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ABSTRACT

Aims. We study the ensemble X-ray variability properties of active galactic nuclei (AGN) over large ranges of timescale (20ks < 7T <
14 yr), redshift (0 < z < 3), luminosity (10°° ergs™' < Ly < 10* ergs™"), and black hole (BH) mass (10° < M, < 10°).

Methods. We propose the use of the variance-frequency diagram as a viable alternative to the study of the power spectral density
(PSD), which is not yet accessible for distant, faint, and/or sparsely sampled AGN.

Results. We show that the data collected from archival observations and previous literature studies are fully consistent with a universal
PSD form, which does not show any evidence for systematic evolution of shape or amplitude with redshift or luminosity, even if there
may be differences between individual AGN at a given redshift or luminosity. We find new evidence that the PSD bend frequency
depends on BH mass and possibly on accretion rate. We finally discuss the implications for current and future AGN population and

cosmological studies.

Key words. galaxies: active — black hole physics — quasars: supermassive black holes — X-rays: galaxies — surveys —

methods: statistical

1. Introduction

Flux variability is a defining characteristic of active galactic
nuclei (AGN) and has been observed in these objects on all
timescales, and across the whole electromagnetic spectrum. The
fastest variations, as well as those of the greatest amplitude, are
observed at the highest energies (X-rays and y-rays), strongly
suggesting that such radiation is mainly generated in relatively
small regions, close to the central engine.

One of the most frequently used tools to study the observed
variations is the power spectral density (PSD) function (or power

spectrum for simplicity). Early studies of the X-ray variability
of AGN with EXOSAT showed that the PSD has a power-law
shape with a slope of ~—1.5, and an amplitude that scales with
the source luminosity (Green et al. 1993; Lawrence & Papadakis
1993). Long observing campaigns with the Rossi X-ray Timing
Explorer (RXTE) over many years, combined with shorter
XMM-Newton observations (mainly) have allowed the detailed
study of AGN X-ray PSDs over a large frequency range,
revealing at least one — and in some cases two — breaks in
the PSD of nearby AGN (e.g., Uttley et al. 2002; Papadakis
et al. 2002; Markowitz etal. 2003; McHardy et al. 2004;
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Gonzélez-Martin & Vaughan 2012). These should represent
characteristic timescales linked to the physical process produc-
ing the observed emission.

Most of our knowledge about AGN power spectra in the
X-ray band is derived from extensive observations of relatively
nearby and mostly low-luminosity AGN. It is not yet possible
to estimate the PSD of AGN at larger redshifts because the
available light curves have few points and are sparsely sam-
pled. For this reason, our knowledge of the variability proper-
ties of the overall AGN population is mainly based on studies
of the excess variance as a function of redshift and luminosity,
using light curves from large samples of X-ray-detected AGN
in various surveys (e.g., Paolillo et al. 2004; Papadakis et al.
2008; Young et al. 2012; Shemmer et al. 2014; Lanzuisi et al.
2014; Yang et al. 2016; Middei et al. 2017; Zheng et al. 2017;
Ding et al. 2018; Thomas et al. 2021).

Recently, Paolillo et al. (2017, P17 hereafter) studied the
X-ray-variability properties of distant AGN in the Chandra Deep
Field-South region (CDF-S) over 17 years. These authors used
the normalised excess variance o2 (i.e., the average light-curve
variance corrected for noise; see Eq. (1) in P17) as a measure
of the amplitude of the X-ray variability of the sources, and
they studied the dependence of o2, on X-ray luminosity in var-
ious redshift bins. P17 assumed power-spectrum models based
on PSD analysis of relatively nearby, bright X-ray Seyferts, and
found that the variability properties of high-z AGN are consis-
tent with a PSD described by a bending power law, where the
bend frequency (and perhaps also the PSD amplitude) depends
on the accretion rate expressed in terms of the Eddington ratio
Ag = M/ Mgqq, where M is the mass accretion rate and Mg,y is
the Eddington accretion rate.

In this work, we expand this study, collecting sev-
eral complementary AGN samples with available excess-
variance measurements, including the CDF-S (P17), COSMOS
(Lanzuisi et al. 2014), CAIXA (Ponti et al. 2012), TARTARUS
(O’Neill et al. 2005), and RXTE (Zhang 2011), in order to cover
a wide range of timescales, redshifts, luminosities, and black-
hole (BH) masses. We also estimated the excess variance of
numerous additional local AGN using Swift/XRT and RXTE
light curves in order to cover timescales in between the shortest
and the longest ones probed by the o2, data from the literature.

Our objective is to study the PSD itself using excess-variance
measurements. In most previous works, 2, . was used to inves-
tigate the dependence of AGN variability amplitude on X-ray
luminosity, BH mass, and redshift. However, the dependence
of o2 on total light-curve duration T itself is also important,
because the excess variance is (approximately) equal to the inte-
gral of the intrinsic power spectrum in the range of frequencies
1/T < v < 1/(2Atmin), where Aty 1S the minimum time differ-
ence between successive points in the light curve' (see Sect. 2).
Due to the close relation between the PSD and 072, , we can com-
pute o2, from light curves with different duration 7', and then
plot o2 . as a function of vr (= 1/T)?. This variance—frequency
plot (VFP) provides information closely related to the PSD, with
the advantage that it can be directly derived for large samples of

' Although the excess variance is a biased estimate of the PSD inte-
gral, in the case of red-noise PSDs and sparsely sampled light curves,
it is possible to correct o2, for this effect, as discussed in Sect. 5 of
Allevato et al. (2013).

2 The additional dependence on 1/At,;, is less relevant due to the steep
slope of the PSD at high frequencies, and in any case it is fully taken
into account in all our simulations, modelling, and fitting, as we discuss
in detail in the following sections.
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faint and/or distant AGN, and can therefore be studied with the
aim of constraining the intrinsic PSD properties.

Although o2, is easy to compute, so that we can create a
VFP even from sparsely sampled light curves (which are not suf-
ficient to measure the PSD), the use of the VFP is difficult on an
individual AGN basis. In fact, given the statistical properties of
the o2, in the case of a single object we would need many light
curves in order to reliably estimate the intrinsic variance on vari-
ous timescales (see Allevato et al. 2013, and references therein).

On the other hand, we could consider samples of AGN that
have been monitored in the same way (i.e., where T and Aty,
are the same for all sources) in order to compute the mean excess
variance, and use it to create the VFP. However, in the case where
we use light curves of many AGN, one has to consider the depen-
dence of o2, on BH mass (Mpy) as well: for a given light-curve
duration, the variance decreases with increasing BH mass (e.g.,
Papadakis 2004; O’Neill et al. 2005; Ponti et al. 2012). There-
fore, assuming we know the BH masses for all AGN in the sam-
ple, we must first model the dependence of the excess variance
on Mgy to create VFP for AGN at a fixed mass.

Following this approach, we aim to investigate whether or
not the measured VFP is consistent with the hypothesis that the
X-ray PSD has the same form in all AGN, implying that the
X-ray variability mechanism is the same in all of them and, if
this is indeed found to be the case, we intend to identify the
characteristics of this ‘universal’ X-ray PSD of AGN.

The paper is organized as follows. In Sect. 2 we explain the
relation between the VFP and the PSD, and how we can mea-
sure the VFP for sparsely sampled, low-S/N AGN. In Sect. 3
we present the BH mass and variability measurements for high-
redshift sources in CDF-S and COSMOS samples, and the best-
fit results to their o2, .—Mpy relations. In Sect. 4 we present the
best-fit results for low-redshift sources from literature or archival
data. In Sects. 5 and 6 we present the VFP of AGN up to redshift
~3, the method we use to fit the observed VFP, and the best-fit
results. Finally, in Sect. 7, we summarise our work and discuss
the implications of our study. Throughout the paper, we adopt
values of Hy = 70kms™! Mpc’l, Qp = 0.3,and Qp =0.7.

2. The variance—frequency plot: a substitute for the
PSD

2.1. The PSD versus the VFP
Let us assume that the AGN X-ray PSD follows a relation of the

form:
v s1—1
)]
Vb

where A is the PSD normalisation (A = PSD(vp) X 2vp,), and vy,
is the bend frequency?. The PSD defined in this way has a loga-
rithmic slope of —1 at low frequencies (v < v,), which steepens
to —(1 + s) at higher frequencies (v > v). This model PSD is
based on the results from PSD studies of relatively nearby, low-
luminosity (but X-ray bright) AGN (e.g., McHardy et al. 2004).
Let us also assume that v, depends on the BH mass as follows
(e.g., McHardy et al. 2006; Gonzdlez-Martin & Vaughan 2012):

PSD(v) = Av™! (1)

-1
M,
v = B BH ,
108 M,

3 The ‘bend’ frequency is equivalent to the ‘break’ frequency used in
earlier works in the literature where two distinct power laws were used
to fit the PSD instead of a smooth function as adopted here.
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Fig. 1. PSD and VFP (upper and lower panels, respectively) of an
AGN with a BH mass of 108 M,. The PSD model parameters are:
A = 002Hz', s = 1, and v, = 3 - 10°°Hz (black solid lines).
Black dashed lines indicate the PSD and VFP when we increase the
PSD amplitude by a factor of 2. Red lines show the PSD and VFP
when we increase the bend frequency (by a factor of 10), while the
blue lines show the changes when we increase the high-frequency PSD
slope from —2 to —3 (all the other parameters in this case are like those
of the red lines). For the computation of the variance, we assumed
Vmax = (1/2505).

where B is a constant. According to Eq. (4) in Allevato et al.
2013, the excess variance of a light curve of duration 7 will be a
measure of the normalised ‘band’ variance, defined as follows?:

0-2(VT’ Vmax) = f PSD(v) dv

vr
max 1 Vs +Vﬁ1ax

:A[ln(v d )—-m(—bx - )] 3)
VT S vy + vy

where v = 1/Tax and vinax = 1/(2Atmin). In the case of equally
sampled light curves with a few missing points (as in the RXTE,
Swift, ASCA, and XMM-Newton light curves we use; see below)
the shortest frequency sampled by the data is well defined, with
Atmin = 2At, where At is the bin size of the light curves. How-
ever, in the case of the unevenly sampled light curves (like
CDF-S and COSMOS), the choice of Ay, is not as clear (see
e.g., the discussion in Appendix D in Scargle 1982). For these
light curves, we decided to take Afy;, to be the shortest time
difference between successive observations. For a fixed Atyn,
we expect a negative correlation between o? and vr, that is, the
variability amplitude should increase with increasing light curve
duration in AGN (due to the red-noise nature of the AGN PSD).

Equation (3) shows that T2(VT, Viax) depends on the shape
(and normalisation) of the PSD. Consequently, a plot of o as
a function of vt holds similar information to the PSD. As men-

* We note that, for simplicity, here we use o instead of 072, ;... @S ID
Allevato et al. (2013).

tioned in Sect. 1, we refer to the plot of (VT Vimax) VETSUS VT as
the VFP of an AGN°.

Figure 1 shows the PSD and the VFP plot (upper and lower
panels, respectively) for an AGN with a BH mass of 10% M. The
PSD is computed using Eq. (1), while *(Vr, Vimax) 18 computed
using Eq. (3), for various PSD parameters. The variance plotted
in this figure should be equal to the (intrinsic) variance of light-
curve segments with a duration of 7 = 1/v and At = 2505, so
that vy = 4 X 1073 Hz.

The figure shows that all the major features of the PSD are
apparent in the VFP plot as well. For example, both the PSD and
VFP have a power-law-like shape at high frequencies, with the
VFP being flatter than the PSD (we highlight the different scale
of the y-axis of the two panels in Fig. 1). At frequencies lower
than vy, both the PSD and VFP flatten to a slope of —1 in the case
of the PSD, while o> o« —In(vt) below vy. The various lines in
the same figure also show that when varying the PSD parameters,
the PSD and the VFP shapes also vary in similar ways.

It is always better to estimate the power spectrum itself, even
from a statistical point of view. The statistical properties of the
periodogram (the estimator of the PSD) are far superior to the
statistical properties of the excess variance as a measure of the
intrinsic variance of a single source (see Allevato et al. 2013 for
the statistical properties of the latter). However, as we already
mentioned in Sect. 1, we cannot use the available light curves of
the high-z AGN to estimate their PSD. On the other hand, we can
measure their excess variance on different timescales (i.e., dif-
ferent v7), and therefore we can compute the VFP and, as Fig. 1
shows, infer the intrinsic PSD of the sources.

2.2. Measuring the VFP of active galaxies

Ideally, we would need long and short, well-sampled light curves
of an AGN to reliably measure variance on a large range of
timescales and construct the VFP. However, this is not possible
withthe currently available data, especially for high-z sources. The
available light curves are insufficient (because they are too sparse
and/or their signal-to-noise ratio is too low) to measure the VFP
of a single AGN. For this reason, we follow a different approach
to construct the VFP of active galaxies, as we describe below.

We can consider samples of AGN with known BH mass, and
light curves with the same duration (7ps) and bin size (At) for
all AGN in each sample. We can use the light curves to mea-
sure the excess variance o2, for each AGN in the sample. One
way to study the VFP would be to choose objects with the same
BH mass in each sample, and then plot o-ﬁxs versus 1/T s for all
of them. However, as the excess variance measurements do not
follow a Gaussian distribution and their error is unknown (see
Allevato et al. 2013), we cannot fit the resulting VFP and com-
pare it with model predictions. In order to overcome this serious
problem, we have to average the measured excess variances in
some way.

On the other hand, we cannot simply compute the mean
excess variance of all the objects in the sample if they host BHs
of different masses, because the excess variance will depend on
the BH mass. However, we can take advantage of this property,
and produce a o2, —Mgy plot for all sources in each sample. The
excess variance is a measure of the band variance, o>(Vr, Vimax)s
defined by Eq. (3). This equation, together with Eq. (2), shows
how o2, should depend on BH mass, depending on the sampled

frequencies: if neither v, nor vy are much smaller than vy, o-ﬁxs

> We choose to define the VFP as the plot of variance versus 1/7,
instead of 7, so that its shape will be analogous to the PSD shape.
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should decrease with increasing BH mass in a roughly linear
way in log-log space; if instead vmax and vr << wy, a'%xs will
not depend on BH mass (it will depend on vt and vy, only; see
Eq. (3)) and the 02, vs. Mgy plot will be flat. This behaviour
is illustrated by the models plotted as dotted lines, in all the
figures of Sects. 3 and 4..

We can fit the o2, . vs. Mgy plot with a linear function of the

nxs
form:

log(0pyy) = A(Tobs) + B(Tops) - log(Mp /M), )

where M is the mean BH mass of the sample, and a(Tps) is
the variance of an AGN with a mass of M, computed using a
light curve of duration Tys. The key point here is that, as @/(Tops)
is computed by fitting all the data in the o2, vs. My plot, its
distribution will be much closer to the Gaussian distribution, and
its error will be known (from the fitting procedure).

We can therefore consider AGN (with known BH mass)
that have been observed by various satellites, over different
timescales, Tops, in order to compute o2, plot o2, . vs. Mgy,
and fit the data with Eq. (4). If M is the same for all samples,
then the plot of a(Tops) vs. 1/Ths Will be representative of the
VFP plot for the AGN with a mass of M. In this way, we can
also take advantage of the study of the B(Tops) vS. 1/Tops plot
as well. As shown in Sect. 2, for a given Mgy (and hence vy),
the VFP shape, and therefore 8(T ), should vary with T,. The
way the VFP shape varies depends on the relation between v,
and Mpy. In other words, the study of the B(Tops) Vs. 1/Tops plot
will constrain the parameter B in Eq. (2).

We plan to follow the approach we outline above in order to
study the VFP of AGN, as we describe in detail in the follow-
ing sections. We use data from various X-ray surveys for high-z
objects and light curves from pointed observations of relatively
nearby objects in order to construct the VFP of AGN, both at
high and low redshift. In this way, we are able to directly com-
pare the low and high-z objects, and investigate whether or not
their PSDs are the same.

3. The variance-BH mass relation of high-redshift
AGN

3.1. Black-hole mass measurements for the CDF-S sources

The first AGN sample we considered is derived from the
CDF-S X-ray catalog of Luoetal. (2017), and the CDF-S
variability measurements used in this work are described in
P17; we refer to those works for specific details. Black hole
mass measurements for CDF-S sources are primarily based on
the measurements published by Suhetal. (2015). These are
derived from optical/near-infrared spectroscopic measurements
of Ha, HB, and Mg-II line widths of X-ray sources in the
E-CDF-S region. Black hole masses were obtained from scaling
relations of Mgy with the FWHM and the luminosity of the
broad-line components in the spectra. We refer to the original
paper for details of the method and the assessment of the relia-
bility of the masses. The authors claim a median uncertainty of
~0.1 dex with an additional 0.3 dex due to calibration uncertain-
ties in the scaling relations. This data set was integrated with Ha
BH mass measurements from Schulze et al. (2018), after recali-
brating the scaling relation to that adopted in Suh et al. (2015,
their Eq. (1)), and with Mg-II BH mass measurements from
Schramm & Silverman (2013). In total, we collected masses for
40 sources: 35 from Suhetal. (2015), 3 from Schulze et al.
(2018), and 2 from Schramm & Silverman (2013). In the case
of multiple BH mass measurements for the same source, we
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Fig. 2. Luminosity—redshift distribution of CDF-S and COSMOS
sources. Solid symbols represent sources with available BH mass mea-
surements, while empty ones highlight the final samples used in this
work (see text for details).

used the average value; however, our results do not change if we
adopt individual BH mass measurements instead (giving priority
to Ha measurements). For the subsequent analysis, we define a
‘robust sample’ of 15 sources with available Mpy measurements,
an average S/N > 0.8 per point, and more than 90 points in their
X-ray light curves in order to have reliable o2, ; measurements.
In fact, we verified that including more sources with lower qual-
ity light curves does not yield significant improvements in the
final analysis and increases the uncertainties on the measured
variability (see P17 for further details).

In Fig. 2, we plot the luminosity—redshift distribution of
CDF-S sources with available Mgy measurements and those
in the robust samples. The sources in the robust sample are
within the following ranges: ~0.5-1.7 in redshift, ~5 x 10%—
2 x 10" ergs™! in (2-8keV rest-frame) X-ray luminosity, and
107-10° M in BH mass, and have low absorption Ny < 2 X
10?2 cm~2 as expected from their type 1 spectra.

3.2. The CDF-S o2

~xs—Msn relation

We created o2, ,—Mpy plots for the CDF-S data using the excess
variance measurements of P17 and the BH mass measurements
for the sources in the ‘robust sample’ discussed in the previ-
ous section. P17 calculated the excess variance of the CDF-S
AGN using light curves with Tops = 45, 128, 654, and 6005 days
(observer’s frame; see the discussion in their Sect. 4.2). Here we
used only their excess variance measurements from the 128 and
654 day light-curve segments; that is, the segments plotted in the
two rightmost panels in Fig. 1 of P17. These are separated by
almost 5 years, and the excess-variance measurements based on
them should be uncorrelated. On the contrary, the o2, measure-
ments from the longest and shortest timescales use light-curve
parts that overlap with each other (see Fig. 1 in P17), and there-
fore the resulting o2, will be correlated. We note that, given
that the AGN PSD is known to depend on the energy (e.g.,
McHardy et al. 2004), and to minimise the effect of absorption,
the light curves are extracted in the 2-8 keV rest-frame band.
The panels in Fig. 3 show the 02 ~Mgy plots for the two

nxs
different timescales. A weak anti-correlation between o2, . and

nxs
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Fig. 3. 02, vs. Mpy for the CDF-S ‘robust’ sample (filled circles)

for the two different timescales discussed in the text. The solid lines
show the linear fit to the data. Open diamonds show the best-fit model-
predicted variance computed by taking into account the rest-frame Ty,
and Atyinrese Of €ach source. The dashed lines mark the best fit to the
model predictions (see Sect. 6 for details). The dotted curves represent
the model trends for the sources at z = 0.5 (top one) and z = 2.0 (bottom
one), which is the approximate redshift range of the CDF-S sample
(see Fig. 2).

Mgy can be observed, although the scatter is considerable. This
is due to several reasons. First, the error on Mgy and, more
importantly, on the individual o2, measurements (Allevato et al.
2013) will introduce considerable scatter around the intrinsic
relation. In addition, although T is the same for all objects, the
light-curve variance depends on the duration in rest-frame, 7T'eg,
which is not the same for all objects, as their redshifts differ.

We note that, as we explained in Sect. 2, if both the duration
and bin size of the light curve are much longer than the bend
timescale, then the o2, .—Mpy relation will be flat (unless the
PSD amplitude depends on Mgy). In other words, a lack of cor-
relation between excess variance and BH mass provides impor-
tant information regarding the intrinsic shape of the VFP and the
PSD at low frequencies.

We cannot use y? to fit the data plotted in Fig. 3 (as well
as in all figures which show o2, .—Mpy relations) and then test
whether or not the model fits the data well because the excess-
variance measurements are not Gaussian (and in any case their
error is unknown). For that reason, we assumed that a straight
line provides a good fit to the data, and we used the ordi-
nary least-squares regression of Y on X (OLS(Y|X)) method of
Isobe et al. (1990) to fit the data in Fig. 3 (in log—log space),
with the linear model defined by Eq. (4), with M = 108 M,
which is similar to the average Mpy in the CDF-S sample. As
such, the line normalisation will be best determined at this mass.
In this case, a(Tops) corresponds to the intrinsic variance of an
AGN with Mgy = 10® M,,, when measured from a light curve of
duration T ps.

Best-fit results are listed in Table 1 and black solid lines in
Fig. 3 show the best-fit linear models. Unsurprisingly, given the
large scatter of the points around the best-fit lines, the error on

the slope is large; however, the error on the normalisation is
small. This is due to the fact that, given the rather flat best-fit
slope, a(Tbs) is representative of the mean excess variance of
all the points in each plot, which is reasonably well determined
from the 15 measurements at each timescale.

3.3. The COSMOS o2

nxs

Lanzuisi et al. (2014) used XMM observations in the COSMOS
field over a period of ~3.5years to study the long-term X-ray
variability of a large sample of AGN. We used the data plotted
in their Fig. 5 to fit the O'ﬁxs—MBH relation. To improve the accu-
racy of the measured variances, we selected only objects with at
least three points in their light curves and with a total rest-frame
duration between 100 and 560 days (see their Fig. 1). As the final
sample spans a wide range in Tops, we further divided it into
two bins based on the rest-frame light-curve length: 100 days <
Trest < 330days and 330 days < Tiesr < 560 days, with a median
duration T, of 240 and 413 days, respectively. There are
82 AGN in both groups, with a median redshift of 1.5 and 1.0 in
the first and second group, respectively (see Fig. 2). Their X-ray
luminosity ranges from 6x10* to 3x10* erg s~! in the 2-10 keV
band. We fitted both 02, .—Mpy plots with the model defined by
Eq. (4), and the same OLS(Y|X) routine as above (Fig. 4). The
timescales and best-fit results for the COSMOS data are listed
in Table 1.

—MgH relation

4. The variance-BH mass relation of low-redshift
AGN

4.1. Compilation of o

“xs—Mgn relations from literature

In order to sample shorter and longer timescales, which are
not accessible for high-redshift AGN, we used both published
and archival data. We first considered the o2, .—Mgy data from
the CAIXA sample (Ponti et al. 2012). These authors presented
the results from a systematic study of the excess variance of a
large sample of AGN using XMM-Newton light curves. We used
their o2, measurements (2-10keV) from the light curves with
Tobs = 80ks. Ponti et al. (2012) measured the excess variance
on three shorter time timescales as well, but the use of the same
light curves when measuring o2, on different timescales would
imply that their o2, ; measurements would be heavily correlated
(for the same source). We constructed the respective o2, —Mpy
plot (see the bottom panel of Fig. 5) using the data from their
‘Rev’ AGN sample®. In doing so, we updated their BH mass
estimates with the measurements listed in the AGN BH mass
database (Bentz & Katz 2015). There are 11 radio-quiet AGN
in this sample with excess variance measurements based on light
curves of 80 ks in duration. For consistency, we fitted the CAIXA
o2 —Mgy plot using Eq. (4), with M = 108 M, and the same
OLS(Y|X) routine that we used to fit the respective CDF-S plots.
The best-fit results are listed in Table 1, and the black solid line
in the lower panel of Fig. 5 shows the best-fit line.

In order to get information on shorter timescales, we con-
sidered the excess-variance measurements from the TARTARUS
sample of O’Neill et al. (2005). These latter authors used ASCA
light curves of 40ks in duration, and measured the excess
variance of nearby X-ray-bright Seyferts (in the 2—10keV band).
We chose 16 (radio-quiet) AGN from their sample with BH mass
measurements based on the reverberation mapping technique,

® The sample with masses derived from reverberation mapping mea-
surements.
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Table 1. Results of the linear fits to the o2

nxs

—Mpy relation (in log—log space), for the different datasets used in this work.

SurVey Tobs Atmin,obs Tregi[1 ange] a(Tops) B(Tobs)
(days)  (days) (days)
CDF-S 654 0.25 334[=87] -1.07+0.12 -0.2+0.2
128 0.95 65[+17] —-1.36+0.16 -0.3+0.3
COSMOS 555 0.40 240[i?g7] -1.36+0.10 -0.16+0.14
” 891 0.38 413[t£9] -1.29+0.07 -0.21+0.13
CAIXA 0.926 0.003 0.926 -2.9+0.2 -0.71+0.16
...+TARTARUS 0.463 ” 0.463 -2.98+0.14 -0.75+0.14
Long-term RXTE 5110 300 5110 —-1.38+0.09 -0.15+0.12
Swift+RXTE 9.45 ~0.5 9.45 —-1.81+0.08 -0.42+0.07

Notes. Tops and Atpinops Tepresent the maximum and minimum sampled timescales in the observer reference frame, while T is the median value
of the maximum rest-frame timescale over all sources; in square brackets we quote the 7' range for high-z samples (differences in Ty for the
low-z samples are not significant). @(T o) and B(T o) represent the best-fit intercept and slope of Eq. (4).

10°F

107'E

. L]
Long timescales ‘ °

1073
6.5

7.0 7.5 8.0 8.5 9.0 9.5 10.0
Log (Mgy/Mo)
Fig. 4. 02, vs. Mgy for COSMOS sources from Lanzuisi et al. (2014).

nxs
Symbols have the same meaning as in Fig. 3.

as listed in the database of Bentz & Katz (2015). We added six
sources from the CAIXA sample for which Ponti et al. (2012)
provide 40 ks o2, measurements (namely NGC 4151, Mrk 110,
Mrk 279, Mrk 590, NGC 4593, and PG 1211+143); these are not
part of the 80 ks sample and have BH mass estimates based on
reverberation mapping. The respective o2, —Mgy plot is shown
in the top panel of Fig. 5. As above, we fitted the data using
Eq. (4) and the same OLS(Y|X) routine that we used to fit the
respective CDF-S plots. Best-fit results are listed in Table 1,
and the solid line in the upper panel of Fig. 5 indicates the
best-fit line.

We also considered the o2, ,.—Mpy data from the RXTE light
curves of Zhang (2011) in order to obtain information on longer
timescales. These authors used data from the ASM on board
RXTE to study the X-ray variability amplitude of 27 AGN over
a period of Tops = 14 years. Using their o-ﬁxs and Mpy measure-
ments, we fitted the resulting variability—Mpy relation with the
same model and fitting routine as above. The o2 —Mgy relation

is shown in Fig. 6 together with the best-fit line, while the best-
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Fig. 5. 02, . vs. Mgy for CAIXA+TARTARUS sources with T, = 40ks

(top pangﬁ, and for CAIXA sources with Ty, = 80ks (bottom panel).
Data are from Ponti et al. (2012) and O’Neill et al. (2005). Symbols

have the same meaning as in Fig. 3.

fit results are listed in Table 1. The AGN in the O’Neill et al.
(2005), Ponti et al. (2012), and the Zhang (2011) samples are
all relatively nearby, and their X-ray luminosity span the range
10%0-10* ergs~!.

4.2. Medium-term o2, measurements from archival

X nxs
observations

There is a considerable gap between the duration of the short-
est CDF-S light curves (128 days) and the CAIXA light curves,
which have a duration of ~1 day. In order to measure the excess
variance on intermediate timescales, we used RXTE/PCA and
Swift/XRT data for relatively nearby AGN, and we computed
their excess variance using light curves that are 9.45days in
duration (rest-frame). This timescale is ten times longer than the
CAIXA light curves and about ten times shorter than the CDF-S.



Paolillo, M., et al.: A&A 673, A68 (2023)

10°

107"

6%us [2=10 keV]

1072 . . . . .
6.0 6.5 7.0 7.5 8.0 8.5
Log (Mgu/Mg)

Fig. 6. 02 . vs. Mgy for RXTE sources (filled circles) from Zhang
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(2011). Symbols have the same meaning as in Fig. 3.
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The sources are listed in Table 2, together with information on
the light curves we used and the resulting excess variance.

Columns (2) and (3) list the starting/ending time of the light
curves we used (in MJD), and the (minimum) light curve bin
size Afnin in days. We did not reduce the Swift data ourselves;
instead we used the light curves from Edelson et al. (2019) for
all sources and from Cackett et al. (2020) for Mrk 142. The Swift
light curves are in the 1.5-10keV band, except for Mrk 142,
where the published light curve is in the 0.3—-10keV band.
All the other light curves were taken from the RXTE AGN
Timing and Spectral Database’ (Rivers et al. 2013) and are in the
2—-10keV band. BH mass estimates (from Bentz & Katz 2015)
are listed in Col. (3).

We divided the light curves into segments with a (rest-frame)
duration of 9.45 days (as determined by the shortest light curve
in the sample). We computed the excess variance of each seg-
ment in the usual way (i.e., using Eq. (1) in P17). We then com-
puted the mean of the individual o2,, measurements for each
source, which is listed in the last column of Table 2. As for all
the other samples, we fitted the o2 .—Mpy; relation using Eq. (4)
and the OLS(Y|X) routine. The result is shown in Fig. 7, together
with the best-fit model, while the best-fit results are listed
in Table 1.

5. The observed VFP of AGN

As explained above, the best-fit a(T") values listed in Table 1
are representative of the variance of a 108 My AGN on the
timescales that are listed in the second column of the same table.
We therefore used the a(7T) values listed in this table and con-
structed the VFP for the 10% M, AGN.

Figure 8 shows the best-fit (7)) and B(T) values plotted
as a function of vr (top and bottom panels, respectively). The
two timescales probed by the CAIXA+TARTARUS data (filled
squares) constrain the high-frequency part of the VFP, and the
Swift+RXTE data (filled stars) allow us to sample intermediate
timescales. The results from CDF-S (filled circles) provide infor-
mation on long timescales, while the COSMOS and the RXTE
points (filled diamonds and filled triangle, respectively) further
improve the accuracy of the VFP at low frequencies.

The limits of the PSD integral in Eq. (3) depend on rest-
frame Ty and Aty,. All AGN in the CAIXA, TARTARUS,
RXTE, and Swift samples are at low-redshift and all light curves
are of the same duration, which means Ty, = Tres (and
Atminobs = Afminrest)- The situation is more complicated in the

7 https://cass.ucsd.edu/~rxteagn/

Table 2. RXTE and Swift light curves used in the present study to mea-
sure the excess variance of AGN on timescales of ~10 days.

Name Dates Atminobs  log(Mph) log((rﬁxs)
(MJD) (days) (Mo)

F9 52145.0-52179.0 0.14 8.3 -2.14
PG 0804 53300.3—-53362.8 0.48 8.74 -1.87
Mrk 110 53695.5-53760.5 0.27 7.30 -1.85
NGC 3227 51258.6-51300.4 0.76 6.7 -1.47
Mrk 142 58484.4-58603.9 0.65 6.3 -0.73
NGC 3516 50523.0-50657.9 0.56 7.40 -1.53
NGC 3783 51960.1-51980.1 0.13 7.08

54504.2-54617.1 0.34 -1.53
NGC 4051 51627-51637.5 0.44 59

51665.4-51730.1 0.26

54147.5-54287.2 1.03 -0.86
NGC 4151 (S)  57438.0-57505.8 0.2 7.37 -1.33
NGC 4593 (S)  57582.8-57605.4 0.12 6.91

53701.4-53766.7 0.27 -1.13
MCG-6-30-15  50318.3—-50355.6 0.62 6.3

51378.1-51388.2 0.1

51622.7-51688.6 0.25

54261.1-54329.1 1.06 -1.23
NGC 5548 (S) 56706—56833.6 0.48 7.69 -1.48
Mrk 509 (S) 57829.9-58102.5 1.07 8.05 -1.96
NGC 7469 50244.1-50276 0.1 6.96 -1.7

Notes. “The letter (S) after a source name indicates the use of Swift
light curves.
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Fig. 7. 02 vs. Mgy for Swift+RXTE sources in Table 2. Symbols have

nxs

the same meaning as in Fig. 3.

CDF-S and COSMOS samples. T is the same for all AGN
in the CDF-S; however, Ty is not, because they do not have
the same redshift. In the case of the COSMOS AGN, even T ops
differ for different sources because of the survey strategy (see
Lanzuisi et al. 2014). Given the differences in 7' in these sam-
ples, in Fig. 8 we plot all quantities as a function of vy = 1/ Trests
where Ty is the median light-curve duration in the AGN rest-
frame (T.q values are listed in the fourth column of Table 1). We
note that this choice is for visualisation purposes only, because
in the fitting procedure we properly take into account the actual
rest-frame timescales sampled for each individual source (see
Sect. 6).

The overall VFP (upper panel in Fig. 8) appears to be very
well described by a single function, from the lowest to the high-
est sampled frequencies. We can see the logarithmic rise of the
variance with decreasing frequency (i.e. increasing timescale),
with a slope roughly equal to —1 from the CAIXA+TARTARUS
to the high-frequency CDF-S point. This implies a PSD slope
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Fig. 8. Variance— and slope—frequency plots of our AGN sample. Upper
panel: observed VFP of a 10® M, AGN as a function of the rest-frame
frequency vr using our measurements from Table 1 (filled symbols).
The red empty symbols indicate the best-fit model values (a/(Tax) in
Eq. (4)). For reference, we also show the theoretically expected trends
for a 103 M, BH monitored with an average Aty, = 250 s (dashed line)
and Afpin = 300days (dotted line), but we stress that the comparison
should be made between the filled and empty points. Lower panel: mea-
sured and best-fit model slope of the 02 —Mgy relations (B(Tiay) in

nxs
Eq. (4)); symbols have the same meaning as those in the upper panel.

of ~—2 at high frequencies. The variance—frequency slope flat-
tens at lower frequencies, indicating the presence of a bend fre-
quency analogous to that of the PSD, v, that is, somewhere
between 1 and 20 days~'. The low- and high-frequency parts of
the observed VFP are determined by the high-z and low-z AGN
samples, respectively, but the important observational result is
that the low-frequency VFP appears to be the continuation of the
high-frequency VFP, without any hints of a normalisation mis-
match between the two parts.

At low frequencies, the RXTE variance may appear to under-
estimate the value expected from a simple extrapolation of the
CDF-S and the COSMOS measurements in the VFP, although
T'est of the RXTE light curves is longer than the rest-frame dura-
tion of the longest CDF-S light curves. In principle, this could
suggest that the PSD normalisation at low frequencies is not the
same in the distant and local AGN. However, At,;, in the RXTE
light curves is also significantly larger than the (rest-frame) min-
imum timescale in all other light curves. Indeed, it is almost cer-
tainly much longer than the PSD bend frequency of a 108 M,
AGN. This implies that we are missing a significant part of the
intrinsic variance in the RXTE light curves, hence the smaller
a(T) value.

The bottom panel of Fig. 8 shows how the slope of the 2, —
Mgy relation varies with frequency. Similar to the case for the
VFP plot, the best-fit slopes at high frequencies appear to con-
nect smoothly, without any normalisation discontinuities, with
the best-fit S(T") values at lower frequencies. The slope of the
o2, Mgy plots at low frequencies (long timescales) approaches
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zero, that is, the bending frequency of the 10% M, AGN is prob-
ably higher than both the mean bin size and the duration of the
available light curves in the RXTE sample and, to some extent,
also those in the CDF-S and the COSMOS sample.

6. Model fitting procedure and best-fit results

We considered a grid of A, B, and s values, and for each (A, B, s)
combination we used Egs. (2) and (3) to compute the variance o
for the AGN in the CDF-S, COSMOS, CAIXA+TARTARUS,
RXTE, and Swift+RXTE samples. To this end, we derived vr,
Vmax» and v, using the Mgy and z values of each source, and the
timescales Tops and Atyin obs in Table 1 (we assumed z = O for the
AGN in the CAIXA+TARTARUS, RXTE, and the Swift+RXTE
samples, which only contain relatively nearby AGN).

In order to properly fit the data, we must take into account
the biases due to a sparse and/or irregular sampling of the light
curves. To this end, we used Eq. (11) in Allevato et al. (2013)
to compute the bias affecting the measured o2, and we include
the same factor in the model variance 2. The bias correction
depends on the PSD slope itself, and so we used the ‘aver-
age’ slope (from Eq. (1)) over the range of sampled rest-frame
timescales for each source. Furthermore, we assumed a sparse
sampling for the COSMOS sources, and a continuous sampling
pattern for the remaining samples.

For each model-parameter combination, we therefore ended
up with a pair of model (0%, Mpy) values for each source and
timescale in the CDF-S, COSMOS, CAIXA+TARTARUS, and
Swift+RXTE samples. If the observed o2, measurements were
Gaussian variables with known errors, then we would be able to
use x? statistics to fit all the observed o2, vs. Mpy data plotted
in Figs. 3-7 with the model (0'2, Mpgy) curves. However, this
is not the case, and so we cannot directly fit the model to the
observed o2, .—Mpy plots. Instead, we used a different approach
to fit the model to the data.

For each parameter combination, we fit the resulting
0?—Mpgy points with Eq. (4), with M = 108 Mg, using the
same OLS(Y|X) routine that we used to fit the data. In the
end, each set of model parameters (A, B, s) would result in two
best-fit values, @mod(A, B, S, Tobs) and Bmoed(A, B, s, Tops), for each
02— Mgy relation.

The overall model fit: Based on the discussion above,
each set of model parameters (A, B, s) would result in eight
Umod(A, 8, B, Tops) and Bmoed(A, s, B, Tops) values, that is, one for
each of the observed o2, —Mgy relations plotted in Figs. 3-7. To
get the best-fit model, we minimised the Xz, which is defined as
follows:

- i {[amodm, B, 5, Tons) - a(Tobs,i)r
1 Oa(Tobs,i)]

+ [lgmod(Aa B, s, Tobs,i) - ﬂ(Tobs,i) :|2}
6[:8(T0bs,i)] ’

where S[a(Tobsi)] and O[B(Tobs;)] are the errors on the best-fit
normalisation and slope values, a(Tops) and B(Tops), listed in
Table 1. Defined in this way, the best-fit model is the one that
minimises the differences between the model and the observed
VFP (i.e., the points plotted in the upper panel of Fig. 8), as well
as the model and the observed slope of the o2, —Mgy relations
(bottom panel of Fig. 8).

The best-fit results are: )(fnin = 11.1 for u = 13 degrees
of freedom, corresponding to P(< y*,u) = 0.6, at A =

0.016*0 002 Hz™", B = 3.4*3} x 10°Hz, and 5 = 1.7*)". Here,

&)
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Fig. 9. Best-fit values (crosses) and 68%, 90%, and 99% uncertainty
contours for each combination of two of the fitted interesting parameters
A (i.e., the PSD normalisation), B (i.e., v, for a 103 M, BH) and s (the
high-frequency PSD slope).

the errors are the 90% uncertainties for two interesting parame-
ters. The errors of the best-fit parameter values are both asym-
metric and correlated as shown in Fig. 9. Open diamonds in
Figs. 3-7 show the best-fit model (0%, Mpy) predictions for each
source in these plots. The dashed red lines show the best lin-
ear fit to the model points. In some cases (e.g., Figs. 5 and 7),
the model clearly predicts a curved o2,,—~Mgy relation (dotted
curve), which may indeed be closer to the observed one. How-
ever, even in these cases, a straight line can provide a reason-
ably good fit to the data (and the model predictions). As we fit a
straight line to both the observed and the model relations, we can
compare the best-fit line parameters, and search for the values
that provide the best agreement between the data and the model
predictions. The open symbols in Fig. 8 show the normalisation
and slope of the best-fit lines to the model o3, ,—Mpy relations
that are closest to the data.

Strictly speaking, the VFP plotted in the upper panel of Fig. 8
is representative of the average VFP of an AGN with a mass of
10% M. The best-fit parameters also refer to such an object. For
example, if we had normalised the o2, vs. Mgy relation at a
different Mpy, then the expected VFP would be different (see the
black and red lines in Fig. 1) and the best-fit bending frequency
would be different if v, depended on BH mass. However, the
fact that we consider the VFP of an AGN at 108 M, is merely
a ‘technicality’ as this mass is close to the mean BH mass of
the sources in the samples we considered. In reality, the best-fit
Umod(A, B, 8, Tops) and Bmoed(A, B, s, Tops) model parameters are
computed by fitting a straight line to all the model points (i.e.,
open red points in Figs. 3—7). Therefore, the best-fit model VFP
plotted in Fig. 8 holds information about the PSD of all AGN in
each sample, and the same would be true if we had normalised
the best-fit lines to another BH mass.

We find it impressive that a single PSD model can fit the
observed VFP so well, given that we constructed o2 —Mgn

nxs

plots using light curves of 160 AGN, both nearby and distant,

observed with different satellites, and with different sampling
and light curve duration. This result strongly suggests that, on
average, the X-ray PSD over five orders of magnitude in fre-
quency (i.e., from timescales of ~40ks up to ~10—15 years) is
described by the same form for all AGN at z < 2-3. If there
were significant differences in amplitude, bend frequency, or
high-frequency slope between the high-z and low-z PSDs, then
the low- and high-frequency parts of the VFP plotted in the top
panel of Fig. 8, which are determined by the high-z and low-z
AGN, respectively, would differ significantly (see e.g., the vari-
ous curves in Fig. 1).

7. Summary and discussion

We used excess-variance measurements computed using light
curves of short (CAIXA+TARTARUS, Pontietal. 2012;
O’Neill et al. 2005), intermediate (Swift+RXTE, this work), and
long (RXTE, Zhang 2011) duration, as well as light curves
from the COSMOS and the CDF-S surveys (Lanzuisi et al. 2014,
P17), to construct o2, .—Mpgy plots on various timescales. We
fitted them with a simple linear model (in the log—log space),
and studied the resulting VFP, together with the slope of the
variance—BH mass relations as a function of frequency. Our main
result is that the hypothesis of a common X-ray PSD form in all
AGN, which remains the same irrespective of redshift or lumi-
nosity, is fully consistent with the observed VFP.

The variance versus timescale relation of the CDF-S sources
was used in P17 as well (see their Fig. 7) to show that the excess-
variance measurements were indeed consistent with the assump-
tion of a bending power-law PSD, and in Zheng et al. (2017) to
study the low-frequency PSD slope. In the present work, we con-
sider a much larger data set to create a more detailed VFP, and
we use it together with the slope of the variance-BH mass plots
to constrain the X-ray PSD.

Indeed, detailed PSDs have only been determined (and fit-
ted with models) for nearby AGN. We used excess-variance
measurements from over 100 AGN with a wide range of BH
mass (~10°-10° M) and X-ray luminosity (~10*°—10% erg s71)
to determine the VFP over timescales from a few hours up to
5-14 years. Based on the fact that the VFP and the PSD hold the
same information, we were able to determine the average PSD
of the AGN in our sample. To the best of our knowledge, this
is the first time that the average X-ray PSD of a representative
sample of (X-ray selected) AGN has been accurately determined
up to a redshift of ~3.

The fact that the observed VFP is well fitted by a single func-
tion is remarkable. We measured the average variance, o(7),
using light curves of different objects and obtained from dif-
ferent instruments, at different times, and over entirely differ-
ent timescales. Our results therefore strongly suggest that the
shape of the average PSD (defined by Eq. (1)) is the same in all
AGN, irrespective of luminosity and/or redshift, and is consis-
tent with almost all relatively nearby AGN. We note that the PSD
shape of least one nearby AGN, namely Ark 564, is different. It
has a power-law shape and shows two breaks, at high and low
frequency, respectively (Papadakis et al. 2002; McHardy et al.
2007). This shape implies that Ark 564 may be in a state equiv-
alent to the so-called ‘high/intermediate’ state in BH X-ray
binaries. Our results suggest that such a state should be rare
among AGN.

We assumed a fixed value for the low-frequency slope .
If we consider a more general extension of Eq. (1), that is,

4 (C20) .
PSD(v) = Av [1 + (V—‘;) ] , this means fixing / = —1. On
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the other hand, Zheng et al. (2017) suggested that a steeper low-
frequency slope / ~ —1.2 is more appropriate to fit the CDF-S
data. In order to test this possibility, we repeated all our fits using
the more general expression above; we find that our data are bet-
ter fit by the canonical slope of —1, and while we cannot rule
out a marginally steeper low-frequency slope, a value as steep as
—1.2 is excluded at the 99% significance level.

Our results are not meant to imply that all AGN should
have the same high-frequency slope and PSD amplitude. Most
likely, both the PSD amplitude and high-frequency slope will
be distributed over a range of values, and the best-fit values
we report should be indicative of the means of these distribu-
tions. For example, Gonzdlez-Martin & Vaughan (2012) studied
the X-ray PSD in X-ray bright, local AGN in detail and their
results do show a rather broad range of high-frequency slopes
(between 1.8 and 4.6; see their Table 4). Similarly, their best-fit
PSD amplitude values (also listed in their Table 4) span a broad
range, from 0.001 to 0.04. What is interesting is that the means
of these distributions are the same as our results.

Indeed, the best-fit high-frequency PSD slope from the mod-
elling of the mean VFP is —(1 + 5) = —2.7f8:2 (90% confidence
limits). Although the PSD slope may depend on the energy band
(e.g., McHardy et al. 2004), we point out that in our case we
used the hard X-ray band (i.e., E 2 2keV) whenever possi-
ble and even in the COSMOS sample the large median red-
shift of the sources implies that we tend to sample energies
>1keV. The median of the high-frequency PSD slopes reported
by Gonzélez-Martin & Vaughan (2012) in their Table 4 is —2.57
for sources where a bend frequency has been detected®. This is
consistent with our results.

In addition, our best-fit PSD normalisation of A =
0.016f8:88% Hz™! is also consistent with the mean PSD normalisa-
tion as determined by the PSD modeling of local AGN. Accord-
ing to Eq. (1), the PSD amplitude at the bend frequency, in terms
of v, XPSD(w,), is equal to A/2. Based on our best-fit results, this
is 0.008 = 0.001, which is fully consistent with the mean PSD
amplitude of ~0.009 reported by Gonzdlez-Martin & Vaughan
(2012)°.

The broad-band VFP plotted in the upper panel of Fig. 8
shows a clear flattening below ~107°Hz, which implies
(from our best-fit result) a low-frequency bend in the PSD
at v = 3.4”_’%}t x 1079Hz. This corresponds to a bend
timescale of (1.8—5.8)days (90% confidence). According to
Gonzdlez-Martin & Vaughan (2012), log(Ty) = log(Mpy) — 1.7,
where Ty, is in days and Mgy is the BH mass in units of 10® M.
For a 108 M, AGN, this relation predicts T, = 2 days, which
is consistent with our results. On the other hand, according to
McHardy et al. (2006), the bend timescale should also depend
on the source luminosity. These authors find that log(T,) =

8 In case of multiple entries, we adopted the best-fit results
of Gonzélez-Martin & Vaughan (2012), except from Ark 564 and
PKS0558-504. We adopted the results of McHardy et al. (2007) and
Papadakis et al. (2010) for these sources, because these authors used
more data sets and on various timescales, to compute the PSDs.

® We note that the amplitude reported in Gonzélez-Martin & Vaughan
(2012) is 0.009 + 0.011 where the uncertainty represents the standard
deviation of their sample; using the proper error on the mean their mea-
surements yield 0.009 + 0.003 which is still consistent with our result.
Even removing from their sample the three NLSy1 with very high nor-
malisation, they would obtain 0.0044 + 0.0013, consistent within 20
with our value.

10 We assumed that the constant A in Eq. (4) of Gonzdlez-Martin &
Vaughan (2012) is equal to 1, which implies that T, is proportional
to M, BH-
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2xlog(Mpy)—log(Lpo)—2.33, where Ty, is in days, My is the BH
mass in units of 10° My, and Ly, is the bolometric luminosity in
units of 10* erg s™'!'!. We assumed that the constants A and B in
the McHardy et al. (2006) equation are equal to 2 and 1, respec-
tively, which means that the bend timescale is proportional to the
BH mass and inversely proportional to accretion rate (in units of
the Eddington limit). For Ty, = 3.5 days, as derived in this work,
and Mgy = 108 My, then Ly, = 1.3 x 10¥ ergs™!, which is 10%
of Lgqq. The VFP analysis therefore allows for a dependence of
the PSD bend frequency on the AGN accretion rate as well.

We note that our results suggest that the average bend fre-
quency and PSD amplitude are the same for the high- and low-z
sources. This implies that either these two PSD parameters do
not depend on accretion rate, or the accretion rate is the same
for both the nearby and the distant AGN in our sample. P17
found that the average accretion rate of the CDF-S sources is
~0.05-0.1 of the Eddington limit. Regarding the low-z objects,
if we use the data listed in Table 1 of Zhang (2011) for the RXTE
sample (which are representative of all our low-z AGN) we find
an average accretion rate of ~0.06 of the Eddington limit, which
is comparable with the accretion rate of the CDF-S sources. We
will need to study the VFP of AGN with significantly different
accretion rates in order to investigate the dependence of the PSD
amplitude and bending frequency on the accretion rate.

Our results should be useful in future variability studies of
large AGN samples using X-ray light curves from the eROSITA
all-sky survey for example, and future surveys that may be con-
ducted with the eXTP (in’t Zand et al. 2019), Einstein probe
Yuan et al. (2018, 2022), and Star-X (Sahaetal. 2017) pro-
posed missions, as well as Athena (Nandra et al. 2013), Lynx
(Gaskin et al. 2018), or AXIS (Mushotzky 2018), provided that
deep surveys are properly planned to probe the time domain as
well (see e.g., Paolillo et al. 2012). In previous studies, such as
P17, it was assumed that the shape of the X-ray PSD is the same
in both nearby and distant luminous AGN. We show in this work
that this is indeed the case. Therefore, our result can be useful
to any study that involves the modelling of the ensemble X-ray
variability of AGN in order to, for example, use them as cosmo-
logical probes (La Franca et al. 2014; Lusso et al. 2019, 2020;
Demianski et al. 2020), or to constrain the AGN demographics
through their ensemble X-ray variability properties (Sartori et al.
2019; Georgakakis et al. 2021). From a more physical point of
view, a common X-ray PSD shape implies that the same variabil-
ity mechanism operates in all luminous AGN, and that the mech-
anism does not evolve with time until up to at least z ~ 2—3. This
result is also in agreement with the lack of evolution observed in
the spectral features of AGN, such as the UV vs. Lx ratio a.x
(e.g., Lusso et al. 2010, 2020) or the X-ray spectral slope I (e.g.,
Young et al. 2009), and indicates that it is the underlying X-ray
emission mechanism in general that does not evolve with time.
Although we do not have a well-developed physical model for
the X-ray emission or variability in AGN, the present findings
provide further observational constraints for any future attempts.
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