC 4151 shows strong evidence of reverberation in the
iron K band (Zoghbi et al. 2012; Cackett et al. 2013), again indicat-
ing the presence of relativistic reflection, and has also recently been
observed withNuSTAR, again showing a broad line and Compton
hump (Keck et al., in preparation).

PDS 456:The spectral variability of this object was examined
extensively by Behar et al. (2010), who found that it exhibits both
variable reflection and absorption, and modelled the spectral vari-
ability using an unabsorbed reflection component and a partially
covered absorbed powerlaw, where the reflection spectrum origi-
nates from the outflow and is thus unabsorbed and blueshifted. We
also note that PDS 456 is likely to be an extremely massive object,
on the order of109M⊙ (Zhou & Wang 2005), and this means that
the reverberation timescale could easily be greater than the 10 ks
intervals used for this analysis. This could potentially affect the ob-
served relationship between the continuum and reflected emission,
causing different components to be found for this source than for
other, less massive, objects.

RE J1034+396:This is an extremely unusual AGN, in that
it has shown a highly significant quasi-periodic oscillation (QPO)
(Gierliński et al. 2008). The QPO arises from the power law con-
tinuum, which dominates the variability at high energies, as shown
by Middleton et al. (2009) who concluded that the soft excesswas
most likely to be caused by low-temperature Comptonisation. The
QPO was identified in 5 additional observations by Alston et al.
(2014a), who found that it was only significantly detected inthe
hard band. It therefore seems likely that the QPO is associated
with the hard component we identify here, which dominates the
spectral variability. In addition, the recent detection ofa signifi-
cant QPO in the AGN MS 2254.9-3712 by Alston et al. (2014b),
which shows very similar PCs to RE J1034+396, raising the in-
triguing possibility that this combination of PCs indicates the likely
presence of a QPO. The variability in this source was also investi-
gated by Zoghbi et al. (2012), who found that the spectrum could
be modelled using a low temperature black body, a strong and
highly ionised blurred reflection component which dominates be-
low around 2 keV and a power law. Zoghbi et al. (2012) also found
an energy dependent lag of around 100 s in one of the observa-
tions (obs. ID 0506440101), indicating a delay between the primary
and reflected emission. We note that it is entirely possible that both
Comptonisation and relativistic reflection are present in the source
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spectrum and contribute to the soft excess, thus explainingthe ob-
served variability and lag.

5.2 Origin of the 4th MCG–6-30-15 component

The fourth PC in MCG–6-30-15 and NGC 3516 and third PC in
NGC 4051, Mrk 766 and 1H 0707-495 is still poorly understood.
We identify three possibilities for its origin: firstly, andmost sim-
ply, this PC could represent an independent physical component;
secondly, it could arise as a correction factor between two spec-
trally similar physical components (as in the black body simula-
tions in§ 6); finally, it could represent a more complex interaction
between the spectral components or a change in their parameters.

We have so far been unable to reproduce this component
through simple models of spectral variability, but some conclusions
can be drawn from the shape and variability. One notable feature is
that the shape of the component does not appear to change greatly
with the ordering of the components - it is not systematically differ-
ent between those objects where it is the third PC and those where it
is fourth. This suggests that this component is not a correction fac-
tor to the lower order components (as this should cause changes in
the shape with the ordering of the components), and instead repre-
sents real physical variability. On a related note, the ordering seems
to change with the time scales probed. When we use 5 ks instead
of 10 ks spectra for the PCA of MCG–6-30-15, the ordering of the
third and fourth components switches, as do those in NGC 4051
when we use 20 ks spectra. This suggests that the unidentifiedcom-
ponent is variable on shorter time scales than the reflectioncompo-
nent.

The spectral shape of this component implies that it con-
tributes at both low and high energies. It appears to be contributing
to the soft excess, but there is a strong upturn above 5 keV. One
possible explanation for this could be that a soft excess component
is associated with changes in the continuum, but this remains spec-
ulation until we can successfully simulate this variability. This is
qualitatively similar to the third components found in Ark 564 and
PKS 0558 (and possibly Mrk 335), and may indicate a common
origin.

5.3 Redundancy in spectral components

As discussed in§ 6, spectral components that have a similar ef-
fect on the total spectrum (such as pivoting of the power law and
changes in the flux of a black body, which both cause changes inthe
spectral hardness) may not result in distinct PCs, rather there will
be one dominant PC expressing the average variations and one‘cor-
rection factor’ PC which accounts for the differences between the
two. It is therefore extremely important that we can distinguish be-
tween PCs that accurately represent spectral component andthose
which are averages or corrections.

This is only really a problem for those components that we
have not yet managed to simulate in detail, and only for compo-
nents of second order or higher. Aside from the absorbed sources
(where corrections have to be made for changes in the column den-
sity as the assumption of simple additive components breaksdown)
we are not aware of any components that are likely to be corrections
due to similar spectral components, however this should be con-
sidered as a possible explanation for the poorly understoodPCs,
particularly in§ 4.4.

5.4 Lack of Ionised Absorption Variability

With the possible exception of the fifth PC in NGC 4051, we have
not detected any clear evidence for strong variations in ionised ab-
sorption. This is not to say that there is no such variability- many of
the sources studied here show clear evidence of ionised absorbers,
and variations have been found in their properties between obser-
vations by many authors. Instead, we believe that the PCA method
presented here is not optimal for the study of such variability. The
simulations of variability in ionised absorbers presentedin § 3.6
returned components that were increasingly weak as the ionisation
increased, and in real data this variability could easily become lost
in the noise. Alternatively, we could simply be probing the spectra
on the wrong time scales to pick up variability in the warm absorp-
tion, which should generally be operating at lower frequencies than
the intrinsic changes.

It is possible that PCA could be used effectively to analyse
variable absorption features using grating spectra, and itcould po-
tentially be used to identify correlated features and hencedifferent
absorption zones.

5.5 Limitations and scope for future work

A problem with this kind of analysis, where all available data from
multiple observations often several years apart is combined lies in
the implicit assumption that the nature of the source variability has
not changed qualitatively over the intervening period. In general
this assumption appears to be valid - we have tested running the
analysis on subsets of the data from several sources (MCG–6-30-
15, NGC4051, Mrk 509, NGC 1365) where there is plentiful data,
and found that this does not cause significant differences tothe
results. This holds whether we divide the observations by time,
randomly, or by flux, although selecting by flux removes a lot of
the variability and thus higher order terms. However, some sources
have only two or three observations available (e.g. Ark 120), in
which case we cannot rule out the possibility that we are looking
at different variability mechanisms between observations. When
looking in greater detail at individual sources or small samples we
would ideally attempt to separate states where different variabil-
ity processes are taking place. In this case, due to the largesample
size and our desire to not bias the study by manually dividingthe
data into different states, we believe the optimum approachis sim-
ply to include all the data. The reader should therefore be aware
that in some cases there may be multiple variability processes tak-
ing place within the same dataset, thus confusing the outputcom-
ponents. However, in the vast majority of cases over 90 per cent
of the variability is attributable to the first component, which im-
plies that any changes in the nature of the variability are confined to
higher order terms. We also note that even the longest time scales in
this study (∼ 10 years) correspond to only minutes to hours when
scaled down to the masses of X-ray binaries. As state transitions in
binaries take significantly longer than this, it seems reasonable to
assume that the variability processes in AGN should be stable on
these time scales.

There is great scope for extending this analysis, both by ex-
amining these sources in more detail and by looking at other ob-
jects. In this work we have restricted the analysis to theEPIC-pn
data, as it is of the highest quality. However, as briefly discussed
in (Parker et al. 2014a), it should be possible to combine data from
different instruments using this method provided that it ishandled
carefully. By including the data from the MOS detectors in the
analysis more details about the variability in these sources could
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potentially be discerned. There is also a wealth of data fromother
telescopes that has so far not been examined using this method.
This could both expand the pool of sources and be combined with
theXMM data for more detailed examination of previously studied
sources.

These is potential for using this technique withNuSTAR
(Harrison et al. 2013). Although the relatively low count rate in
AGN spectra mean that PCA will probably only be effective
with a few of the brightest sources with long exposures, NuS-
TAR has revealed spectra of X-ray binaries of exceptional quality
(Tomsick et al. 2013; Miller et al. 2013a,b) which may be ideal for
applying PCA to. The combination of hard and soft detectors on
boardASTRO-H(Takahashi et al. 2008) may allow for the broad-
band application of PCA from a single satellite, greatly increasing
the number of potential sources compared to joint observations. Fi-
nally, the plannedATHENAmission (Barret et al. 2013) will expo-
nentially increase the number of sources that this method could be
applied to, allow studies like this one to be extended to higher red-
shifts, and enable us to probe spectral variability at much higher
frequencies.

6 CONCLUSIONS

We have analysed a large sample of 26 well studied bright, variable
AGN using PCA, isolating the different variable spectral compo-
nents in a model-independent way. We summarise the key results
here:

• From our sample of 26 different AGN, we find at least 12 qual-
itatively different patterns of variability on 10 ks time scales. We
can match some of these patterns to the predictions from differ-
ent simple models using simulations, but further work is needed to
fully understand all of these results.
• The variability in almost all sources is dominated a single

component, which we find corresponds to the flux of the contin-
uum, generally well modelled by a simple power law.
• The majority of sources have a second order component that

corresponds to a simple spectral pivoting of the primary continuum,
without a strong flux dependence. We suggest that this is caused by
propagating fluctuations within the corona.
• We have identified four sources (NGC 4051, NGC 3516,

Mrk 766 and 1H 0707-495) which show almost identical variabil-
ity to that previously investigated in MCG–6-30-15, and demon-
strated that this variability can be explained by a relativistic reflec-
tion model, ruling out variable absorption as the dominant mecha-
nism of spectral variability.
• We find three sources (NGC 4395, NGC 1365 and NGC 4151)

that show clear evidence of strongly variable partial-covering neu-
tral absorption.
• Using simulations we have begun to build up a library of PC

spectra for different variability mechanisms, including continuum
variability under different conditions, neutral and ionised absorp-
tion variability, and reflection variability.

We conclude that PCA is an extremely powerful and versatile tool
for studying the X-ray spectral variability of AGN, and has great
potential to contribute to our understanding of these objects, both
with current and future missions. We will make our analysis code
available upon request.
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Alston W. N., Markeviči ūtė J., Kara E., Fabian A. C., Middleton
M., 2014a, MNRAS, 445, L16

Alston W. N., Parker M. L., Markeviciute J., Fabian A. C., Mid-
dleton M., Lohfink A., Kara E., Pinto C., 2014b, ArXiv e-prints

Alston W. N., Vaughan S., Uttley P., 2013, MNRAS, 435, 1511
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Figure A3. Top: A sample of 20 10 ks spectra, used in the analysis of
NGC 4051. The grey lines show the individual spectra, and thered line
shows the average spectrum of NGC 4051 from all observations. Bottom:
The same set of spectra, plotted as fractional residuals to the mean spec-
trum. This is how the spectra are processed by the PCA code. Error bars are
not shown for clarity.

APPENDIX A: SPECTRA, LIGHTCURVES AND
COUNT-COUNT PLOTS

We show here (Figs. A1 and A2) representative spectra of the 26
sources in our sample. All spectra are plotted unfolded to a power
law with indexΓ = 0 and normalization 1. We plot the average
spectrum of the longest continuous observation, unless that obser-
vation coincides with an atypical flux state. The spectra arenot cor-
rected for absorption. This is intended so that the reader can get
some idea of the relative data quality in different energy bands.

In Fig. A3 we show a sample of 20 of the 10 ks spectra used
in the analysis of NGC 4051. The left panel shows the spectra,with
the red line marking the mean spectrum from all observations. The
right panel then shows the same set of spectra, plotted as fractional
residuals to the mean. The spread in the residual spectra already
functions as a crude estimator of the total variability as a function
of energy, and a minimum can be seen around the energy of the iron
K line.

In Fig. A4 we show a sample of 10 light curves from one ob-
servation of NGC 4051. For the analysis, we divide the data into
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Figure A4. Sample of light curves from 10 energy bands from a single
observation of NGC 4051. Coloured regions indicate the sizeof the error
bars on each point. Energy increases with decreasing count rate.

50 logarithmically spaced energy bands, with one spectrum every
10 ks. In the figure, we show every 5th light curve, and increase the
sampling to 1 ks.

To give the reader an overview of the amplitude and nature of
the variability in each object, we show count-count plots for each
source in Figs. A5 and A6. These plots simply show the count rate
in the 0.5–2 keV band against that in the 2–10 keV band, for each of
the 10 ks spectra we use in the analysis. The energies were selected
to divide the spectrum approximately equally into soft and hard
bands. The points are colour-coded by observation ID. The major-
ity of sources are approximately linear on the count-count plots,
with varying degrees of scatter. Two of the objects from group 1
show a down-turn at low fluxes, where the hard flux drops more
rapidly than the soft (NGC 4051 and NGC 3516). This has previ-
ously been observed in these objects (Taylor et al. 2003; Noda et al.
2013) and may be due to spectral pivoting or the variability in dif-
ferent components dominating at different flux levels. The similar
downturn in NGC 1365 and NGC 4151 is more likely to be due
to the presence of additional, non-nuclear emission at low energies
which is constant. Some sources (e.g. 1H 0707-495, PDS 456, PG
1116, Mrk 509) show several separate linear tracks, correspond-
ing to different observations, which may be due to differentcom-
ponents dominating the variability on long and short time-scales,
or changes in the absorption of the source spectrum. Generally it
seems that the PCs are not strongly affected by differences in the
count-count plots between objects within our groups - MCG–6-30-
15, NGC 4051 and 1H 0707-495 all have very similar PCs, despite
having significant differences in their count-count plots.Similarly,
RE J1034+396, 1ES 1028+511 and PG 1116+215 all have very
different count-count plots, but all are divided cleanly into soft and
hard components by PCA.

In addition, we show on each count-count plot the orienta-
tion of first two eigenvectors, or three if the third is stronger than 1
per cent. These are calculated by multiplying the PCs by the av-
erage spectrum for each source, which effectively reinstates the
effective area of the detector, then averaging the resultant spectra
over the 0.5–2 and 2–10 keV bands. In general, it can be seen that
the primary PC is aligned with the bulk of the spectral variabil-
ity (where it is clearly discernible), and the secondary component
describes the scatter about this and is usually close to orthogonal
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Figure A1. Unfolded spectra of the first 15 sources in our sample. Spectra are ordered by the order of sources in the main paper. Some binning is applied in
XSPECfor clarity. This does not reflect the binning used in the analysis, where all spectra are binned into 50 logarithmic bins for consistency.
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Figure A2. Continued from Fig. A1. Unfolded spectra of the remaining 11sources in our sample.

1. We do not show the third component for most sources as it is
an extremely minor effect, and cannot explain the observed scatter
in the points. The three sources with extremely hard primaryPCs
(RE J1034+396, 1ES 1028+511 and PG 1116+215) stand out when
the components are plotted in this way, as unlike all other sources
the primary component is aligned almost parallel to the y-axis. An-
other source which stands out is IRAS 13349+2438. Like the other
three sources, it has an almost vertical PC1, however this isan ef-
fect of the energy band selection, rather than the spectrum being
divided into soft and hard components - the first PC in this source
is a pivoting term, and crosses the x axis around 1 keV, so the 0.5–
2 keV bin averages over positive and negative values, leaving no
net flux in this bin.

1 We note that the strict orthogonality condition that applies to PCA spectra
does not apply here after the renormalization and averaging
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Figure A5. Count-count plots for the first 15 sources from our sample. Different observations are shown in different colours. The black and red arrows show
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Figure A6. Continued from Fig. A5. Count-count plots of the remaining 11 sources in our sample.
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