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ABSTRACT

Context. Active galactic nuclei (AGN), powered by accretion onto supermassive black holes (SMBHs), are thought to be scaled up
versions of Galactic black hole X-ray binaries (BH-XRBs). In the past few years evidence of such correspondence include similarities
in the broadband shape of the X-ray variability power spectra, with characteristic bend times-scales scaling with mass.

Aims. The aim of this project is to characterize the X-ray temporal properties of a sample of AGN to study the connection among
different classes of AGN and their connection with BH-XRBs.

Methods. We have performed a uniform analysis of the power spectrum densities (PSDs) of 104 nearby (z < 0.4) AGN using
209 XMM-Newton/pn observations. These PSDs span ~3 decades in temporal frequencies, ranging from minutes to days. The PSDs
have been estimated in three energy bands: 0.2—10 (total), 0.2—2 (soft), and 2—10 keV (hard). The sample comprises 61 Type-1 AGN,
21 Type-2 AGN, 15 NLSy1, and 7 BLLACS. We have fitted each PSD to two models: (1) a single power-law model and (2) a bending
power-law model.

Results. Among the entire sample, 72% show significant variability in at least one of the three bands tested. A high percentage of
low-luminosity AGN do not show any significant variability (86% of LINERs). The PSD of the majority of the variable AGN was
well described by a simple power-law with a mean index of @ = 2.01 + 0.01. In 15 sources we found that the bending power law
model was preferred with a mean slope of @ = 3.08 + 0.04 and a mean bend frequency of (v,) ~ 2 x 10~* Hz. Only KUG 1031+398
(REJ1034+396) shows evidence for quasi-periodic oscillations. The “fundamental plane” relating variability timescale, black hole
mass, and luminosity is demonstrated using the new X-ray timing results presented here together with a compilation of the previously
detected timescales from the literature.

Conclusions. Both quantitative (i.e. scaling with BH mass) and qualitative (overall PSD shapes) found in this sample of AGN are in
agreement with the expectations for the SMBHs and BH-XRBs being the same phenomenon scaled-up with the size of the BH. The
steep PSD slopes above the high frequency bend bear a closer resemblance to those of the “soft/thermal dominated” BH-XRB states

than other states.
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1. Introduction

The dynamics of accretion around BHs should be similar
for different masses, with characteristic size scales and hence
timescales simply scaling with their mass (at a given accretion
rate relative to the Eddington limit). Therefore, we expect to
find similarities between the properties of luminous accretion
flows around stellar mass BHs in X-ray binaries (BH-XRBs;
Mgy ~ 10 Mg) and supermassive black holes (SMBHs) in
Active Galactic Nuclei (AGN; with My ~ 10°-10° M,).
However, the details and reliability of the proposed scaling rela-
tions are currently not well understood (see Merloni et al. 2003;
Kording et al. 2007; McHardy 2010, for a review).

X-ray variability — thought to originate in the innermost
regions of the accretion flow — is an important aspect of
the AGN-XRB connection (e.g. Uttley et al. 2002; Markowitz
et al. 2003; Vaughan et al. 2003b, 2011; McHardy et al. 2006;
McHardy 2010). Both AGN and BH-XRBs show “red noise”
power spectra (or power spectral density, PSD) that decrease

* Tables 1-4 and Appendices A and B are available in electronic form
athttp://www.aanda.org

Article published by EDP Sciences

steeply at high frequencies (short timescales) as a power law,
P(v) ~ v™® (where v is temporal frequency), typically with
a =~ 2. Below some characteristic frequency v, the PSDs flat-
ten, and these bend frequencies scale approximately inversely
with the BH mass from BH-XRBs to AGN. However, the PSDs
of BH-XRBs depend on the “state” in which the system is ob-
served. In the soft state the PSD is usually well described by
a simple bending power-law, with a slope @ > 2 above some
bend frequency vy, and a slope of @ ~ 1 extending unbroken to
much lower frequencies (Cui et al. 1997). In the hard state the
PSDs are generally more complex, with additional bends and
peaks at lower frequencies, and are usually modeled as a mix-
ture of zero-centred Lorentzian components (see e.g. Remillard
& McClintock 2006; Wilms et al. 2006). In addition there are
transitional states that display a range of timing behavior. The
accretion “states” of AGN are not clearly understood (Kording
et al. 2006; Fender et al. 2006) but there is some evidence to
support the idea that luminous, radio-quiet AGN represent super-
massive analogues of BH-XRB in the “soft states” (Uttley et al.
2002; McHardy et al. 2004; Uttley & McHardy 2005; Vaughan
et al. 2011).
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One striking and common property of the X-ray variabil-
ity of BH-XRBs is the prominent quasi-periodic oscillations
(QPOs, see e.g. Remillard & McClintock 2006), which are seen
as strong, narrow peaks in the PSDs. Until recently there were
no robust claims of QPOs in AGN (see e.g. Vaughan & Uttley
2005). This changed when Gierlifiski et al. (2008) reported a
QPO for the Narrow-line Seyfert 1 (NLSyl) REJ1034+396,
which remains the only case to date for an AGN (see also
Middleton et al. 2009; Vaughan 2010).

The main purpose for the present paper is to characterize the
PSD of a large sample of AGN including a range of AGN sub-
classes. With this large sample we address some outstanding
problems such as: what is the most common PSD shape for
AGN? how does this compare to BH-XRBs? How does the PSD
vary with AGN properties (BH mass, AGN subtype or luminos-
ity)? Are there any other strong candidate of QPO among the
AGN? We have made use of the extensive XMM-Newton archive
to obtain a sample of 104 AGN with 209 observations of at least
40 ks. This is the largest sample of PSDs of AGN ever analyzed.

2. The sample and the data

We have selected observations of AGN from the XMM-Newton
public archives until February 2012. Note that this should in-
clude all the sources within the 2XMMi DR3 catalogue (Watson
et al. 2009). The AGN are all identified in the catalogue of
Quasars and AGN by Véron-Cetty & Véron (2010)! with z < 0.4.
We have selected data according to the following inclusion cri-
teria: (1) include one or more members of the AGN sample
(search radius 9 arcmin from the centre of the FOV), and (2)
observation duration 7 > 40 ks. The second criteria ensures a
reasonable frequency range for the PSD estimation (the lowest
observable frequency scales is 1/7). The final sample comprises
209 observations and 104 distinct AGN.

Table 1 gives details of the sample members and relevant
XMM-Newton observations. The optical classification (Col. 3)
is taken from Véron-Cetty & Véron (2010). Three objects
(NGC 4636, NGC 4736, and NGC 6251) were re-classified into
the LINER class according to Gonzalez-Martin et al. (2009).
The sample comprises 61 Type-1 AGN (3 QSOs, 54 Seyferts,
and 4 LINERs), 21 Type-2 AGN (11 Seyferts and 10 LINERs),
15 NLSyl1, and 7 BLLACs. Note that we consider Sli class
in the catalogue (broad Paschen lines observed in the infrared)
as Type-1 Seyfert and S1h (broad polarized Balmer lines de-
tected) as Type-2 Seyferts. The redshifts given in Col. 4 (Table 1)
were taken from the NASA/IPAC extragalactic database (NED?)
using the redshift-independent distance when it was avail-
able. The cosmology assumed was Hy = 75 km s~' Mpc™'.
BH masses (Mpy) and bolometric luminosity (Lyo;) reported in
the literature are shown in Cols. 5 and 6 together with the corre-
sponding reference (Col. 7). We included the reverberation map-
ping estimate if available and the velocity dispersion estimate us-
ing the correlation reported by Tremaine et al. (2002) otherwise.
The velocity dispersions are taken from HyperLeda database®.

3. Data reduction

XMM-Newton data were processed using the SAS (v10.0.2) and
the most recent calibration files available. In this paper, only the
EPIC pn data (Striider et al. 2001) were analyzed; the pn data

! http://heasarc.nasa.gov/W3Browse/all/veroncat.html
2 http://nedwww.ipac.caltech.edu
3 http://leda.univ-lyonl.fr
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have a higher count rate and lower pile-up distortion than the
MOS data (the effect of pile-up on PSD estimation is discussed
by Tomsick et al. 2004).

Time intervals of quiescent particle background were deter-
mined through an algorithm that maximizes the signal-to-noise
ratio of the net source spectrum by applying different constant
count rate threshold on time series of single-event, £ > 10 keV
events, from the full field-of-view (Piconcelli et al. 2004).

The AGN sky coordinates were retrieved from NED* and
source counts in each case were accumulated from a circular
aperture of radius 40 arcsec’). The background events were se-
lected from a source-free circular region on the same CCD chip
as the source. We selected only single and double pixel events
(i.e. PATTERN==0-4). Bad pixels and events too close to the
edges of the CCD chip were rejected (using the standard
FLAG==0 inclusion criterion).

Source and background light curves were extracted (using
EVSELECT) in 100 s time bins, in three energy ranges: 0.5—10 keV
(total band, T), 0.5-2 keV (soft band, S), and 2—10 keV (hard
band, H). These were screened for high background and flaring
activity (see Gonzdlez-Martin et al. 2011, for a detailed explana-
tion of the procedure). High background periods at the beginning
and/or end of an observation were removed. Where short peri-
ods of high background occurred in the middle of observations
we excised the bad data and used the expected values derived
by a linear interpolation of the neighbor data points to replace
the missing data. This replacement is only done when less than
5 consecutive points need to be interpolated. For longer peri-
ods, the lightcurve is truncated selecting the largest consecutive
period. Note that drop outs are less than 1% of the duration of
the light-curve in all the observations presented here. Only light
curves with remaining good durations longer than 40 ks were
considered for further analysis. The net exposure times are listed
in Col. 9 of Table 1. We also extracted the EPIC-pn spectra, with
response matrix and auxiliary files generated using RMFGEN and
ARFGEN, respectively.

4. Data analysis
4.1. Hard band 2—10 keV luminosity estimates

The 2—-10 keV luminosity was estimate by fitting the 2—10 keV
spectrum using an absorbed power-law model (using XspPEc ver-
sion 12.6.9q). For the Galactic absorption we used the hydrogen
column density (Ny) estimates from the HI maps of Dickey &
Lockman (1990). Additional absorption was also considered to
account for the curvature of the spectrum of some AGN. The free
parameters in the model were the intrinsic Ny, spectral index,
and the power-law normalization. We did not attempt a more
detailed spectral analysis, as we required only reasonable esti-
mates of the X-ray luminosity. This method was already used
by Ho et al. (2001) to estimate the luminosity in sources with
low signal-to-noise data. The resulting 2—10 keV luminosities
are given in Col. 10 of Table 1.

We have compared these luminosities with those for the
same objects reported by Gonzdlez-Martin et al. (2009); Panessa
et al. (2006); O’Neill et al. (2005, and references therein).
LLAGN (i.e. Type-2 Seyferts and LINERs) show a very good
agreement while Type-1 Seyferts, QSOs, and NLSy1 show the

4 The NASA/IPAC Extragalactic Database (NED):
http://ned.ipac.caltech.edu/

5> This includes approximately 90 per cent of the PSF for an on-axis
source with the EPIC pn instrument.
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Fig. 1. PSDs fits (continuous line) to Model A (left) and Model B (right) for the Mrk 335 data (ObsID 306870101) using the broad (0.2—10 keV)
energy band. The dashed lines shows the two components of the model: constant Poisson noise and the source PSD model (power-law, left; bending
power-law, right). The dot-dashed line shows the “global”” 90% confidence limit use to flag QPO candidates. Appendix B shows the corresponding

figures for the complete sample.

highest discrepancies, as expected due to the high long-term
variability. NLSy1 show strong soft excesses interpreted as op-
tically thick material seen in reflection (Crummy et al. 2006)
or optically thin material seen in absorption (Gierliniski & Done
2004). This soft-excess shows long-term variability (see Boller
et al. 1996, and references therein).

4.2. Power spectrum estimation

The PSD gives the distribution of variability power (amplitude
squared) as a function of the temporal frequency. The standard
method for estimating the PSD is by calculating the periodogram
(Priestley 1981; Percival & Walden 1993; Vaughan et al. 2003a).
Figure 1 shows the periodogram for Mrk335. All the peri-
odograms of the sample are shown in the electronic edition of
the paper. We use the “(rms/mean)>” normalisation throughout
(see Vaughan et al. 2003a, and references therein).

The periodogram data were fitted using the maximum likeli-
hood method discussed in Vaughan (2010, hereinafter V10) and
Barret & Vaughan (2012). For a given parametric model P(v; 6),
the best-fitting model parameters, 8, were found by maximizing
the likelihood function, which in practice was done by minimiz-
ing the following fit statistic

5—2% I 1o, 1
- F ogrije. ()

=LA

This is (twice) the minus log-likelihood, where /; and P; are the
observed periodogram and the model spectral density at Fourier
frequency v;, respectively. Confidence intervals on each model
parameter were estimated by finding the set of parameter values
for which AS = S(60) — Smin < 1.0, this corresponds to 68.3%
intervals (this closely parallels the AC method discussed by Cash
1979). See also Vaughan et al. (2005).

Following the previous work on the PSDs of AGN we used
two models:

— Model A: simple power law plus constant (denoted Hy
by V10).

P(v) =Nv® +C. ()

The model has three parameters: N, the power law normal-
ization; a, the spectral index; C, an additive constant to ac-
count for Poisson noise.

— Model B: a bending power law plus constant (denoted H;
by V10).

a—1\"
P(v) = Nv! (1+{i} ]
Vb

The free parameters for this model are: the normalization N,
the spectral index above the bend «, the bend frequency vy,
and the constant C.

1
+C. 3)

These XMM-Newton data are relatively insensitive to the ex-
act low frequency index, and we assume the typical value of 1
found from long-term X-ray monitoring studies (e.g. Uttley
et al. 2002; Markowitz et al. 2003; McHardy et al. 2004, 2006).
The lowest frequencies available with these XMM-Newton data
are ~0.7-2.5 x 1073 Hz (set by the minimum and maximum du-
ration of continuous observations, 40 and ~130 ks respectively).
The typical high frequency bend for a low mass Seyfert galaxy
occurs at around v, ~ few 10~ Hz, which implies only ~10—40
Fourier frequencies below vy, usually insufficient to obtain a pre-
cisely constrained power law index.

Temporally close observations of the same objects were an-
alyzed together to better constrain the final parameters (the peri-
odograms were fitted simultaneously with all parameters except
C tried between the datasets). Note that we consider as tempo-
rally close observations those coming from the same observing
run according to the first 6 digits of the ObsID. The resulting
parameters are shown in Tables 2 and 3.

The likelihood ratio test (LRT) was used to select between
the two models. The simpler model (A) is preferred in the ab-
sence of a strong preference for the more complex model (B).
For reasons explained by Protassov et al. (2002) and Freeman
et al. (1999) the LRT is not well calibrated when when the null
values of the additional parameter of the more complex model
are not well defined, as is the case here (e.g. the null value for the
bend frequency in Model B is not well defined in this sense). An
accurate calibration of this test using posterior predictive checks
can be computationally expensive (see V10), so in this case we
used the standard LRT with a p < 0.01 significance threshold
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as a crude but simple check for the presence of a bend in the
PSD. The simulation results of V10 suggest that this criterion
is conservative in the sence that the number of false positives
is fewer than expected. Where a bend is detected (i.e. Model B
selected) we parametrized the PSD amplitude at the bend fre-
quency as Apeg = vp X P(vp) = N/2 (following Papadakis 2004),
where N is the normalisation (Eq. (3)), i.e. the peak in v X P(v)
space.

The Poisson noise level, C, was usually considered a free
parameter. The expected Poisson noise level was calculated as-
suming the standard formula (e.g. Uttley et al. 2002; Vaughan
et al. 2003a) and this value was used in cases where the param-
eter C was poorly constrained in the periodogram fitting (these
observations are indicated by an asterisk in Tables 2 and 3).

As a crude but simple check for the presence of highly coher-
ent oscillations (strictly or quasi-periodic) we identify the largest
data/model outlier from each periodogram. This was then com-
pared to the X% distribution expected for periodogram data to
give a p-value. Candidate QPOs were flagged when a p < 0.01
criterion was met (after correcting for the number of frequen-
cies in the periodogram). A similar test was applied to the peri-
odogram data after smoothing using a three-point top-hat filter,
i.e. testing the running mean of each triplet of adjacent points.
This test improves sensitivity to QPOs that are broader than the
frequency resolution of the data. These p-values are not cor-
rectly calibrated, for reasons explained in Vaughan (2010), but
such tests proved to be extremely efficient as a crude indicator
of potentially interesting data.

There are two main types of bias that may effect Fourier-
based power spectral analysis, “aliasing” and “leakage” (see
Priestley 1981; Percival & Walden 1993; Deeter & Boynton
1982; Uttley et al. 2002). Aliasing is negligible for the present
data, which are contiguously sampled. Leakage may however
cause intrinsically steep power spectra (power law indices a 2 2)
to show slopes close to @ = 2. This point is discussed further in
Sect. 5.7.

5. Results
5.1. Variability of the sample

We considered an observation variable if there was an excess
above the constant value expected from the Poisson noise in the
periodogram. We report the detection of variability in Col. 11
of Table 1 as: (T) for the total 0.5—10 keV, (S) for the soft
0.5-2 keV, and (H) for the hard 2—10 keV energy bands; (N)
indicates no variability detected in any band.

Seventy five out of the 104 AGN (72%) showed variabil-
ity in at least in one of the three bands tested. Among them,
56 showed significant variability in the total band, while three
varied only in the hard band (NGC 985, 2E 0414+0057, and
NGC4258). Twenty nine of the 104 AGN (28%) did not show
significant variability in any of the three bands tested. These
sources are: 12 of the 14 LINERs; 2 of the 11 Type-2 Seyferts; 12
of 54 Type-1 Seyferts; 2 of the 3 QSOs; and 1 of the 7 BL Lacs.
All the NLSyls and 78% of the Type-1 Seyferts were variable,
but most of LINERSs are not variable. Finally, five sources were
variable only in some of the observations (namely, OJ +287,
NGC 2992, PG 11164215, Mrk 279, Mrk 205, 3C 273, X Com,
and RBS 1399). The lack of detected variations in these cases
can be attributed to the limited quality of the data.

5.2. Model selection

Among the variable sources, we have been unable to constrain
the parameters of Model A in six sources, and an additional nine
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have unconstrained values in a subset of the observations and/or
energy bands (marked as & in Tables 2 and 3). This is due to the
low number of bins in the PSD above the Poisson noise (e.g. see
Fig. 1 of NGC 4151, ObdID = 112830201, for the total energy
band in the electronic edition).

Model B is selected over Model A (using the LRT) in
17 AGN (44 observations, see Table 3). However, MS 22549-
3712 and Mrk 586 gave very poorly constrained parameters for
Model B. We consider these two sources as tentative detec-
tions of a bending PSD. Moreover, we have found a break in
PKS 0558-504 far from that reported by Papadakis et al. (2010).
However, our bend is more likely a bump on the PSD or a broad
QPO as claimed by Papadakis et al. (2010). All the objects for
which Model B was selected are Type-1 AGN but the Circinus
galaxy.

5.3. QPO detection

The test for highly periodic oscillations found no candidates be-
sides KUG 1031+398 (better known as RE J1034+396). A QPO
of avy, = 2.6 x 10~* Hz was previously detected in this source
by Gierliniski et al. (2008). The apparent significance of the QPO
is lower than that reported by Gierlifiski et al. (2008), for reasons
discussed by V10.

A QPO candidate was previously reported for 3C 273 by
Espaillat et al. (2008) using a wavelet technique to analyze
19 observations of 10 AGN obtained with XMM-Newton. For
3C 273 they used four XMM-Newton observations, all of them
included in our analysis. We found no indication of a QPO from
these data. Another case of QPO reported in the literature is the
blazar PKS 2155-304. Lachowicz et al. (2009) reported a 4.6 h
QPO in the 0.3—10 keV data (from ObsID 158961401). We have
analyzed 8 observations of this source, including this one; none
showed indications of a QPO. Gaur et al. (2010) analyzed all the
XMM-Newton archival data of this source and reported a possi-
ble QPO in only one observation. This observation is included
in our analysis and the hint of the QPO around 1.7 x 10~* Hz
can be seen in our PSD (see Fig. 1, in the electronic edition),
consistent with their findings. However, the strength of this fluc-
tuation above the continuum is not strong enough to suggest a
QPO detection.

5.4. Slopes

The mean and standard deviation of the power law indices using
Model A (for observation where Model B is not selected) was
a = 2.01 + 0.01 for the total energy band (@ = 2.06 + 0.01
and @ = 1.77 = 0.01 for the soft and hard bands, respectively).
Figure 2 (black filled histogram) shows the distribution of this
parameter for the three energy bands®. The distributions are sta-
tistically indistinguishable according to the K-S test.

The mean value of the slope @ when Model B model is
preferred is @ = 3.08 + 0.04 for the total energy band (¢ =
3.03 = 0.01 and @ = 3.15 + 0.08 for the soft and hard energy
bands, respectively). These slopes are significantly steeper than
those found from the Model A fit, i.e. where no PSD bend was
detected. Figure 2 (blue-dashed filled histogram) shows the dis-
tributions of slopes when Model B is preferred.

® Where more than one observation was available for the same ob-
ject we computed the weighted mean. This was calculated only in the
case of multiple distinct observations; when multiple observations oc-
curred close in time the periodogram data were fitted simultaneously
(see Sect. 4.2).
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Fig. 2. Histograms of power-law slopes for Model A (black-filled his-
togram) and Model B (blue-dashed histogram). Top, middle, and bottom
panels show the histograms for the total, soft, and hard bands, respec-
tively. The dashed-lines show the mean value for each distribution.

5.5. Frequency bend

We have found PSD bends for 17 AGN. Figure 3 shows the
histograms of frequency bends. Note that the weighted mean
value is reported when more than one observation is available
for the same object. The resulting mean values are log (V) =
—3.47 + 0.10 for the total band (results for the soft and hard
bands were almost identical).

Table 3 shows the PSD model parameters for the ob-
jects where Model B was selected. Of these, seven have
not been previously reported in the literature: ESO 113-G10,
Mrk 586, 1H0707-495, ESO 434-G40, Circinus, NGC 6860, and
MS 22549-3712 (although Mrk586 and MS 22549-3712 are
weak detections, see Sect. 5.2). Table 4 summarise the PSD in-
formation for the source bend detections in the present analysis
together with a compilation of 17 AGN with PSD bend frequen-
cies from the literature. We have examined the XMM-Newton
data for all of them. This extend of the list of AGN with de-
tected PSD bends to 24 objects (or 22 if we exclude Mrk 586
and MS 22549-3712). Appendix A gives a short description of
the published bends together with a comparison with our results.

5.6. PSD bend amplitude

Papadakis (2004) found that the PSD amplitude at the bend fre-
quency, in terms of v X P(v), was roughly constant over a sample
of AGN, at Apsq ~ 0.017, based on an analysis of normalized
excess variances. Table 4 (Col. 11) shows A calculated from
the estimated Model B parameters where a bend was detected.
Although the mean value is A = 0.009 + 0.011, roughly consis-
tent with the Papadakis (2004) result, this is dominated by three
AGN with high Ap values, namely 1H0707-495, NGC4051,
and NGC 4395 (excluding PKS 0558-504 since it might not be
a bend, see Sect. 5.2). These three sources are NLSyls with
low BH masses, which may indicate Ay is not constant over
all AGN but depends on Mgy and/or source type.

0.2 — 10 keVv

0.2 = 2 keV

Number of sources

—4.5

—-4.0 -3.5
log(Break)

-3.0 -2.5

Fig. 3. Histograms of the bend frequency for Model B. Top, middle,
and bottom panels show the histograms for the total, soft, and hard
bands, respectively. The dashed-lines show the mean value for each
distribution.

5.7. Leakage distortion

A fraction of the power below and above the observed frequency
range can “leak” into the observed bandpass due to the side-
lobes of the Fejer kernel (see Priestley 1981; Percival & Walden
1993). This is the problem of spectral leakage, discussed by
Deeter & Boynton (1982), Uttley et al. (2002) and Vaughan et al.
(2003Db). If the power spectrum is steep (e.g. @ X 2) at or below
the lowest observed frequency (v; = 1/T) this can lead to a sig-
nificant distortion of the periodogram, as demonstrated by Uttley
et al. (2002). However, the effect of leakage will be to reduce the
sensitivity to bends, and QPOs, and bias the slope toward @ = 2,
not to introduce spurious PSD features. Indeed, the detection of
a bend to a flatter slope (@ < 2) at low frequencies is an indi-
cation that leakage cannot be significant. Some of the data sets
for which the best-fitting model is a single power law (Model A)
with slope a ~ 2 are possibly be affected by leakage, for exam-
ple NGC3516 and NGC4151 which are known to show bends
to flatter slopes at frequencies lower than those covered by the
XMM-Newton observations (Markowitz et al. 2003).

Fougere (1985) discussed methods to recover accurate power
spectral indicies in the presence of strong leakge. The simplest
method that is reasonable effective at reducing leakage bias is
“end matching”, removing a linear trend from the time series
such that the first and last data points have equal values. We have
used this technique for those sources best fitted to Model A for
the 0.2—10 keV band. We recovered Model A as the preferred

fit in all cases except IGRJ21277+5656 (log (vp) = —3.84f8:£,

a= 2.82%”34). A longer observation is needed to confirm the
presence of the bend in this source. Moreover, after applying
end-matching we are unable to constrain the parameters for
Fairall 9. (The time series of this time series is essentially a linear
trend, no short timescale variability remains after end matching.)

Figure 4 compares the slope estimates with and without end
matching. Only PKS 1547+79 shows a lower slope after the end-
matching. However, the light-curve before end matching shows
only a (roughly) linear trend; after end-matching no significant
variability remains. The indices obtained after the end matching
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dashed histograms are the normalized histograms for each distribution.
The dashed line represents the one-to-one correlation and dot-dashed
lines are the mean values for each distribution.

are on average higher than those obtained without end matching
— the mean index is (@) = 2.29 + 0.01 — but still significantly
lower than the mean high frequency index of those sources with
detected power spectral bends.

6. Discussion
6.1. Summary of results

We have presented an analysis of the high frequency power
density spectra (PSD) of a sample of 104 AGN observed with
XMM-Newton. These PSDs span up to =3 orders of magnitude
in frequency, ranging from minutes to over days. Our main re-
sults can be summarized as follows:

— Variability: 72 per cent of the sample showed significant
variability in at least one of the three energy bands tested.
Moreover, most of LINERSs in our sample do not vary (12 out
of the 14 LINERS).

— PSD shape: The PSDs of the majority of the variable AGN
could be described by a single power-law (i.e. Model A)
with a mean slope of @ = 2. In 17 sources — all Type-1
Seyferts (many are NLSyls) but the Circinus galaxy — we
found a strong preference for the bending power-law model
(i.e. Model B). For this subset, the slope above the bend fre-
quency is steep, @ ~ 3.0, above a bend frequency typically
around vy, ~ 3.4 x 107 Hz. Spectral leakage, which can bias
the slope estimates in some cases, does not appear to explain
discrepancy between the slopes found for Model A and B.

— QPO detection: None of the sources analyzed in our sam-
ple show a QPO, with the exception of KUG 1031+398
(RE J1034 + 396), discussed extensively in the literature.

6.2. Scaling relations

Several papers have demonstrated a strong, approximately linear
correlation between the PSD bend timescale (T, = 1/vp) and the
black hole mass (e.g. Uttley et al. 2002; Markowitz et al. 2003;
Vaughan et al. 2005), as expected from simple scaling arguments
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(Shakura & Sunyaev 1976; Fender et al. 2006). The simplest
relation between timescale and fundamental AGN properties that
we might consider is

log (Ty) = Alog (Mpp) + C 4)

where A and C are coefficients, and we expect A ~ 1 for a lin-
ear mass-timescale relation. McHardy et al. (2006) presented an
extension of this model allowing for dependence of 7}, on both
Mgy and bolometric luminosity Lyo;:

log (Ty) = Alog (Mgn) + Blog (Lpa) + C. &)

Table 4 gives values of log(vy) for objects in which we find
strong evidence for a bending power law PSD. From these we
derive T}, (in units of days). This table also includes values for
Mgy and Ly, taken from the literature and the values of log (f;),
Mgy, and Ly, compiled exclusively from previous literature.
Together, these present the largest compilation of characteristic
timescales for AGN to date. Note that the BH masses are derived
by several different methods, but we have used estimates from
reverberation mapping campaigns where these are available.

We fitted models following Eqs. (4) and (5) to data from the
22 AGN in Table 4. We have used the T}, values from our anal-
ysis when available and those from the literature otherwise, ex-
cept for PKS 558-504 for which we have used the value reported
in the literature’. The models were fitted by simple linear re-
gression® (i.e. unweighted least squares) on the log transformed
variables, with T}, in units of days, Ly in units of 10% erg s7L,
and Mgy in units of 10° Mo, as in McHardy et al. (2006).

Fitting Eq. (4) gave parameter estimates A = 1.09 + 0.21
and C = —1.70 = 0.29, leaving a sum squared error (SSE)
of 11.14 (for 19 degrees of freedom, d.o.f.). The data and best-
fitting regression line are shown in Fig. 5. Fitting Eq. (5) gave
parameter estimates A = 1.34 + 0.36, B = —-0.24 + 0.28, and
C = —1.88 + 0.36, leaving a sum squared error (SSE) of 10.69
(for 18 d.o.f.). The parameter governing the luminosity depen-
dence, B, is consistent with zero (p = 0.38 for 18 d.o.f.). Figure 6
compares the bend timescale predicted by this relation (based on
the observed Mpy and Ly ) to the observed T, values (compare
with Fig. 2 of McHardy et al. 2006). Figure 7 shows the residu-
als (as a ratio of observed to model 7,) against Ly /Lgqq for the
two different models.

In order to test the reliability of these parameters we
have used the “bootstrap” method (Efron & Tibshirani 1993).
We generated N = 10* simulated datasets, each comprising
22 “observations” (of Ty, My, Lvoi) generated by drawing an
AGN at random (with replacement) from the real data. This pro-
vides a simple alternative assessment of the parameter confi-
dence intervals. The 68.3 per cent confidence intervals on the
parameters are: A = [1.02, 1.66], B = [-0.52,—-0.046] and C =
[-2.12,-1.65]. The boostrap confidence intervals are slightly
narrower than the standard regression intervals.

7 Our bend in PKS 558-504 could the result of a bump (or broad QPO)
already reported by Papadakis et al. (2010).

8 There are several reasons for not weighting the data according to the
uncertainties on T}. Firstly, the high frequency bend in X-ray binaries is
not stationary but varies in frequency by a factor of ~few, it is therefore
plausible that the estimates of 7}, may not represent the “true” long-
run average values if AGN power spectral are similarly non-stationary
on very long timescales. Secondly, the Mgy and L, estimates are also
subject to significant statistical and systematic errors that are difficult to
quantify. These represent additional sources of variance in the data not
accounted for by the confidence limits on 7.
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o

log[Tobserved (days)]
S

Iog[MBH (Msolar)]

Fig. 5. Observed bend timescale versus the BH mass. The continuous
line is the best-fitting following Eq. (4). The dashed lines illustrate the
+1 dex region around this model. Circles represent NLSyls, squares
represent Type-1 Seyferts, and the small green star is the Type-2 Seyfert.
The open symbols are data-points reported in the literature and filled
symbols are the data-points reported here. The Cygnus X-1 data are
shown as a red big star. A dotted line is used to link multiple frequency
bends for the same object.

In order to test how well these scaling relations work over
the full range of black hole masses we also show representa-
tives values for the BH-XRB Cygnus X-1 (red star in the fig-
ures)’. The Cygnus X-1 points were not included in the fitting,
yet are clearly consistent with an extrapolation to much lower
Mgy, strongly supporting the reliability of such relations over
the full range of Mpy. Indeed, fitting the two models including
the Cygnus X-1 data resulted in parameter estimates consistent
with those given above.

The main difference compared with the results obtained by
McHardy et al. (2006) is a weak dependence of Ty on L
in the present analysis. This remains the case when the fit-
ting is repeated with or without the Cygnus X-1 data (B =
—-0.27 + 0.27), using a lower mass estimate for NGC 4395,
or using a weighted least squares regression (i.e. making use
of the confidence intervals on T}). However, if we use smaller
black-hole masses for NGC4395 ((log(Mpy) = 4.5, see
Vaughan et al. 2005; Uttley & McHardy 2005) and NGC 5506

® We used the black hole mass of Mgy = 15 + 1 M, recently presented
by Orosz et al. (2011). For the bolometric luminosity and characteristic
time scale we took the average of several estimates of the PSD bend
frequency from Axelsson et al. (2006) and bolometric flux from Wilms
et al. (2006) (using the data from their Model 5, Table 1 — see McHardy
et al. (2006) for justification of this choice of model). The observations
were chosen to be those with simultaneous bend frequency and bolo-
metric flux estimates. The luminosity Ly, was derived assuming a dis-
tance of D = 1.86 + 0.12 kpc (Reid et al. 2011). The final bolometric
luminosity and frequency bend are Lyy = 2.26 + 0.73 x 10* erg s~
and v, = 13.2 + 6.0 Hz, respectively.

10 NGC 4395 is the object in our sample with the most “leverage” on
the regression model. It could have a lower black hole mass as discussed
by Vaughan et al. (2005) and Uttley & McHardy (2005) than the rever-
beration mapping mass of Peterson et al. (2005).

—_——————————————
2t . -
4
,
,
b
.
| ,
,
= 0 43 ‘o
— , P
& -t
o 7 [
> , ,
, g
5 , v
o -2 . / b
o ,
z ,
P .
%) L e i
0 s
o
°
e 7’
> 4L , _
g -4 .
,
,
,
- 4 .
,
,
,
,
,
p— 4 —
ok
RSN [ R T TR N SN ST T N R S SN NN S S S N

-6 -4 -2 0 2
log[Tpredicted (days)]

Fig. 6. Observed bend timescale against the predicted value based on the
best-fitting model following Eq. (5). Symbols are the same as explained
in Fig. 5.

2—TAog(MBH$+B 1

;

T =A og(MBH$+ B log(Lbal) + C -

log[Tobserved (days)/Testimated (days)]
N

-20 -15 -10 =05 0.5

109[ Lyo/ Leaa]

Fig.7. Ratio between the observed and predicted T}, values against
Eddington rate (Lyoj/Lgqa) using Eq. (4) (top) and Eq. (5) (bottom). The
continuous line shown in the top panel corresponds to the linear fit of
the data. Symbols are the same as explained in Fig. 5.

0.0

(log (Mpy) = 6.5, see McHardy et al. 2006), and NGC 6860 is
removed'!, the dependence with the Ly, found by McHardy
et al. (2006) is recovered (B = —0.70 + 0.30, p = 0.01). Thus,
this weak dependence on Ly, could be due to either the fact that
our sample is more complete sample (more objects and new esti-
mates from the old bends) or due to uncertainties on the BH mass
and/or Ly estimates. A bigger sample with better estimates on
the BH mass and Ly is need to check the dependence on Ly,,.

"1 We tried to remove NGC 6860 because it is one of the drop-outs in
our correlation.
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Fig. 8. Observed characteristic timescale versus the FWHM of Hy ex-
pressed in km s~!'. Symbols are the same as explained in Fig. 5.

6.2.1. BLR versus variability

McHardy et al. (2006) also presented strong correlation between
Ty, and the width of the (permitted) optical lines, V, specifically
HpB. We have compiled optical line widths for the objects in
Tables 3 and 4 based on the available literature. For most sources
we have used as V the full width at half maximum (FWHM) of
the HB line, the exceptions are NGC 5506 and ESO 434-G40,
which are both heavily obscured and for which we have used the
FWHM of the Pag line. Figure 8 shows the resulting timescale-
FWHM relation. The linear correlation coefficient is » = 0.692
(highly significant; p = 5.0 x 107*). Simple linear regression of
log(Ty) on log (V) was used to fit a relation of the form

log(Ty) = Dlog (V) + E. (6)

The best-fitting parameter values were D = 2.9 £ 0.7 and E =
—10.2 + 2.3, leaving a sum squared error (SSE) of 13.47 (for
19 degrees of freedom, dof). This relation is again slightly flatter
than the D = 4.2 found by McHardy et al. (2006). The 68.3 per
cent confidence intervals on these parameters calculated by the
bootstrap method are D = [2.2,3.5] and E = [-12.3,-7.9].

6.3. PSD shapes

For the ten objects with well-constrained Model B parameters,
the high frequency slope is steep (@ ~ 3). Such steep high fre-
quency PSDs have been reported in the literature (e.g. Mrk 335
and Mrk 766 by Arévalo et al. 2008; Vaughan & Fabian 2003,
respectively, see our Table 4 for details), but with little explicit
discussion of this point.

There seems to be no fundamental physical requirement for
the PSD slope to be steeper than a = 2 at high frequencies (see
footnote 7 of Vaughan et al. 2011). Indeed, @ ~ 2 seems to be
the norm for BH-XRBs in “hard” states in the ~5—50 Hz regime,
above which there may be further steeping (Nowak et al. 1999;
Revnivtsev et al. 2000). The “soft” states may show steeper
PSDs (Revnivtsev et al. 2000; McHardy et al. 2004), and so the
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steep high frequency PSDs observed from these AGN may sup-
port the argument that AGN are supermassive analogues of soft
state BH-XRBs. There are alternative explanations that must be
considered, however. These include the fact that the AGN PSDs
presented here are based on XMM-Newton data with a relatively
soft X-ray response, while the BH-XRB results are based on ob-
servations at harder X-rays with RXTE, and therefore the known
energy dependence of the high frequency slope (Nowak et al.
1999; Vaughan et al. 2003b; McHardy et al. 2004) may explain
the apparently steeper slopes in AGN. (We have relatively little
information about the PSDs of BH-XRBs at ~1 keV. See Uttley
et al. 2011, for a rare example based on a bright “hard” state
observation.) Another possibility is that the steeper slopes are
the result of a selection effect and are not representative of the
larger population of bright AGN. The PSD bend is easier to de-
tect when the high frequency slope is steep, and when the bend
is at relatively low frequency. We cannot exclude the possibil-
ity that only a subset of AGN show such steep slopes but these
are the ones for which the PSD bend, and hence high frequency
slope, is easiest to constrain.

The majority of the sample did not show evidence of a bend
(i.e. insufficient evidence to select Model B over Model A in a
LRT). The mean value of the PSD index for these objects was
a ~ 2. The simplest interpretation is that these generally more
massive objects have lower v;,, and hence we see only the high
frequency part of the PSD. This slope is @ ~ 2.3 when the leak-
age distortion is reduced using end matching, but this remains
flatter than the high frequency slope for objects that do show ev-
idence for a PSD bend. It remains possible that a more rigorous
method to account for the leakage bias (e.g. the methodology
described by Uttley et al. 2002) could recover steeper slopes.
But this could also result from a selection effect. If AGN show
a wide range of high frequency PSD slopes, e.g. @ ~ 2—4 above
the bend frequency, then those with flatter slopes will be more
difficult to detect, as the change in slope (from the low frequency
index of 1) is less pronounced.

In order to study whether we detect all the expected bends,
we have computed the predicted characteristic time scale 7%, for
sample members with Mgy estimates (70 out of the 104), as-
suming bolometric luminosity of Ly, = 30 X Ly_jo (estimated
as explained in Sect. 4.1). The PSD bend timescales is predicted
to be within the observed frequency range for only 17 sources.
Of these we do indeed detect bends in 13. The exceptions
are 1H419-577, NGC 4593, IRAS 13224-3809, and NGC 7314.
However, note that if we use the relation found by McHardy
et al. (2006) IRAS 13224-3809 and NGC 7314 are not expected
to show a bend in our frequency range. For the rest of the sample
members the predicted 77, value places it outside of the observed
PSD bandpass. Moreover, all the non-variable sources have an
expected bend well above the range analyzed here.

6.4. Lack of QPOs

We find no strong evidence for highly coherent oscillations
(QPOs) beyond the well known example of KUG 1031+398.
Some authors have pointed to the extremely soft spectrum of
this source as an explanation of why this source appears to be
unique in showing a QPO. In fact, even for this source the QPO
appears to be transient (Middleton et al. 2009, 2011). Less co-
herent oscillations, i.e. QPOs with a broader features in the PSD,
are common to BH-XRBs, especially in harder spectral states,
but are difficult to detect in the majority of the currently avail-
able data, as discussed by Vaughan & Uttley (2005) and Vaughan
etal. (2011).
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Table 1. Sample main observational properties.

A&A 544, A80 (2012)

Num Name Type z log (Mpy) log(Lyo)) Ref. ObsID Expos. L(2-10keV) Var.
(H (2 3) 4 (5) (6) ) ®) © (10) (11)
1 Mrk 335 NLSY1  0.0258 7.3 44.7 (1) 306870101 114.5 43.4 (TSH)
600540501 80.5 429 (TSH)
0601 130.1 429 (TSH)
2 1Zw1 NLSY1 0.0611 7.4 45.1 (2) 300470101 79.8 43.6 (TSH)
3 NGC315 L2 0.0149 7.2 43.3 (3) 305290201 46.6 41.9 (NNN)
4 PGC643840 S1.0 0.1650 8.9 45.8 (2) 205680101 97.9 44.3 (NNN)
401930101 41.8 443 (NNN)
5 ESO113-G10 S1.8 0.0260 44.2 (2) 301890101 94.8 42.7 (TSH)
6 Fairall9 S1.2 0.0470 8.4 45.2 (1) 605800401 129.3 439 (TSH)
7 NGC 526A S1.9 0.0191 7.9 443 4 150940101 41.3 43.3 (TSH)
8 RXJ0136.9-3510 NLSY1  0.2890 7.9 45.8 (2) 303340101 44.1 44 .4 (TSH)
9 3C59 QSO 0.2410 205390201 67.4 444 (NNN)
10 Mrk 586 NLSY1 0.1553 7.6 45.5 (2) 048740101 41.2 44.3 (TSH)
11 Mrk 590 S1.0 0.0264 7.7 44.6 (2) 201020201 44.8 43.1 (NNN)
12 Mrk 1040 S1.0 0.016 7.6 44.5 (2) 554990101 88.4 43.0 (TSH)
13 NGC 985 S1.5 0.0431 8.1 45.1 2) 150470601 54.4 43.7 (NNH)
14 NGC 1052 L2 0.0049 8.2 (5) 306230101 49.9 41.4 (NNN)
553300301 50.2 41.5 (NNN)
0401 56.9 41.5 (NNN)
15 NGC 1365 S1.8 0.0045 7.6 43.8 (4) 205590301 54.5 41.9 (TNH)
0401 63.4 41.6 (TNH)
505140401 121.7 40.9 (TNH)
16 PGC013424 L2 0.0350 147800201 89.9 43.5 (NNN)
17 2E0414+0057 BL 0.2870 161160101 75.7 45.1 (NNH)
18 3C111 S1.0 0.049 552180101 116.0 44.5 (TSH)
19 1H0419-577 S1.5 0.104 6.3 441 (2) 604720301 106.0 44.6 (TSN)
0401 60.2 44.5 (TSN)
20 3C 120 S1.5 0.0330 7.7 45.5 (2) 152840101 114.8 44.1 (TSH)
21 2E0507+1626 S1.5 0.0170 502090501 55.3 432 (TSH)
22 Ark120 S1.0 0.0327 8.2 449 (2) 147190101 98.4 44.0 (TSH)
23 MCG-02-14-009 S1.0 0.02845 444 (2) 550640101 117.4 43.0 (TSH)
24 ES0O362-G18 S1.5 0.01245 610180101 76.2 42.5 (TSH)
25 PKS0518-45 L1 0.0351 206390101 48.6 43.5 (NNN)
26 PKS0548-322:G4 S1.0 0.0720 142270101 85.2 43.7 (TSN)
27 PKS0548-322 BL 0.0748 8.1 (6) 142270101 79.8 44 .4 (TSH)
28 NGC2110 S1.0 0.0078 8.3 43.5 (4) 145670101 42.7 42.6 (NNN)
29 PKS0558-504 NLSY1 0.13720 8.5 46.8 (1) 555170201 120.8 44.8 (TSH)
0301 125.8 44.8 (TSH)
0401 123.1 44.9 (TSH)
0501 124.2 44.8 (TSH)
0601 115.1 44.9 (TSH)
30 Mrk 3 S2.0 0.0135 8.6 44.8 4) 111220201 53.0 42.4 (NNN)
31 1H0707-495 NLSY1  0.0410 6.4 444 (1) 148010301 74.7 42.8 (TSH)
511580101 118.5 42.8 (TSH)
0201 99.0 42.8 (TSH)
0301 100.9 42.7 (TSH)
0401 98.7 42.7 (TSH)
653510301 109.8 42.6 (TSH)
0401 121.8 42.6 (TSH)
0501 116.8 42.7 (TSH)
0601 119.4 42.5 (TSH)
554710801 95.8 42.6 (TSH)
32 Mrk 79 S1.2 0.02219 502091001 74.8 43.1 (TSN)
33 PG0804+761 S1.0 0.10000 605110101 42.8 44.7 (TSH)
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0. Gonzdlez-Martin and S. Vaughan: X-ray variability of 104 active galactic nuclei

Table 1. continued.

Num Name Type z log(Mpn) log(Lyo) Ref. ObsID Expos.  L(2-10keV) Var.
(1) (2) (3) “4) (5) (6) (N 3) 9 (10) (11
34 0J+287 BL 0.3060 401060201 41.9 44.7 (NNN)
502630201 46.8 44.7 (TSN)
35 Mrk 704 S1.2 0.02923 8.1 44.8 (2) 502091601 97.5 43.3 (TSH)
36 NGC 2992 S1.9 0.00712 654910301 58.7 41.9 (NNN)
0401 57.3 41.9 (TNH)
0501 55.2 42.2 (TSH)
0601 55.2 41.8 (TNH)
0701 55.2 41.8 (NNN)
0801 50.9 41.7 (NNN)
0901 55.3 41.6 (TNN)
1001 59.8 41.8 (TSH)
37 3C218 L2 0.0549 9.2 (7) 504260101 115.0 43.8 (TNN)
38 Mrk 110 NLSY1  0.0353 7.4 44.7 (2) 201130501 43.8 43.9 (TSH)
39 ES0434-G40 S1.0 0.0085 6.3 443 (1) 302850201 104.8 43.2 (TSH)
40 NGC 3031 L1 0.0009 7.9 (6) 111800101 74.8 40.3 (TSN)
41 S40954+6533 BL 0.3670 502430201 52.4 45.1 (TSH)
42 NGC 3227 S1.5 0.0052 6.9 439 (1) 400270101 94.7 423 (TSH)
43 1ES1028+511 BL 0.3610 303720201 88.2 45.6 (TSH)
0301 97.8 45.7 (TSH)
0601 89.8 45.5 (TSH)
44 HE1029-1401 S1.0 0.0860 8.7 46.0 (2) 203770101 42.5 44.6 (TSH)
45 KUG1031+398 NLSY1  0.0420 6.6 44.8 (1) 506440101 88.1 42.6 (TSH)
561580201 49.8 43.0 (TSN)
655310101 41.8 43.3 (TSH)
0201 52.8 43.3 (TSH)
46 RXJ1054.3+5725 S1.0 0.2050 147511301 69.8 44.4 (NNN)
47 NGC3516 S1.5 0.0097 7.5 443 (1) 107460601 89.8 42.8 (TSH)
0701 119.8 43.0 (TSH)
401210401 48.6 42.5 (TSH)
0501 65.6 429 (TSH)
0601 64.9 43.0 (TSH)
1001 54.8 43.0 (TSH)
48 PG1116+215 S1.0 0.1770 8.5 46.0 (2) 201940101 84.8 44.5 (NNN)
554380101 74.8 44.5 (TSN)
0201 66.8 44.5 (TSH)
0301 69.8 44.5 (TSH)
49 NGC 3783 S1.5 0.0096 7.5 44 .4 (1) 112210201 68.8 43.0 (TSH)
0501 119.8 429 (TSH)
50 NGC4051 NLSY1  0.0036 6.1 43.6 (1) 109141401 99.8 41.8 (TSH)
157560101 46.8 41.2 (TSH)
606320101 45.0 41.2 (TSH)
0201 44.1 41.2 (TSH)
1601 41.2 41.2 (TSH)
1901 39.1 41.2 (TSH)
2201 40.9 41.2 (TSH)
2301 42.0 41.2 (TSH)
51 NGC4151 S1.5 0.0030 7.1 43.7 (1) 112830201 53.9 424 (TNH)
402660201 45.1 42.0 (TNH)
52 PGI1211+143 NLSY1  0.0820 7.6 45.8 (2) 112610101 49.9 439 (TSH)
208020101 47.7 43.9 (TSH)
502050101 55.4 43.7 (TSH)
53 Mrk 766 NLSY1  0.0129 6.6 44.1 (1) 109141301 125.0 42.5 (TSH)
304030101 91.7 42.6 (TSH)
0301 95.3 42.8 (TSH)
0401 98.2 42.7 (TSH)
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Table 1. continued.

A&A 544, A80 (2012)

Num Name Type z log(Mpn) log(Lyo) Ref. ObsID Expos.  L(2-10keV) Var.
(1) (2) (3) “4) (5) (6) (N 3) 9 (10) (11
0501 91.9 43.0 (TSH)
0601 98.2 42.8 (TSH)
54 NGC 4258 S2.0 0.0019 7.6 43.5 (5) 400560301 59.6 40.6 (NNH)
55 NGC 4261 L2 0.0080 8.7 41.8 (8) 502120101 115.8 41.3 (NNN)
56 Mrk 205 S1.0 0.0708 8.3 45.6 (2) 401240301 52.2 44.1 (TSH)
0501 49.8 44.2 (NNN)
57 NGC 4395 S1.8 0.0010 5.6 414 (1) 142830101 103.1 40.2 (TSH)
58 3C273 S1.0 0.1583 8.9 47.3 2) 126700301 54.8 45.9 (NNN)
0801 57.6 45.8 (TSH)
136550101 85.3 45.7 (TSN)
159960101 54.8 45.7 (NNN)
414190101 73.6 45.8 (TSH)
0801 43.2 45.7 (TSH)
59 NGC 4472 L1 0.0040 8.8 (7) 200130101 77.8 40.3 (NNN)
60 NGC 4486 L2 0.0042 9.6 42.0 8) 200920101 69.8 41.9 (NNN)
61 LBQS1228+1116 QSO 0.2370 458 (2) 306630101 67.8 44.4 (NNN)
0201 92.8 443 (NNN)
62 MS1229.2+6430 BL 0.1640 124900101 44.8 44.3 (NNN)
63 NGC 4593 S1.0 0.0110 6.7 443 (2) 059830101 73.0 43.0 (TSH)
64 NGC 4636 L2.0 0.0040 8.2 (7) 111190701 56.0 39.7 (NNN)
65 NGC 4696 L2 0.0094 8.6 (7) 046340101 41.5 41.8 (NNN)
66 NGC4736 L1.8 0.0012 7.0 (7) 404980101 49.5 40.0 (NNN)
67 XCom S1.5 0.0910 204040101 84.5 43.6 (NNN)
0201 92.2 43.7 (TSH)
0301 91.8 43.7 (TSN)
304320201 54.8 43.6 (NNN)
0301 50.2 43.6 (TSH)
0801 58.8 43.8 (TSH)
68 MCG-03-34-064 S2.0 0.0165 7.8 44.7 4) 506340101 85.7 424 (TNH)
69 IRAS13224-3809 S1.0 0.0658 6.8 42.8 (2) 110890101 57.8 42.8 (TSH)
70 MCG-06-30-015 NLSY1  0.0077 6.7 43.8 (1) 029740101 80.3 42.8 (TSH)
0701 123.6 42.7 (TSH)
0801 121.5 42.8 (TSH)
111570201 51.9 42.8 (TSH)
71 IRAS13349+2438 NLSY1 0.1070 7.7 45.5 (2) 096010101 40.9 43.9 (TSH)
402080301 59.8 44.2 (TSH)
72 NGC 5252 S2.0 0.0230 8.0 (5) 152940101 59.0 432 (NNN)
73 PKS1346+26 L2 0.0630 8.6 46.1 (2) 097820101 447 44.0 (NNN)
74 IC4329A S1.2 0.0160 8.3 45.5 (1) 147440101 125.0 43.8 (TSH)
75 Mrk 279 S1.0 0.0305 7.5 45.3 (2) 302480401 56.2 43.8 (TSN)
0501 56.1 43.8 (NNN)
76 PG1351+640 S1.5 0.0870 7.7 45.5 (2) 205390301 45.6 43.1 (NNN)
77 Circinus S2.0 0.0011 6.2 43.6 9) 111240101 98.0 40.5 (TSH)
78 NGC 5506 S1.9 0.00674 7.4 44.0 (1) 554170101 88.2 43.1 (TSH)
0201 90.2 43.1 (TSH)
79 NGC 5548 S2.0 0.0172 7.6 448 (1) 089960301 79.8 43.5 (TSH)
80 PG1416-129 S1.2 0.1293 9.1 45.6 (2) 203770201 45.1 44.2 (NNN)
81 ESO511-G030 S1.0 0.0224 8.7 44.8 (2) 502090201 105.7 434 (TSH)
82 TONO0202 S1.2 0.3660 111290601 47.8 45.0 (NNN)
83 RBS1399 BL 0.1290 111850201 63.1 45.0 (TSH)
165770101 62.4 45.1 (NNN)
0201 65.4 45.1 (TSN)
310190101 43.6 45.0 (TSH)
0201 42.0 45.3 (TSN)
84 Mrk 841 S1.5 0.0364 8.5 45.8 (2) 205340201 429 43.5 (TSH)
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0. Gonzdlez-Martin and S. Vaughan: X-ray variability of 104 active galactic nuclei

Table 1. continued.

Num Name Type z log(Mpn) log(Lyo) Ref. ObsID Expos.  L(2-10keV) Var.
(1) (2) (3) “4) (5) (6) (N 3) 9 (10) (11
85 PKS1549-79 S2.0 0.15220 550970101 84.6 44.7 (TNH)
86 NGC 6251 L2.0 0.0247 9.0 (7) 056340201 42.7 42.8 (NNN)
87 PDS456 QSO 0.1840 8.9 46.3 (2) 501580101 85.7 44.6 (TSH)
0201 82.4 44.8 (TSH)
88 3C390.3 S1.5 0.0561 8.5 459 (2) 203720201 48.4 44.5 (NNN)
89 ESO141-G55 S1.2 0.0371 503750101 74.6 439 (TSH)
90 NGC 6860 S1.5 0.01488 7.6 44.5 (2) 552170301 114.8 43.1 (TSH)
91 Mrk 509 S1.5 0.0344 8.1 45.0 (2) 306090201 82.3 44.1 (TSH)
0301 43.2 44.0 (TSH)
0401 66.3 44.0 (TSH)
601390201 55.8 44.1 (TSH)
0301 63.1 44.1 (TSH)
0401 60.2 44.1 (TSH)
0501 60.2 44.1 (TSH)
0601 62.1 44.1 (TSH)
0701 62.4 44.1 (TSH)
0801 60.2 44.2 (TSH)
0901 60.2 44.1 (TSH)
1001 64.8 44.1 (TSH)
1101 62.1 44.1 (TSH)
92 IGRJ212774+5656  NLSY1 0.01440 655450101 130.3 43.0 (TSH)
93 CTSA08.12 S1.2 0.0300 44.7 (2) 201130301 42.8 43.2 (NNN)
94 PKS2135-14 S1.5 0.2000 8.9 46.2 4) 092850201 52.4 44.8 (TSH)
080940101 54.2 44.9 (TSH)
0301 55.1 45.3 (TSH)
124930201 56.2 44.8 (TSH)
0301 41.5 45.0 (TSH)
0601 53.7 44.8 (TSH)
158961301 56.7 45.1 (TSH)
1401 61.3 45.2 (TSH)
411780201 64.4 45.2 (TSH)
0401 64.1 45.0 (TSH)
0501 66.8 44.7 (TSH)
0601 63.1 45.0 (TSH)
95 NGC7172 S2.0 0.0085 8.2 43.8 (4) 202860101 53.4 42.7 (TNH)
96 NGC 7213 S1.5 0.00514 7.7 44.3 (2) 605800301 125.4 41.9 (TSN)
97 NGC7314 S2.0 0.0048 6.7 43.8 (2) 311190101 78.9 41.9 (TSH)
98 Ark564 NLSY1  0.0247 6.9 449 (1) 206400101 95.8 434 (TSH)
99 3C452 S2.0 0.08110 552580201 66.5 43.6 (NNN)
100 2REJ2248-511 S1.5 0.1020 8.1 45.5 (2) 510380101 61.3 44.1 (NNN)
101 MR2251-178 S1.5 0.0640 8.0 45.8 (2) 012940101 60.8 44.3 (NNN)
102 MS22549-3712 S1.9 0.0390 6.6 443 (2) 205390101 67.8 43.1 (TSH)
103 NGC 7469 S1.5 0.0163 7.4 44.6 (1) 207090101 81.4 433 (TSH)
0201 75.4 43.2 (TSH)
104 NGC 7582 S2.0 0.0052 7.7 43.3 (4) 204610101 84.8 41.2 (TSH)

References. The references for BH masses and bolometric luminosities are: (1) see references in Table 4; (2) Ponti et al. (2012) and references
therein; (3) Gu et al. (2007); (4) Vasudevan & Fabian (2009); (5) Woo & Urry (2002); (6) Giiltekin et al. (2009); (7) BH mass obtained using the
relation derived by Tremaine et al. (2002); (8) Eracleous et al. (2010); and (9) Greenhill et al. (2003).
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Table 2. Parameters of the fit of to Model A.

A&A 544, A80 (2012)

Name ObsID 0.2-10 keV 0.2-2 keV 2-10 keV
log(N) a log(N) a log(N) 1%
) @ €) 4) &) ©) @) ®)
Mrk 335 306870101  —9.1%03 2702 —89*03  26*02  _62%0¢  2,0*02
600540501  -7.8704 24701 76704 23*01 —62%¢ 203
0601
1Zw1 300470101 —-8.2*08 2402 8208 24402 54411 17403
ESO113-G10 301890101  —6.670:  2.0707  -6.4%02 20702 51798 17702
Fairall9 605800401  —7.8*0% 2192 -78*08  21+02  _78*12 20+03
NGC 526A 150940101 —13.4;*0  33+5  -13.9*  35%7  -11.8]%° 3.0%3
RXJ0136.9-3510 303340101  —6.770% 2003 -6.705  2.0%03  -48*y 17703
Mrk 586 048740101  —10.1*}3  2.9+04 9713 284 6322 2.0*0¢
Mrk 1040 554990101  -8.5%08 2402 8708 2402 _80*0% 22*03
NGC 985 150470601 6.3 1.7%,
NGC 1365 205590301  —=3.1704  1.2701 =3.0%02 0 1.3
0401
505140401 2206 0.8 *92 -8.0'24  2.2+08
2E0414+0057 161160101 -6.6'23  1.9+08
3C111 552180101  -7.6715  1.8*9%  -6.6*30  15*0%  —84*l7 203
1H0419-577 604720301  —14.2*23 32706 14,123 3200
0401
3C 120 152840101  -8.4*05  22*02  —85%08  22+02 74+ 1.9+03
2E0507+1626 502090501  —=7.0*19 1993 —74*12  20*04  -75%13 2003
Ark120 147190101  -17.0*  3.7*23  -18.1*  39*22 93129 21+l
MCG-02-14-009 550640101  -5.8*93  1.8*91  —53+04 70l _69*ll  20+03
ES0362-G18 610180101  —9.4*19 2693  —9.6* 2703 -86%15 24703
PKS0548-322:G4 142270101  -5.7*%%  1.9%92 55708 1.9+02
PKS0548-322 142270101 -222*  47*%  -512* 1054, -13.0* 2.9°%9
PKS0558-504 555170201  =7.9*9%2 231 7902 2301 —72+03 220!
0301
0401
0501
0601
1H0707-495 148010301  —4.4793  1.7*01  —45%03 1701 _ppr0e 12402
511580101 54702 2091 55702 20*1  -30%07 140
0201
0301
0401
653510301  —-5.9701 22709 61701 2240 =3.0707 15701
0401
0501
0601
554710801  —4.4704  1.8+01 45704 180l 08 3402
Mrk 79 502091001  -7.571%  1.9%0¢  —6.4*13 17404
PG0804+761 605110101  -5.0713 1204 5222 12409 _4q7+12 1 6+04
0J+287 502630201 57729 1.670¢  -6.0722  1.6°0%
Mrk 704 502091601  —8.8719 2303 85709 22+03  _94+22  24+0S
NGC 2992 654910401  —6.9*%7  1.9*23 -7.2412 20+03
0501
0601
0901
1001
3C218 504260101  -10.5*  2.2*12
Mrk 110 201130501 —13.3f§:g 3.2 fg:g —12.33:3 2.9 fg:g -21.7* 5.1 ff:g
ES0434-G40 302850201  —9.1*08 2502 —84*10 23403 _g+08  p5+02
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Table 2. continued.

O. Gonzalez-Martin and S.

Vaughan: X-ray variability of 104 active galactic nuclei

Name ObsID 0.2-10 keV 0.2-2 keV 2-10 keV
log(N) a log(N) a log(N) 1%
(1 (2 (3) 4) (5 (6) (7 (8)
NGC 3031 111800101 —8.7“:;:*2‘ 2.1 jgj —8.22:3 2.0 jg:i
S40954+6533 502430201 —5.5“_’8:3 1.8 “_'8:% —5.4j8:§ 1.8 jg:g 0.3 jg:g 0.3 jg:g
NGC 3227 400270101 —7.7j8:‘§ 2.3 jg:{ —7.6f8;§ 2.3 fg:} —6.5f8;2 2.0 fgé
1ES1028+511 303720201  —8.9*! ; 2.0 jg:g -9.3)% 2.1 jg:g —9.42:3 2.5 jg:i
0301
0601
HE1029-1401 203770101  —4.6*7 1.1 jg:;‘ —4.3j}§ 1.0 jg:g‘ —1.8:{:3 0.5 jg:ﬁ
KUG1031+398 506440101 —5.3fg:2 1.6 jg:% —5.3j8:g 1.6 fgé —0.6f{f 0.5 fg:g
561580201 =347 10702 -3.670% 1.0 %3
655310101 —4.9“:3:2 1.5 jg:% —S.Ojgzg 1.5 jgé —3.0j8:g 1.5 jgé
0201
NGC 3516 107460601  —10.17]4 2.5 fg:; —10.2“_’}:2 2.6 jg:g -102*13 26 jg:g‘
0701
401210401 —9.1f8j 2.6 fg:{ —9.1f8:j 2.7 fg:} —8.3f8:2 2.4 fg:}
0501
0601
1001
PG1116+215 554380101  —9.5*11 23 jg:g —9.6j}:§ 2.4 jg:g
0201
0301
NGC 3783 112210201 —7.9“:3:‘5‘ 2.2 jg:} —8.1j8:§ 2.3 jg:} —7.5j8:g 2.1 jg:f
0501
NGC 4051 109141401 =5.1703 20701 -4.6702 1.9 701 -3.5%02 15701
157560101 —6.3“:3:3 2.3 jg:} —6.3j8:j 2.3 jg:} —5.4j8:g 2.1 jgé
606320101 —5.4j8:§ 2.1 jg:{ —5.3f8:§ 2.0 fg:} —4.5f8;§ 1.8 fg:}
0201
1601
1901
2201
2301
NGC4151 112830201 -21.8* 5.0 f:g —10.6:%:(2’ 2.7 fgﬁ
402660201  -7.8*11 2.1 jg:g —8.3j}:§ 2.3 jg:g‘
PG1211+143 112610101  -9.8%13 2.7 “_'8:3 -9.9%)8 2.7 jg:i —8.53;2 2.4 jg:g
208020101 —5.9j8:2 1.9 jg:% —6.3f8:§ 2.1 fgé —S.Of?ﬁ 1.8 fg:g
502050101 —8.6:’8:? 2.5 fg:; —8.6f?zg 2.5 fg:g —7.62:3 2.3 fg:i
Mrk 766 109141301 —6.5j8§ 2.1 jg:{ —6.6f8;§ 2.2 fg:} —4.3f8:§ 1.6 fg:}
304030101 -6.5%02 2171 —-6.5702 2.2+ —4.5%02  1.6701
0301
0401
0501
0601
NGC 4258 400560301* -2.3* -0.7*
Mrk 205 401240301  -8.8*10 22+03  _ggtl 22+ 5574 15404
NGC 4395 142830101* —2.3“_’8:% 1.3 “_'8:} —8.8j8:§ 1.8 jg:g —2.3j‘2)§ 0.3 jg:g
3C273 126700801 —7.93:2 1.7 jgj —6.4f{:§ 1.4 fgf{ -15.9* 35%,
136550101 —11.8“_’%:2 2.5 jg:g —12.21’%:; 2.6 jg:g
414190101 —4.6“_’%:‘; 0.9 jg:g -4.63% 0.9 jg:g -4.65% 09 jg:g
0801
NGC 4593 059830101 —7.8“_’8:‘5‘ 2.3 jg:} —7.9j8:§ 2.3 jg:f —8.3j?:g 2.4 jg:g
XCom 204040201 —5.8j8j 1.8 jg:{ —5.7f8:j 1.8 fg:} —4.8j}:é 1.4 fg:g
0301
304320301 —6.6“:(1’:3 1.8 jg:% —6.9j?:g 1.9 jgé -11.5* 2.8 jfé
0801
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Table 2. continued.

A&A 544, A80 (2012)

Name ObsID 0.2-10 keV 0.2-2 keV 2-10 keV
log(N) a log(N) a log(N) 1%
(1) (2) (3) ) (5) (6) (7 @)
MCG-03-34-064 506340101  -8.5:*° 2.2 e 8822 25 jg:g
IRAS13224-3809 110890101  -5.1793  1.9*01  —52704 1.9 *31 -3.0708 14702
MCG-06-30-015 029740101  -6.9*2  23*1  -6.9703 23404 -53%92  1.8*1
0701
0801
111570201 -7.3*03  2.47%03  -7.4%03 2.4 %92 =527 1.8%2
IRAS13349+2438 096010101  -6.97%  2.1*02 76709 2293 -4.1712 1.5%03
402080301  -8.5*3) 2.3*05  -8.5%)7 23703 —1413% 3673
IC4329A 147440101*  -0.7*33  0.6*)1  —0.7*37 2,042 -0.7419  1.9703
Mrk 279 302480401  —9.571> 2203 —10.17)5 24703
Circinus 111240101 —4.9fg:‘5‘ 1.7 fg:{ —4.6f8:g 1.6 fgé —S.ngig 1.7 fgé
NGC 5506 554170101 —8.1“_’8:2 24700 —6.6708 2.0 792 —8.0’:8;; 234
0201
NGC 5548 089960301  -7.8*0¢  2.1*02  -7.5708 20792 -10.6%20 2.6 708
ESO511-G030 502090201  -7.370% 192 -7.1%08 1.9%2  —13.336  3.1*19
RBS1399 111850201 —-10.5"%% 2.4 *08 —24.2% 5.3 32 =592 1.6%03
165770201  -7.773¢  1.6%05  -9.1739 2.0 *98
310190101  -8.471%  1.9%¢ 8671 2.0 793 -9.65*% 23729
0201
Mrk 841 205340201 7317 21103 =767 22703 -6.8% 20704
PKS1549-79 550970101  -5.1729 1.4 +08 -6.8"23  1.8708
PDS456 501580101  —9.170%  25*2  -9.0*0% 2592 —-87H13 2403
0201
ESO141-G55 503750101 -11.42¢ 26+08 1222 28+038 -6.0;7 15732
NGC 6860 552170301  —9.8719  2.6*3  -8.9%00 2.4 %03 -9.2*11 25703
Mrk 509 306090201  —9.7790 2302 9409 22403 -9.2*19 23793
0301
0401
601390201 —9.7j8:‘5‘ 23701 —9.7’:8; 237901 -10.6%9 2.6 702
0301
0401
0501
0601
0701
0801
0901
1001
1101
IGRJ21277+5656 655450101  —5.9704  2.0*1 -5.8%0% 1.9 %4 -53%4  1.8%1
PKS2135-14 092850201  -4.8*12  1.3%5 62718 1.6 %08 -1.9%3 07703
PKS2155-304 080940101  -7.9*%¢ 22+ 80704 2204 -8.1%9 23703
0301
124930201 —8.9“_'8:‘5‘ 2.3 %01 —8.9’:8:;‘ 2.3 -8.5708 2402
0301
0601
158961301 —8.0j8:§ 2.1 701 —8.0’:8; 2.1 -7.3%9  2.0792
1401
411780201  -7.6*03  2.1* 1  -7.9%03 2.1 —74%0¢ 21702
0401
0501
0601
NGC7172 202860101  —8.971% 2.4 %08 -8.5718 23706
NGC 7213 605800301  —4.8797 12*3  -5.6%12 1454
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Table 2. continued.

O. Gonzalez-Martin and S.

Vaughan: X-ray variability of 104 active galactic nuclei

Name ObsID 0.2-10 keV 0.2-2 keV 2—-10 keV
log(N) a log(N) a log(N) 1%
(1) (2) (3) 4) (5) (6) (7) (8)
NGC7314 311190101 —5.0jg:j 1.8 fg:} —4.8’:8; 1.8 jg:} —4.3’:8; 1.6 jg:}
Ark564 206400101%* —5.4j8:§ 1.9 “_’8:} —0.7’:8:3 1.8 jg:} —5.4j}:é 1.4 jg:g
MS22549-3712 205390101 —8.1j}j 2.4 jg:;‘ —8.8f{:§ 2.5 fg:g‘ _2~0f823 1.0 fgé
NGC 7469 207090101 —9.1j8:§ 2.4 fgé —9.1j8:§ 2.4 jgé —9.3’:}:2 2.5 jg:g
0201
NGC 7582 204610101 —2.3f}§ 0.8 jgg —2.0f{:g 0.8 fg:g —2.23% 0.8 fg:g

Notes. Asterisks mark those observations where the Poisson noise level has been fixed.
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Table 3. Parameters of the PSD fits to Model B.

Name ObsID 0.2-10 keV 0.2-2 keV 2-10 keV
log(N) a log(vyy) log(p) log(N) a logv,:) log(p) log(N) 1% log(vyy) log(p)
(1 (2) (3) 4) (5) (6) (7 (8) (&) (10 adn 12 (13) (14)
Mrk 335 306870101 —2.3j8ﬁ 3.7 jg:j —3.76f8;}g -6.3 —2.3f8f 3.6 fg:g‘ —3.80j8:}2 -54 —2.3j8:} 3.7 f(‘):g —3.64f8:}2 —4.0
ESO113-G10 301890101 —2.2j8:§ 3.0 jg:g —3.73f8:é§ 2.3 —2.2f8:§ 2.9 fg:g —3.75j8:§g -2.0 —2.2j8ﬁ 4.5 ﬁﬁ —3.64f8:}§ -1.8
03 13 0.15 0.4 12 0.17 02 0.11
Mrk 586 048740101 —2.2705 4.2 %2 -3.92700 —1.7 -2.27)3 3.9% ¢ -3.9475) -1.5 —1.973 10.7* -3.78%5, —2.1
PKS0558-504 555170201 —1.5f8:§ 2.5 fg:} —4.60f8:58 -2.5 —I.ngé 2.5 fg:} —4.59f8:;3 -2.6 —1.3f8:‘2‘ 24 fgé —4.78f8ﬁ$ -1.0
0301
0401
0501
0601
1H0707-495 511580101 —1.4“_’8:: 2.5 “_'8:: —3.69f8:?3 -9.0 —1.4’:8;} 2.5 jg:} —3.69j8:?g -9.0 —1.2“_’8:: 2.6 jg:g‘ —3.37f8:?? -5.2
0201
0301
0401
653510301 —1.1f8:} 2.5 fg:} —3.90j8:(1’? -9.0 —I.Zf‘&} 2.6 fg:} —3.88“:8:?3 -9.0 —0.9f8:} 2.2 fgé —3.50f8:}3 4.3
0401
0501
0601
554710801 —1.2“_’8:% 3.0 j(]):é —3.46f8;§ 24 —1.2’:8;? 2.9 fg:g —3.49f8:;g 24 —1.1“_’8:: 7.0%,5 —3.30’:8;}2 -1.1
ES0434-G40 302850201 —2.7“_’83 3.5 jg:g —4.06’:8;;2 2.1 —2.6’:8;2 3.0 j(')ﬁ —4.27“:8%2 -0.9 —2.7“_’8:% 4.1 j('):§ —3.94’:8;}% -2.9
NGC 3227 400270101 —2.3j8ﬁ 34 jgj —3.64f8:}§ 4.4 —2.2f8f 34 fg:g —3.68j8:}3 -39 —2.5j8ﬁ 35 f(l):g —3.60f8:é‘,‘ -2.8
KUGI1031+398 506440101 —2.7j8:} 33 jg:g —3.44f8:}§ -2.5 —2.7f8ﬁ 3.1 fg:g —3.47j8:;§ 2.2 —2.1j8:§ 214 * —3.94f8:;‘(‘) -0.7
NGC 4051 109141401 —1.2j8ﬁ 2.5 jg:% —3.56f8;% -3.4 —l.lfgé 2.3 fgé —3.69j8§§ 2.4 —1.3j(1)§ 1.7 fg:g —3.99f2;§$ -0.5
606320101 —1.3f8:} 2.7 fgf —3.51j8:(1’? -9.0 —1.3f8:} 2.6 fgé —3.55f8:}2 -7.2 —1.5f8:} 2.7 fg:g —3.42f8:}2 -4.9
0201
1601
1901
2201
2301
Mrk 766 109141301 —1.8j8ﬁ 2.7 jg:% —3.75f8;§8 -3.8 —1.8f8ﬁ 2.7 fgé —3.78j8:5 -3.6 —2.0j8:} 2.8 fg:g —3.27f8:£ 23
0.1 02 0.08 0.1 02 0.08
304030101 1.8 2.9 77 =3.6970¢ 9.0 —1.87)1 2.8*7 -3.747)% 9.0 -1.6* 2.0* -4.04* -12
0301
0401
0501
0601
NGC 4395 142830101* —1.1“:8:? 2.1 jgf; —2.66j8:;g 22 29*%., 18 jgé -10.20* 0.0 —1.6“:3:‘; 0.2 106 —2.68jf:§"1‘ -0.1
MCG-06-30-015 029740101 —1.7“_’8:: 2.8 “_'8:: —3.79f8:?g -9.0 —1.6’:8;} 2.8 jg:} —3.84f8:?’f -9.0 —1.8“_’8:: 2.4 jg:g —3.74’:8;;? 4.2
0701
0801
111570201 —2.0j8ﬁ 34 jgj —3.50f8:}é -4.0 —2.0f8f 34 fg:i —3.52j8:}§ -39 —2.1j8ﬁ 2.9 fg:g —3.37f8;% 2.1
Circinus 111240101 -2.2*01 3.2 708 —339*041 3.4 2240+ 4.1 *19 334019 3.0 -2.1*0¢ 2.1 708 -3.97*)3% 07
NGC 5506 554170101 —2.4“:8:? 3.6 f?:? —3.78f8j‘? -6.4 —2.7f8:} 9.4*,, —3.61f8:8‘7‘ -6.1 —2.4f8:} 3.6 fg:i —3.78j8:(1’? -6.2
0201
NGC 6860 552170301 —2.7“:8:% 4.6 j}:g —4.03’:8% -3.0 —2.6j8:g 3.6 jg:g —4.09“:8:5 2.1 —2.8“:8:% 10.9 * —3.87jgzgj -3.9
. 3 . 2 3 . ) 2
Ark564 206400101 —1.9“:8} 2.5 jgs —3.46j8;2 -3.0 —1.9ng1 2.6 jgj —3.47“:8;; -3.2 —1.8“:8} 22% ¢ —3.15j862 -0.9
MS22549-3712 205390101 —2.3“_’8:% 30.9* —3.76’:8;82 2.2 —2.2’:8;3 8.0%,, —3.84“_’8:% 2.1 —2.0“_’8:: 25.5* —3.00f8:}g -0.5

Notes. Asterisks mark those observations where the Poisson noise level has been fixed.
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0. Gonzdlez-Martin and S. Vaughan: X-ray variability of 104 active galactic nuclei

Table 4. Compilation of frequency breaks reported here and in the literature.

Breaks reported in this study

Name Ref. Type Satellite Band  log(Mgy) Lol FWHM(Hp) a log(Vor)  Vir X P(Vpr)
(km s™!) (x107%)
(1) (2 (3) ) (5) (6) ) (3) ) (10) (11)
Mrk 335 1 NLSY1 XMM 0.2-10  7.34(1) 44.69(1) 1629 3737003 376700 22+03
ESO113-G10 1 S1 XMM 0.2-10 44.17(7) 2.98%922 _373*022  29+05
PKS0558-504 1 NLSYI XMM 02-10 8.48(12) 46.74(6)  1250% 252019 4607018 166 +3.1
1H0707-495 1 NLSYI XMM 0.2-10  6.37(2) 44.43(2) 935 250102 3.827007 242 4+ 1.4
ES0434-G40 1 S1 XMM 0.2-10  6.30(3) 44.30(3) 2490* 3.527038  4.06701  1.0+0.2
NGC 3227 1 Sl XMM 0.2-10 6.88(4) 43.86(1) 4920 3441020 3647013 22403
KUGI0314398 1 NLSYl ~ XMM  02-10 6.60(5) 44.82(4) 1500  3.2670% —3.447014  1110.1
NGC4051 1 NLSY1 XMM 0.2-10  6.13(4) 43.56(1) 1120 2631203 3527009 253+ 1.9
Mrk 766 1 NLSY1 XMM 0.2-10  6.57(6) 44.08(5) 1630 2.7970%  3.7070% 7305
NGC 4395 1 S1 XMM 0.2-10  5.55(7) 41.37(5) 1500 213102 266102 379117
MCG-06-30-015 1  NLSYl ~ XMM  02-10 671(8) 43.85(5) 1700  2.83%2 37598 69406
Circinus 1 S2 XMM 0.2-10 6.23(14) 43.60(8) 1925 3.237012 3397013 33+04
NGC 5506 1 NLSYI XMM 02-10 74509) 44005  1800%  3.607027 37892 19%1.0
NGC 6860 1 s XMM  02-10 7.59(13) 44.53(7) 3900 45692 403013 1.0+02
Ark564 1 NLSY1 XMM 0.2-10  6.90(9) 44.90(5) 865 251700 3461022 63+ 1.0
Name Ref. Type Satellite Band log(Mgn) Lot FWHM(HpB) a log(Ver)
(kms™)
(1) (2 (3) ) (5) (6) ) (3) ) (10)
Mrk 335 2 NLSY1 XMM 0.2-10  7.34(1) 44.69(1) 1629 3.80713 -3.77°018
NGC 3227 3 S1 RXTE 2-10 6.83(4) 43.86(1) 4920 >1.90 —4.59%03¢
KUG 10314398 4 NLSYl  XMM  02-10 6.60(5) 44.82(4) 1500 3407180 _3.37+018
NGC 3516 5 S1 RXTE 2-10  7.50(4) 44.29(1) 3350 2.007033 -5.707049
NGC 3783 5,6,7 S1 RXTE 2-10  7.47(10) 44.41(1) 3570 1.90%515 —5.20%040
NGC 4051 89,10 NLSY! RXTE/XMM 2-10  6.23(4) 43.56(1) 1120 2031040 _3 08+02
NGC4151 5 S1 RXTE 2210 7.12(10) 43.73(1) 5000 2107190 —5.90040
Mrk 766 11,12 NLSY]I XMM 0.2-10 6.57(6) 44.08(5) 1630 2807020 -3.30*0%
11,12 XMM 0.2-0.7 2607940 -3.52+030
11,12 XMM 0.7-2 2701050 330020
11,12 XMM 2-10 2.307040  -3.307070
NGC 4395 13 S1 ASCA 1.2-10  470(7) 41.37(5) 1500 1.78*015 —3.49%030
14 sl XMM 2-10 2.24%036 _2.90+038
Fairall 9 5 st RXTE 210 841(10) 4523(1) 6270 220796 _639+02
MCG-06-30-015 15 NLSYI XMM 0.2-10 6.71(8) 43.85(5) 1700 2.50*913  -3.007939
15 XMM 0.2-0.7 2.55%920 2,890
15 XMM 0.7-2 230015 310030
15 XMM 2-10 2107013 -3.007039
16 RXTE 2-10 2.007030  —4.297030
IC4329A 17 SI  RXTE/XMM 3-10 834(11) 45.52(2) 5960 230080 _5,60+03
NGC 5506 3 NLSYl  RXTE 2210 7.4509) 44.005)  1800% >1.80  —4.8570%7
NGC 5548 5 S1 RXTE 2-10  7.64(4) 44.83(1) 5800 2.05%939 —6.22+9%
Ark 564 5,18 NLSYI RXTE 2-10  6.90(9) 44.90(5) 865 1207923 —5.80*0%
19 ASCA  07-5 1.90017 264019
19 ASCA 0.7-2 1.98%024 2 58+0.0
19 ASCA 2-5 1.87+034  _277+013

-0.32

-0.33
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Name Ref. Type Satellite Band  log(Mpn) Ly FWHM(HpB) a log(Vor)  Vir X P(Vpr)
(km s™") (x1073)

(1) (2 (3) ) (5) (6) ) (3) ) (10) (11)

PKS 0558-504 20 NLSY1 XMM/RXTE 2-10 8.48(12) 46.74(6) 1250%* 2.21f8:% —5.17f8:§§

NGC 7469 21 S1 XMM/RXTE 2-10  7.39(10) 44.56(1) 2650 1.80%540  —6.00%030

Notes. We refer to “S1” to all the AGN with detected broad emission lines. FWHM of Pag is given (instead of Hp) for sources marked with

asterisks.

References. The references for the PSD fits are: 1) this work; 2) Arévalo et al. (2008); 3) Uttley & McHardy (2005); 4) Vaughan (2010);
5) Markowitz et al. (2003); 6) Arévalo et al. (2009); 7) Summons et al. (2007); 8) McHardy et al. (2004); 9) Papadakis (2004); 10) Vaughan
et al. (2011); 11) Vaughan & Fabian (2003); 12) Markowitz et al. (2007); 13) Shih et al. (2003); 14) Vaughan et al. (2005); 15) Vaughan et al.
(2003b); 16) McHardy et al. (2005); 17) Markowitz (2009); 18) Papadakis et al. (2002); 19) McHardy et al. (2007); 20) Papadakis et al. (2010);
and 21) Markowitz (2010). The references for the bolometric luminosity are: 1) Woo & Urry (2002); 2) Zhou & Wang (2005); 3) Beckmann
et al. (2003); 4) Hao et al. (2005); 5) Meyer-Hofmeister & Meyer (2011); 6) Gliozzi et al. (2010); 7) Ponti et al. (2012); and 8) Greenhill et al.
(2003). The reserences for the black hole masses are: 1) Grier et al. (2012); 2) Zhou & Wang (2005); 3) Beckmann et al. (2008); 4) Denney et al.
(2009); 5) Zhou & Zhao (2010); 6) Botte et al. (2005); 7) Vaughan et al. (2005); 8) McHardy et al. (2005); 9) Sobolewska & Papadakis (2009);
10) Peterson et al. (2004); 11) Markowitz (2009); 12) Gliozzi et al. (2010); 13) Ponti et al. (2012); and 14) Greenhill et al. (2003).
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0. Gonzdlez-Martin and S. Vaughan: X-ray variability of 104 active galactic nuclei

Appendix A: PSD breaks/bends in the literature

Here we give a short summary of previously reported PSD fre-
quency bends/breaks together and a comparison with our results.
Table 4 shows the parameter values discussed here. It should be
noted that the XMM-Newton data discussed in the present paper
are sensitive to bends only in the frequency range from 210~
to ~few x 1073,

e Mrk335: The 0.2—10 keV band PSD of Mrk 335 was re-
ported by Arévalo et al. (2008) using the same data-set used
here. Our results are consistent with theirs.

e NGC3227: Uttley & McHardy (2005) analyzed the
2—-10 keV band PSD of NGC 3227 using RXTE data and
reported a break at 2.6 X 10~ Hz, a factor ~9 lower than
our result. Kelly et al. (2011) analysed the RXTE and
XMM-Newton data using a different method for power spec-
trum estimation, and obtained a bend frequency of ~3.7 X
1073 Hz. Some of the discrepancy between these results and
ours may be due to the different energy bands and responses
used in the different the analyses, i.e. 2—10 keV RXTE data
used by Uttley & McHardy (2005) compared to 0.2—10 keV
XMM-Newton data used here, although it seems unlikely this
can account for all the difference.

e KUG1031+398: V10 presented an analysis of the
KUG 1031+398 data using essentially the same method
as in the present analysis. The two sets of results are fully
consistent with each other.

e NGC 3516: Markowitz et al. (2003) reported the 2—10 keV
PSD of NGC3516 using RXTE data. They found a
high-frequency break at log(vy,) = —5.7 = 0.4 (slopes of 1
and 2 below and above the frequency break, respectively).
These are outside the frequency range available to the
XMM-Newton data. As expected we find no strong evidence
for a bend within the frequency bandpass considered here,
and the Model A slope is consistent with the high frequency
slope of Markowitz et al. (2003).

e NGC3783: the power spectrum of this objects has been
discussed by Markowitz et al. (2003), Markowitz (2005),
Summons et al. (2007), Arévalo et al. (2009) and Kelly et al.
(2011) using combinations of RXTE and XMM-Newton data.
These papers report a single bend in the PSD at ~6.2 X
10~ Hz, outside the frequency bandpass available to the
XMM-Newton data. The power spectral slopes reported here
are slightly flatter than those reported by Markowitz (2005).

e NGC4051: the PSD of NGC4051 has discussed by
McHardy et al. (2004), Miller et al. (2010) and Vaughan
et al. (2011). McHardy et al. (2004) used RXTE and
XMM-Newton data and found a frequency bend at
log(vp) ~ —3.1, albeit with a large uncertainty. Vaughan et al.
(2011) analysed a series of XMM-Newton observations, find-
ing broadly similar results but a slightly lower bend fre-
quency (log (vp) ~ —=3.7). Here we report a PSD bend at
log(vy) ~ —3.5, consistent with those reported by with other
analyses.

e NGC4151: Markowitz et al. (2003) discussed the 2—10 keV
PSD of NGC4151 using RXTE data, and reported a
break frequency (using a broken power law model) of
~107% Hz, outside of the frequency bandpass available to the
XMM-Newton data. The single power-law model (Model A)
applied to the XMM-Newton data gave a best-fitting slope
(2.1) identical to the high frequency slope reported by
Markowitz et al. (2003).

e Mrk766: The PSD of Mrk 766 was studied by Vaughan &

Fabian (2003), Markowitz et al. (2007) and Kelly et al.
(2011). The main parameters (bend frequency and high fre-
quency slope) are broadly compatible with our findings.
The bend frequency reported by Markowitz et al. (2007) is
slightly higher, but we assumed a low frequency slope of 1
whereas they fitted for this parameter and found a slightly
steeper slope.

NGC 4395: Vaughan et al. (2005) report on the PSD using
XMM-Newton data, and their results are completely consis-
tent with those presented here (their fitting method differs
from that used presently). Shih et al. (2003) previously used
ASCA data to study the PSD of NGC 4395, finding a PSD
break at log (vy) = —3.5 (with slopesof @ ~ 1 and @ ~ 1.8 at
low and high frequencies, respectively). However, the PSD
reported by Shih et al. (2003) lacked data in the frequency
range log (v) = [—4,-3.4], which hampered accurate esti-
mation of the frequency break.

Fairall 9: Markowitz et al. (2003) and Kelly et al. (2011)
discuss the PSD of this source using RXTE data. The for-
mer paper reports an upper limit on the bend frequency of
log (vp) ~ —6.4, and the latter paper gives an estimate of
log (vp) = —5.6, outside of the frequency bandpass available
to the XMM-Newton data; as expected given these results we
find no strong evidence for a bend in the present analysis.
The single power-law fit (i.e. Model A) shows a slope con-
sistent with the previous high frequency slope estimates.
MCG—-06—-30-15: Vaughan et al. (2003b) and McHardy
et al. (2005) have reported on the PSD of this source. In
the present paper we report and bend frequency higher than
that reported by Vaughan et al. (2003b). However, they used
a sharply broken power law while here we use a bending
power law model, which means the frequency parameter is
not strictly the same. McHardy et al. (2005) analysed to-
gether the RXTE and XMM-Newton data and found a good
fit using the bending power law model. Their estimated bend
frequency is a factor =3 lower than that reported in the
present paper. This may in part be due to the use of differ-
ent energy bands between the analyses (e.g. 4—10 keV for
RXTE and 0.2—10 keV XMM-Newton).

1C 4329A: Markowitz (2009) reported the 3—10 keV band
PSD. They fitted the PSD to a broken power law with a break
atlog(vy) ~ —5.6, outside of the frequency bandpass avilable
to the XMM-Newton data. They report a high frequency slope
a = 2.3*04 consistent with the slope using with Model A in
the present study.

NGC 5506: Uttley & McHardy (2005) and Kelly et al.
(2011) reported on the PSD of NGC 5506 using RXTE data.
The PSD bend frequency estimated in the present analysis
is a factor =3 higher. This may in part be due to the use of
different energy bands between the analyses (e.g. 2—10 keV
for RXTE and 0.2—10 keV XMM-Newton).

NGC 5548: Markowitz et al. (2003) and Kelly et al. (2011)
report on the PSD of NGC 5548. They found a break/bend
frequency at log (vp) ~ —6.1, far outside the the frequency
bandpass avilable to the XMM-Newton data; as expected
given these results we find no strong evidence for a bend in
the present analysis. The single power-law fit (i.e. Model A)
shows a slope consistent with the previous high frequency
slope estimates.

e Ark564: The PSD of this source has been discussed by

Pounds et al. (2001) and Markowitz et al. (2003) us-
ing RXTE data, Papadakis et al. (2002) using ASCA data,
and McHardy et al. (2007) and Kelly et al. (2011) using
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combinations of these datasets. The bend frequency estimate
reported in the present paper is a factor ~6 lower than that
reported by McHardy et al. (2007), but consistent with that
from Kelly etal. (2011). However, as discussed by McHardy
et al. (2007) the PSD of this source may be more complicated
than the simple bending power law model assumes.

PKS 0558-504: Papadakis et al. (2010) combined
XMM-Newton and RXTE data to estimate a PSD bend
frequency of log(vpy) = —5.2, outside the the frequency
bandpass avilable to the XMM-Newton data. The apparent
detection of a PSD bend, as reported in Table 3 is therefore
quite unexpected. However, Papadakis et al. (2010) found
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evidence for a bump (perhaps a broad QPO) in the PSD at
frequencies consistent with our bend. Thus, our bend detec-
tion is plausibly a misidentification caused by the more com-
plicated PSD shape.

NGC 7469: The 2—10 keV PSD of NGC 7479 was discussed
by Markowitz (2010) using RXTE and XMM-Newton data.
The found a bend outside the frequency bandpass available
to the XMM-Newton data. As expected based on this, we find
no evidence for a bend using the XMM-Newton data alone.
The high frequency slope reported by Markowitz (2010) is
consistent with our slope using the single power-law model
(=18 + 0.2).
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Appendix B: Catalogue of PSDs
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MARK586—-04874 (Broken power—law) MARK590—-20102 (Single power—law)
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NGC3516—-40121 (Single power—law)
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NGC4051-60632 (Broken power—law)
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MARK205-40124 (Single power—law) NGC4395-14283 (Broken power—law)
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