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ABSTRACT

We investigate the X-ray variability properties of Seyfert 1 Galaxies belonging to the BAT AGN Spectroscopic Survey (BASS).
The sample includes 151 unobscured (N < 10*2 cm~2) AGNs observed with XMM-Newton for a total exposure time of ~27 ms,
representing the deepest variability study done so far with high signal-to-noise XMM—-Newton observations, almost doubling the
number of observations analysed in previous works. We constrain the relation between the normalized excess variance and the
2-10keV AGN luminosities, black hole masses, and Eddington ratios. We find a highly significant correlation between o3y and
Mgy , with a scatter of ~0.85 dex. For sources with high L, i this correlation has a lower normalization, confirming that more
luminous (higher mass) AGNs show less variability. We explored the odyg versus Mpy relation for the sub-sample of sources
with Mgy estimated via the ‘reverberation mapping’ technique, finding a tighter anticorrelation, with a scatter of ~0.65 dex. We
examine how the o3y changes with energy by studying the relation between the variability in the hard (3-10keV) and the soft
(0.2-1keV)/medium (1-3 keV) energy bands, finding that the spectral components dominating the hard energy band are more

variable than the spectral components dominating in softer energy bands, on time-scales shorter than 10ks.

Key words: quasars: supermassive black hole — X-rays: galaxies —black hole physics — galaxies:nuclei.

1 INTRODUCTION

Supermassive Black Holes (SMBHs; Mpy > 100 M) are ubiqui-
tously found at the centre of massive galaxies. Mass accretion onto
SMBHs is the mechanism that powers active galactic nuclei (AGNs;
Salpeter 1964) which are very powerful sources of X-ray radiation,
emitting through the entire electromagnetic spectrum. Variability
is a distinctive feature shared by all classes of AGN, occurring
over a wide range of time-scales and amplitudes across all the
wavelengths (e.g. Ulrich, Maraschi & Urry 1997; McHardy et al.
2004). These flux variations can also be accompanied by prominent
spectroscopic changes (e.g. Ricci & Trakhtenbrot 2022). In the X-
ray band, variability is observed on both short (e.g. <10°s; Uttley &
McHardy 2005; McHardy et al. 2004) and long time-scales (e.g.
years; McHardy 2001; Ishibashi & Courvoisier 2009; Sartori et al.
2018) giving insight into the innermost regions of the AGN. Thus,
its study can help us to understand the emission properties of AGNs
(e.g. Mushotzky, Done & Pounds 1993; Ulrich et al. 1997; Uttley
etal. 2014; Cackett, Bentz & Kara 2021; De Marco, Motta & Belloni
2022) and better characterize the growing population of extremely
variable AGNs identified in the optical (e.g. Lawrence et al. 2016;
Rumbaugh et al. 2018; Trakhtenbrot et al. 2019; Shen 2021; Zeltyn
et al. 2022; Temple et al. 2023) and X-rays (e.g. Ricci et al. 2020,
2021; Timlin et al. 2020; Masterson et al. 2022).
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One method used to study the temporal structure of the variations is
the power spectral density (PSD) analysis. If the temporal frequency
is v = 1/t, where t is the time, the observed power spectrum is
generally modelled as a power-law of the form: P, o v*. For short
time-scales (high frequencies) @ ~ —2, while for long time-scales
(low frequencies) o ~ —1 (Papadakis & McHardy 1995). The PSD
break time-scales, Tg, can be obtained by fitting a broken power
laws to the observed PSD. This parameter has been found to be
positively correlated with the black hole mass (Mg ; e.g. Lu &
Yu 2001; Bian & Zhao 2002; Uttley, McHardy & Papadakis 2002;
Markowitz, Edelson & Vaughan 2003; Papadakis 2004). However,
Narrow Line Seyfert 1(NLS1) galaxies, which typically accrete at
very high Eddington ratios (Lpe/Leda = Araa; McHardy et al. 2004),
display a different behaviour, with their break time-scales being
shorter for a given Mpy. To explain this, Uttley & McHardy
(2005) suggested that the break time-scales could depend also on
a second parameter, such as the accretion rate or the black hole
spin.

Accurately determining the AGNs power spectra can be difficult,
since it requires high-quality data, long exposures, and sometimes
monitoring campaigns, to extend time coverage that adequately
covers relevant PSD frequency ranges that include potential breaks.
Given such difficulties, it is common practice to quantify the X-
ray variability of AGNs in terms of the so-called normalized excess
variance (0ys; Nandra et al. 1997). Although it does not contain
the same amount of information as the PSD, the normalized excess
variance can be used to confirm the PSD results in large samples of
AGN, and it also allows the discovery of new correlations between
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the X-ray variability amplitude and other AGNs physical parameters.
The normalized excess variance of AGNs has been widely studied
in the past decades, finding that 0§XS has a strong dependence on
Mgy . Using the data from the Advanced Satellite for Cosmology and
Astrophysics (ASCA), Lu & Yu (2001) and Bian & Zhao (2003) found
an anticorrelation between the excess variance (on a time-scales
of ~1d) and Mgy . Papadakis (2004), using Rossi X-Ray Timing
Explorer data on much longer time-scales (~300d), also found an
anticorrelation between these two parameters. Ponti et al. (2012)
investigated this relation using high quality XMM-Newton data on
time-scales of 10 ks. They found that the UI\Z,XS—MBH relation flattens
for masses below ~ 10® M, as confirmed later also by Ludlam et al.
(2015) studying a sample of low mass AGNs observed by XMM—
Newton. Akylas, Papadakis & Georgakakis (2022), using light curves
of local Seyfert from the Nuclear Spectroscopic Telescope Array hard
X-ray mission (NuSTAR), extended the o2y versus Mgy relation
to energy band higher than 10keV, finding that it is possible to
accurately measure the Mpyin AGN using the above-mentioned
correlation in the 3-10 and the 10-20keV bands. However, the
minimum necessary S/N is ~3 and duration of the light curves should
be ~80-100ks.

Several works suggested that the excess variance is related to
other source properties, such as the X-ray luminosity, L,_jo , (Barr &
Mushotzky 1986; Nandra et al. 1997; Turner et al. 1999). However,
studying a sample of 46 AGNs observed by ASCA, Papadakis (2004)
found that once the dependence of a,%xs from Mgy is removed, the
correlation between o2 and L ;9 is no longer present, implying that
the correlation with L,_;, was associated to the O‘I%XS — Mgy relation.
The same effect was recovered by O’Neill et al. (2005).

Past studies of hard X-ray selected AGNs with Swift/BAT data,
focusing on longterm light curves show that in most of these AGNs
a significant variability on months to years time-scales is present. In
general this variation is not related to changes of the absorption col-
umn density but to variations of the power-law continuum (Soldi et al.
2014). Moreover, unlike previous studies, no correlation between
hard X-ray variability and different properties of the AGNs including
luminosity and black hole mass was found (Shimizu & Mushotzky
2013). Also Phillipson, Vogeley & Boyd (2023), studying the hard
X-ray variability properties of Swift/BAT AGNs, show that type 1
AGNsin the 14-150 keV band, are found to be less prone to harboring
deterministic variability than type 2 AGNs on time-scales of ~15 yr.

In this paper, we present the results from an excess variance
analysis of a sample of 151 hard X-ray selected, unobscured (Ny
< 10% cm~?) AGNs using ~500 high signal-to-noise XMM-Newton
observations, almost double of the number of observations analysed
in previous works (e.g. Ponti et al. 2012), for a total of ~27 ms
exposure time.

The paper is organized as follows: Section 2 presents the selected
sample and the data reduction of the sources of our sample. Section 3
describes the timing analysis of the data and the extrapolation
of the 02y together with the analysis of the correlation between
o5 and several physical parameters of the sources. We summarize
and conclude the results of our analysis in Section 4. Standard
cosmological parameters (H = 70kms~'Mpc~!, Q, = 0.73, and
Q,, = 0.27) are adopted throughout the paper.

2 THE SAMPLE AND DATA REDUCTION

2.1 The BASS sample

Since its launch in 2004, the Burst Alert Telescope (BAT; Barthelmy
et al. 2005) on board the Neil Gehrels Swift observatory (Gehrels
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et al. 2004) has been carrying out an all-sky survey in the 14—
195keV band. Our sample consists of all the unobscured (Ny <
10?2 cm™2), radio quiet, type I AGNs belonging to the Swift/BAT
AGN Spectroscopic Survey (BASS') which have public XMM-
Newton observations by December 2022.

Being unbiased by obscuration up to Comptont-thick levels (Ny >
10?* cm~2; Ricci et al. 2015) and not affected by dust obscuration or
star formation, BASS provides an important census of AGNSs. It gives
a full picture of the bright AGNSs in the local Universe, providing the
largest available spectroscopic sample of Swift/BAT ultra-hard X-
ray (14-195keV) detected AGNs (Oh et al. 2018), complementary
with Swift, Chandra, and XMM-Newton for X-ray broad-band (0.5—
200 keV) spectral measurements (Ricci et al. 2017). It also includes
extensive multiwavelength follow-up data, from optical emission
(Oh et al. 2022), high spatial resolution near-IR (Lamperti et al.
2017; Koss et al. 2018), mid- and far-IR emission from WISE, IRAS,
Spitzer, Akari, and Herschel (Ichikawa et al. 2017, 2019; Shimizu
et al. 2017) and mm/radio emission (Koss et al. 2021; Kawamuro
et al. 2022; Ricci et al. 2023), giving insight on the sample over the
broadest possible spectral range.

The first BASS data release (DR1; Koss et al. 2017) reported
Mgy and X-ray properties for all the 838 AGNs from the Swift/BAT
70-month catalogue (Ricci et al. 2017), while the second BASS
data release (DR2; Koss et al. 2022a) reports more secure and
uniformly assessed Mpy for 780 unbeamed AGNs from the 70-month
catalogue. The masses are estimated from broad Balmer lines and/or
‘reverberation mapping’ technique (RM) for type 1s and masers, and
from dynamics and/or velocity dispersions for type 2s (Koss et al.
2022c; Mejia-Restrepo et al. 2022; Ricci et al. 2022). Moreover, in the
DR2, Aggq (Looi/LEqgq) are computed using the bolometric luminosities
calculated from the intrinsic 14-150keV luminosities as shown in
Ricci et al. (2017) with a bolometric correction of 8 (Koss et al.
2022a). In this work, we considered L, 19, Agqq, and Mgy values
from BASS DR2 (Koss et al. 2022b).

2.2 Data reduction

The X-ray Multi-Mirror Mission (XMM-Newton, Jansen et al.
2001) high statistics, low background and uninterrupted light-curves
obtained for the sources in this sample are crucial to compute the
0y in large samples of AGN.

The sample of BASS unobscured AGNs is composed by 365
sources, with a median redshift of z,.q = 0.035 (lower than the
parent sample median redshift). Of these, 153 had public XMM-
Newton observations as of December 2022. We downloaded all
the observations from the XMM-Newton Science Archive, and
extracted the EPIC-pn (Striider et al. 2001) light curves using the
Science Analysis System (SAS) software package (v.18.0.0) (Gabriel
et al. 2004) and the calibration data base CALDB 20221102. The
MOS detectors (Turner et al. 2001) and the Reflection Grating
Spectrometer (RGS; den Herder et al. 2001) were not considered
because their lower statistics would not significantly improve the
quality of the lightcurves.

The XMM-Newton EPIC-pn raw data have been processed using
the EPCHAIN tool of SAS to obtain calibrated and concatenated
event lists. The extraction radii and the optimal time cuts to exclude
periods of high flaring particle background were computed via an
iterative process which maximizes the signal-to-noise ratio (SNR),
as described in Piconcelli et al. (2004), filtering out those time

lwww.bass—survey.com
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Figure 1. Distributions of black hole masses (Mpy; left panel), 2—-10keV luminosities (L_19; middle panel), Eddington ratios (Agqq; right panel) of the sources
analysed in this work, compared with the parent BASS sample of unobscured AGNs (empty bars).

intervals for which the count rate of the background reach values
so high that the SNR of the source does not improve (or even
worsens) when including such time intervals in the analysis. Since
the pn camera has a full-frame time resolution of 73.3 ms per CCD,
the observations generally do not suffer significantly from pileup,
making them suitable for variability analysis. Nonetheless, the light
curves were extracted after confirming that the data were not affected
by pileup, as indicated by the SAS task EPATPLOT. The resulting
optimal extraction radius was ~30-40 arcsec and the background
spectra were extracted from source-free circular regions with radii of
~50-60 arcsec for all the observations analysed in this work. With
these regions we extracted the EPIC-pn source and background light
curves using the command EVSELECT and we corrected the source
light curve for the background using the command EPICLCCORR.
We extracted the light curves using several different time and spectral
binning strategies: 100 and 1000 s in the 0.2-10keV energy band,
and 100s in the 0.2-1 (soft), 1-3 (medium), and 3—10keV (hard)
energy bands.

Following Ponti et al. (2012), we selected the observations which
had cleaned exposure times larger than 10 ks, and which had at least
10 counts in those 10 ks chunks and in each (rest-frame) energy band
used in this analysis, i.e. 0.2—1, 1-3, and 3—10keV and for each time
bin of 100s and 1000s. We did this selection to avoid having not
enough counts in the 10ks independent light curve to constrain the
0y - Atotal of 151 sources (~500 observations) fulfil these criteria.
The distributions of Mgy , L>_10 , Agdd, and Ny of our sample is shown
in Fig. 1.

We show in Appendix A the XMM-Newton EPIC-pn background
subctracted light curves of a sub-sample of representative sources
for different Mgy values (see Fig. Al).

3 ANALYSIS

The excess variance (oiys) is @ quantity used to describe the
variability amplitude. It is the difference between the total variance
of a light curve and the mean squared error that is normalized for the
average of the N flux measurements squared (e.g. Nandra et al. 1997;
Turner et al. 1999). Here N is the number of good time intervals in
a light curve, and x; and o; are the flux and error in each interval,
respectively. The excess variance is defined (Vaughan et al. 2003) as
follows:
2 2

ORxs = STZO-

(e))

Where o2 is the mean square error:

= i[a?] )
N i=1

and §? is the sample variance:
1 N
2 1)
§°= N1 ,E:u [ —x)7], (3)

corresponding to the integral of the PSD between two frequencies
(vy and v;), which yields the contribution to the expectation value of
the variance due to variations between the corresponding time-scales
(1/vy and 1/vy):

(8% = /V2 P(v)dv. 4)

Vi

To study the correlations between GI\Z,XS and Mgy , Lr_19 and Aggq , We

calculated o2y from the XMM-Newton light curves. The values are
listed in Table 2.

oy is a good estimator of the intrinsic variance of a source but
it has some biases. It is related to the integral of the PSD between
two frequencies and thus depends on the length of the monitoring
time interval, on the red-noise character of the X-ray variability
and also, due to the effect of cosmological time dilation, on the
redshift (Lawrence & Papadakis 1993; Green, McHardy & Lehto
1993; Lawrence & Papadakis 1993; Papadakis et al. 2008; Vagnetti,
Turriziani & Trevese 2011; Vagnetti et al. 2016). Since our sample of
151 type 1 AGNs is composed mainly of local AGNS (zyeq = 0.035),
the impact of redshift is negligible. However, we need to avoid biases
related to the different exposure times of our observations and the
red-noise character of the light curves. Therefore, we computed the
0y from 10ks-long independent light curve sections and, for the
sources with cleaned exposure time that lasted for a multiple of 10ks,
we took the median of the excess variances of all these independent
sections in each energy band. For the sources with more than one
observation, we used the median value of the o3y in both the cases
of the light curves with 100 and 1000s time bin in each energy
band. We applied this procedure also for the seven sources of our
sample which are classified as ‘changing-look” AGNs (i.e. Mrk 1018,
Fairall 9, Mrk 590, NGC 3516, NGC 1566, 3C 390.3, NGC 7603; Jin,
Wu & Feng 2022; Temple et al. 2023) since the o3y computed for
these sources are consistent within the error among the different
observations.

The X-ray spectrum of AGNs in different energy bands is
strongly impacted by different components: the primary power-law
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Table 1. Summary of the XMM-Newton observations
of the sources (OBSID) of our sample together with
the Swift identification name (Swift ID) and the Swift
identification number (ID). This table is available in its
entirety in a machine-readable form in the online journal.
A part is shown as guidance for the reader regarding its

content.

ID SwiftID OBSID

6 SWIFTJ0006.24-2012 0101040701
6 SWIFTJ0006.24-2012 0510010701
16 SWIFTJ0029.24-1319 0783270201
34 SWIFTJ0051.64-2928 0903040301
36 SWIFTJ0051.94-1724 0801890301
39 SWIFTJ0054.94-2524 0301450401
39 SWIFTJ0054.94-2524 0841480101
43 SWIFTJ0059.44-3150 0312190101
61 SWIFTJ0113.8-1450 0147920101
73 SWIFTJ0123.9-5846 0101040201
73 SWIFTJ0123.9-5846 0721110201
77 SWIFTJ0127.54-1910 0112600601
77 SWIFTJ0127.54+1910 0830551001
106 SWIFTJ0206.2-0019 0201090201
106 SWIFTJ0206.2-0019 0554920301

component and the reflection component are dominant in the hard
energy band (3-10keV; Haardt & Maraschi 1991, 1993; Haardt &
Matt 1993) while soft-excess and warm-absorbers (WA) can impact
the soft (0.2-1keV; Bianchi et al. 2009) and medium (1-3keV;
Blustin et al. 2005; Tombesi et al. 2013) energy bands. Variations of
these different components will lead to distinct spectral variability
in different energy bands. We, therefore, calculated o2yg from the
0.2-1 (soft), 1-3 (medium), and 3—-10keV (hard) light curves to get
a fuller picture of the AGNs X-ray variability.

3.1 Correlations between the normalized excess variance and
the physical parameters

To investigate the physical parameters driving X-ray variability in our
sample of unobscured AGNs, we looked for correlations between the
XMM-Newton broad-band (0.2-10keV) o3y and several key AGNs
parameters (i.e. Mgy, Ly 19, Aggg) by fitting a linear model to the
data in the log-log space (see Figs2 and 3) using the following
fitting relation:

log(oyxs) = A + Blog(x), ©)

where x is the value of the physical parameter. Among the 151 sources
of our sample, we found 46 objects with an intrinsic oyg lower than
the respective error. In this case, we define the measurement as a
‘non-detection’, and we consider it as an upper limit. To include
the upper limits in our analysis, we used the SA method (e.g.
Feigelson & Nelson 1985; Shimizu et al. 2017) using the SCIKIT-
SURVIVAL (Polster]l 2020) package, which applies the principles of
SA to astronomical data. SA is a statistical technique used to analyse
time-to-event data and it is particularly well-suited for analysing
data that include upper/lower limits. Specifically, SCIKIT-SURVIVAL
calculates the non-parametric Kaplan-Meier product-limit (KMPL)
estimator for a sample distribution. The KMPL estimator is an
estimate of the survival function, which is simply 1-CDF (cumulative
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distribution function). Using the KMPL, we calculated for each
bin of Mgy, Ly_i0,and Aggq, the median Urlexs and estimated their
uncertainties. Since the KMPL estimator is a non-parametric method,
it is unbiased because it does not assume any specific distribution
for the data. We divided My and Agqq into six bins and the L,_;o into
seven bins. These bins are not symmetrical, since we requested each
bin to have at least 15 values. We fitted the median values obtained
with the SA method using the code: LINMIX, a hierarchical Bayesian
model for fitting a straight line to data with errors in both the x
and y directions (Kelly 2007). From the analysis of the correlation
between 0'1\21xs and Mgy, data of sources with Mgy > 10° Mg are
excluded since, for these sources, we found mostly upper limits on
ofxs- S0, being the last bin populated just by upper limits, the SA
method was not reliable in computing the median in the bin.

We report in Table 3 the intercepts and the slopes of the linear
regression line together with Pearson’s correlation coefficients and
the correlation probabilities for all the relations analysed in this work
and for light curves with 100 and 1000 s bins. As shown in Table 3,
the fitting parameters for the 100 and 1000 s binned light curves are
consistent within the errors in each analysed relation.

Fig. 2 shows the o3y versus Mpy relation obtained from the 0.2—
10keV light curves binned with 100 and 1000s. We also reported
the SA results for each bin. Being the SA results the oy median
calculated using the KMPL estimator they are representative of the
ofys value in each Mpy bin. We also report the linear regressions
obtained from the fitting over the SA results. As expected from
previous studies (Nandra et al. 1997; Papadakis 2004; O’Neill et al.
2005; Ponti et al. 2012), we found a strong anticorrelation between
(TI\ZIXS and Mgy (see Fig. 2). We computed the 1o scatter of the data
around the best-fitting line using the following equation:

N
Ogcatter — Z[log(alglxs,i) - f(MBH,i)]Z/Ns (6)
i=1

where f{Mgy) is the logarithmic value of the UI?IXS extrapolated using
the best-fitting relation (see Table 3). We found a scatter for this
relation of ~0.85 dex in both the case of the light curves binned with
100 and 1000 s.

We also found a strong anticorrelation between the o3y and the
Ly 10 (see upper panels of Fig. 3). Given the strong dependence
between the o3y and Mpy , we decided to correct the o2yg for Mpy to
check if after the correction, the relation between o3yg and Ly o is
still present. Previous works have shown that o3y o« Mg~V (e.g.
Ponti et al. 2012). In this work, we found a slope for the o3y versus
Mgy relation of —0.77 £ 0.23 and —1.12 &£ 0.18 when considering
light curves with 100 and 1000 s bins, respectively. Since —1 is still
consistent within the errors with our results, for consistency with past
works, to check if the O‘I%XS versus L,_j( correlation still exists when
the primary dependence is removed, we analysed the correlation
between afjxs X Mgy versus L, 1o. Removing the dependence of
O’NZXS on Mgy, the strong correlation with L, jo, that was present
before, is not significant anymore (see Fig. 4), as reported from
previous studies (Papadakis 2004; O’Neill et al. 2005). In fact, we
found in both cases of o3y obtained from the 0.2-10keV light curves
binned with 100 and 1000s, a Pearson correlation coefficient of
—0.19 and —0.20 corresponding to a 1 — Py, of 0.30 (see Table 3).
Thus, the dependence between the Uﬁxs and L;_jokev 1S actually
related to the dependence between L, _jgxey and Mgy . From our
analysis an anticorrelation between O‘I%XS and Aggqis present (see
lower panels of Fig. 3), but it is not significant, according to the
Pearson test (see Table 3).
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Table 2. List of the Swift ID, the Swift name (SwiftID), the counterpart name, the redshift (z), the hydrogen column density [Ny (cm™2)], the mass (Mpg in solar
masses), the 2-10 keV luminosity [L_j¢ (erg s™1), the bolometric lumunosity [Lpo (erg s7h), the Eddington ratio (Agqq), the normalized excess variance for
the light curves binned with 100 s (al\zlxs,mog) and 1000s (UI%XS,]OOOS) of time binning. This table is available in its entirety in a machine-readable form in the

online journal, where also the errors are reported. A part is shown as guidance for the reader regarding its content.

ID SwiftlD Counterpart z  log(Nn) log(Mpn) log(Lo-10) log(Lbol)  Akdd  108(0Pxg,100s)  10g(ofs.10005)
em™?)  (Man)  (ergs™)  (ergs™)
6 SWIFTJ0006.2 + 2012 Mrk 335 0.025 20.48 7.23 43.23 44.36 0.068 —2.30 —2.30
16 SWIFTJ0029.2 + 1319 PG 00264129 0.142 20.01 8.48 44.39 45.72 0.104 —-3.63 —-3.03
34 SWIFTJ0051.6 + 2928 UGC 524 0.036  20.02 7.62 42.99 44.08 0.032 —3.20 —-3.20
36 SWIFTJ0051.9 + 1724 Mrk 1148 0.064 20.3 7.75 44.12 45.31 0.234 —4.54 —5.14
39 SWIFTJ0054.9 + 2524 PG 00524251 0.155 20.02 8.46 44.62 45.89 0.135 —3.36 —-3.99
43 SWIFTJ0059.4 + 3150 Mrk 352 0.014 20.01 7.55 42.72 44.09 0.016 —3.00 —-3.00
61 SWIFTJ0113.8-1450 Mrk 1152 0.052 20.01 8.32 43.47 45.16 0.037 —-3.13 —4.43
73 SWIFTJ0123.9-5846 Fairall 9 0.047  20.02 8.29 44.13 45.29 0.058 —2.22 —2.30
77 SWIFTJ0127.5 + 1910 Mrk 359 0.017 20.61 6.04 42.66 43.83 0.339 —2.69 —2.69
106 SWIFTJ0206.2-0019 Mrk 1018 0.042 20.01 7.81 43.61 45.08 0.094 -3.61 —4.03

Note. The values of the Mpy are estimated from RM or broad lines (Koss et al. 2022c; Mejia-Restrepo et al. 2022; Ricci et al. 2022). Agqq are computed using
the bolometric luminosities calculated from the intrinsic 14-150 keV luminosities as shown in Ricci et al. (2017) with a bolometric correction of 8 (Koss et al.

2022a). Ny and L,_jo from Ricci et al. (2017).

Table 3. List of the best-fitting relations together with their p-values. The fits are performed in the log—log space using

equation (5).

1—
Relation At (s) Intercept (A) Slope (B) Pearson Pyalue
O'I%IXS versus My 100 299 £ 1.79 —0.77 £ 0.23 —0.94 0.99
0fxs versus My 1000 554 £ 211  —1.12 4 0.18 —0.96 0.99
O'I%IXS versus Ly_1¢ 100 26.29 + 2529 —0.67 £ 0.08 —0.84 0.95
O‘I%IXS versus Ly_1o 1000 29.84 + 3641 —0.76 £+ 0.06 —-0.85 0.96
UI%]XS Versus Agdd 100 —3.55 £ 227 —0.36 £ 0.61 —0.10 0.25
GI%XS versus Agdd 1000 —3.11 £ 3.19 —0.24 £ 0.59 —0.12 0.25
Oﬁxs versus MBH RM 100 2.94 + 0.29 —0.75 £ 0.20 —0.66 0.75
GI%XS versus MpH rRM 1000 291 £ 0.34 —0.76 £ 0.41 —0.67 0.79
UﬁXS versus MBH (L2_10 <L2—10,med) 100 0.36 £ 0.51 —0.43 + 0.06 —0.89 0.97
O'I%IXS versus Mgy (L2-10 <L2-10,med) 1000 0.16 £+ 0.38 —0.37 £ 0.04 —0.99 0.99
UﬁXS versus MBH (L2_10 >L2—10,med) 100 —2.45 + 048 —0.14 £ 0.16 —0.30 0.38
O'I%IXS versus Mgy (L2-10 >L2-10,med) 1000 —1.71 £ 041 —0.16 + 0.15 —-0.35 0.41
UﬁXS versus MBH (}\Edd <}\Edd,med) 100 0.69 £+ 0.76 —0.48 £+ 0.09 —0.89 0.97
GI%XS versus MpH (AEdd <AEdd,med) 1000 1.46 £ 1.32 —0.55 £ 0.16 —0.89 0.97
UﬁXS versus MBH (}\Edd >}\Edd,med) 100 0.16 £+ 0.83 —0.42 £+ 0.13 —0.89 0.97
GI%XS versus MpH (AEdd > AEdd,med) 1000 2.35 £ 0.88 —0.71 £ 0.11 —0.89 0.97
onxs X Mpu versus Lo 100 14.35 + 9.75 —0.26 + 0.27 —-0.19 0.30
GI%XS X Mgy versus Ly_1¢ 1000 12.05 + 7.78 —-0.21 £ 0.22 —0.20 0.30
OFixS.hard VETSUS ORxs coft 100 —0.62 £ 0.26 0.87 £ 0.10 0.71 0.99
UNXS;hard VETSUS O\ med 100 —047 £ 0.22 0.93 + 0.08 0.79 0.99

From Fig. 3 it is clear that in both relations a gradient of Mgy is
present. Thus, to check if the relation aﬁXS—MBH is somehow affected
by L 1o and/or Agqq , We first computed the median values of L, 9 and
AEdq of the sample, which are Ly jomea = 2.79 x 10® ergs~! and
Agddmed = 0.06, respectively. We then used these values as thresholds
to divide the sample into two sub-samples depending on their
L, 19 and Agyq (see Fig. 5). The best-fitting values of the correlations
we found are also reported in Table 3. We found that the correlation
between o2y and Mgy has slightly different normalizations among
the two sub-samples depending on the L, jpor Aggq but the same
slope within the errors, which is also in agreement with the slope of
the aﬁXS—MBH relation found for the total sample. In particular, in
the sub-sample depending on L, ;o we found that the slopes of the
correlations is similar to the one found for the total sample, while the
normalization for the sources with L;_jo > Ly_jgmeq 1S lower. This is
not really surprising since sources with high luminosity (high Mgy)

show lower variability. Also, the majority of the sources with L, 1o
> Ly 10,mea Show an upper limit of the o3y -

3.2 Reverberation mapping sub-sample

We checked the relation between the olygand Mpyin the sub-
sample of sources in which Mgy is obtained via RM (35 sources).
Being the sub-sample smaller, we did not used the SA method.
Instead we used the method of the ‘censored fitting’ (CF; Guainazzi
et al. 2006; Bianchi et al. 2009), to account for upper limits. This
was done by performing a large number of least-square fits, using
the LINMIX code, on a set of Monte Carlo simulated data derived
from the observed data points. Each detection was substituted by a
value randomly drawn from a Gaussian distribution, whose mean
is the best-fitting measurement and whose standard deviation is its
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Figure 2. O‘]%XS versus Mpy relation obtained from the 0.2-10 keV light curves binned with 100 s (left panels) and 1000 s (right panels). Yellow stars with error
bars correspond to the survival analysis (SA) results for each bin. The dashed lines are the linear regressions obtained from the fitting over the SA results, while
the shaded region represents the combined 1o error on the slope and normalization. Each coloured data points with error bars represents one source of our
sample. Colourbars represent the Ly_1¢ (top panels) and Agqq (bottom panels).
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Figure 3. Upper panels: L_jo versus Mpy relation. Lower panels: Agqq versus UEIXS relations. The relations are obtained from the 0.2-10keV light curves
binned with 100 (left panels) and 1000 s (right panels). Yellow stars with error bars correspond to the SA results for each bin. The dashed lines are the linear
regressions obtained from the fitting over the SA results, while the shaded region represents the combined 1o error on the slope and normalization. Each coloured
data points with error bars represents one source of our sample. Colourbars represent the Mgy .
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Lo_10 > Ly_10,med) and Aggq (bottom panels; cyan lines: Agqd < AEdd,med, Magenta lines: Agdq > AEdd,med)- The best-fitting relation are reported in Table 3.

statistical uncertainty. Each upper limit U was substituted by a value
randomly drawn from a uniform distribution in the interval [A, U],
where A was arbitrarily set to A <« U. We choose A = 1076, We
found an anticorrelation in both cases of oy obtained from the
0.2-10keV light curves binned with 100 and 1000s (see Fig. 6).
Using equation (6) we found o sater, 100 = 0.65 and 0.69, smaller than
the scatters of the UI\Z,XS versus Mgy relations obtained from the total
sample. This is because on average the sources with Mgy estimated
via RM are brighter and they show a higher count rate on the same
time-scales. Using the C’rgzxs versus Mpy relations obtained from the
RM sample, it is possible to measure Mpy for a total of 87 AGNs
(out of 151 AGNs in our sample) and provide an upper/lower limit
for the remaining AGN. Thus, even if the X-ray variability is not the

most accurate tool to measure Mgy , the relation obtained for the RM
sub-sample gives a good Mgy estimation, with a scatter <1 dex.

3.3 The normalized excess variance in the soft, medium, and
hard energy bands

It is interesting to compare oy in various energy bands to check
if there is one or more components of the AGNs X-ray spectrum
that contributes the most in the variability. In order to verify this, we
calculated oy in the the soft (0.2-1keV), medium (1-3keV), and
hard (3—10keV) bands. We then looked for a correlation between the
ORxs.nara ANd bOth 0 (or ANd Oxg mea- I the left panel of Fig. 7,
we show 0y in the soft energy band versus the same parameter
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Figure 6. UI?IXS versus Mgy for the RM sub-sample. The dashed black lines are the linear regressions obtained from the fitting process. Shaded region represents
the combined 1o error on the slope and normalization. The O-I%IXS is obtained from the 0.2-10keV light curves binned with 100 (left panel) and 1000 (right
panels). Lower panels show the difference between the real Mpy and My extrapolated from the relation (AM). For details about the coefficients, see Table 3.
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Figure 7. Left panel: soft (0.2-1keV) versus hard (3—-10keV) aﬁ,xs . Right panel: medium (1-3keV) versus hard (3—10keV) Uﬁ,xs . The best-fitting curves
are plotted with solid black lines while the shaded region represents the combined 3o error on the slope and intercept. The green dashed lines represent the
one-to-one relation. Black dashed lines represent the regression lines found using the bisector method.

calculated in the hard band, while in the right panel of Fig. 7 we
illustrate the excess variance in the medium energy band versus that
in the hard band. The best-fitting relations, reported in Table 3, are
obtained using the CF method (see Section 3.2).

We fitted the data also with the bisector method which provides
a more balanced and symmetric estimate of the true regression line
between the two variables that in principle could be independent.
The values of the slope and intercept we found with this method
are consistent within the errors with the one found using the CF
method.

The values of o3y in the soft and medium energy bands appear
to be well correlated with o3y in the hard energy band, although
with a slope flatter than the one-to-one relation (green dashed line in
Fig. 7). This may imply that for most of our sources, on time-scales
less than 10 ks the spectral components which dominate in the hard
band are increasingly more variable than the ones dominating the
soft and medium energy bands, for higher values of the variance. In
the soft energy band the dominant component is usually the soft-
excess, which can be variable. Furthermore, in the soft-medium
energy bands, the presence of absorbing material, either neutral
or ionized, can be variable or can absorb the continuum emission
responding to the continuum variations. If these variations happened
on time-scales less than ~10ks, we would expect to measure a larger
variability amplitude in the soft/medium energy bands compared to
the hard band. We observe the opposite, i.e. weaker variations of the
soft-excess and/or WA than those of the primary continuum and/or

MNRAS 526, 1687-1698 (2023)

reflection component on this time-scale, in agreement with previous
studies (Ponti et al. 2012; Simm et al. 2016).

For completeness, we checked the relations between the o3y in
the soft, medium, and hard energy bands with the physical properties
of the AGN (Mgy , Ly_19,and Aggq) to see whether these relations
support the results found in this work. The best-fitting results are
reported in Appendix B. We found that the 02,4 versus Mgy relation
in the soft energy band is slightly less significant than in the harder
energy bands (see Table B1), but in general the best-fitting relations
in each energy band are consistent with those from the broad XMM-
Newton energy band (0.2-10keV).

4 CONCLUSIONS

We analysed the variability properties of ~500 XMM-Newton obser-
vations of a sample of 151 nearby (zyeq = 0.035) unobscured (Ny <
102 cm™) AGNs from the BASS survey, studying the correlations
of the excess variance with the physical properties of the sources
and also checking for the correlations between the excess variance
computed in different energy bands. The time-scale used to compute
the ofygis 10ks, to avoid biases related to the differences on
the exposure times of the sources of our sample and to take into
account the red-noise character of the light curves. We analysed the
relations of UI\Z,XS with Mgy , Lo_10, and Agqq . The correlation between
0y and Mpy is a well-known property of AGNs (Lu & Yu 2001;
Papadakis 2004; O’Neill et al. 2005; Nikotajuk et al. 2006; Nikolajuk,
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Gurynowicz & Czerny 2007; Miniutti et al. 2009; Zhou et al. 2010;
Ponti et al. 2012). In agreement with this, in our sample we found
a very strong and highly significant correlation between these two
quantities.

We do not find a significant correlation between of,xs and Agqq ,
consistently with previous results (O’Neill et al. 2005; Gierlinski,
Nikotajuk & Czerny 2008; Zhou et al. 2010; Ponti et al. 2012;
Lanzuisi et al. 2014). However, according to McHardy et al. (2006)
the break time-scale increases proportionally as Mpy decreases
(Agdq increases). Thus, if we assume a universal PDS with a single
break frequency depending on the Mgy and a equally long-timescale
normalization, the strength of the relations oﬁxs versus Mgy, and
0Py versus Aggg would be the same, with higher short-timescale
variability for low Mpy (high Aggq). Our result could suggest that
there might be no correlation between break time-scale and Agqq ,
as proposed by Gonzdlez-Martin & Vaughan (2012) analysing a
larger sample of shorter light curves. Alternatively, following the
results of McHardy et al. (2006) and Paolillo et al. (2017), Ag4q could
be dependent on the break time-scale but, since on short-timescale
oy seems mostly independent of this parameter, the normalization
of the power spectrum may be anticorrelated with Agqq .

We found a tight anticorrelation between oygand Ly 1o. To
remove the Mpy dependence from this correlation, we explored the
relation between the GI%XS X Mgy versus L,_jo , finding that, in this
case, the Uﬁxs versus L, jo correlation disappears, confirming that
the correlation with L,_j¢ is secondary, while the primary correlation
is in fact with the mass, in agreement with what has been found by
previous works (e.g. Papadakis 2004; O’Neill et al. 2005; Lanzuisi
et al. 2014).

We explored the 072y versus Mpy relation in the sub-sample of
sources with Mpy estimated via RM, finding that the correlation
between these quantities in this sub-sample has an intrinsic scatter of
~0.65-0.69 dex. With this relation we were able to measure Mgy for
87 AGNs and estimate upper/lower limits for the remaining 64 AGNs
of our sample. Thus, one could in principle use X-ray variability to
measure Mpgy (e.g. Nikolajuk, Papadakis & Czerny 2004; Ponti et al.
2012; Akylas et al. 2022). With the advent of future planned or
proposed missions (e.g. Athena, AXIS, etc) that will provide higher
count rates, the accuracy of this relation for mass measurement will
improve significantly.

Dividing the sample into two bins of L,_j¢ , the normalization of the
anticorrelation between o2y and Mgy is lower for the sources with
higher luminosity. This is possibly related to the fact that for sources
with high-luminosity (high mass), we detected lower variability and
mostly only an upper limit on o2y was obtained. When dividing
the sample into two bins of Agyq the slope and the normalization are
slightly different in the two sub-samples but still consistent within
the errors.

X-ray spectra could be dominated by different components de-
pending on the energy band one is analysing. Therefore, we explored
the relation of the o2y in the hard X-ray band (3-10keV) with
the o2y in the soft X-ray band (0.2-1keV) and in the medium X-
ray band (1-3keV), finding that o2y calculated in various energy
bands are highly correlated, in agreement with previous studies (Ponti
et al. 2012; Simm et al. 2016). In particular, we found that in most
sources the primary continuum and/or the reflection component are
increasingly more variable than the spectral components dominating
softer energy bands (0.2—-1keV and 1-3 keV) on time-scales shorter
than 10 ks. In fact, if WA components were varying, they would show
more variability in the medium energy band, while the variance in
that band is lower than in the hard energy band. Thus WA variability
cannot be generally the cause of fast (shorter than 10 ks) variations.

BASS-XL 1695

Moreover, we found that the soft energy band is less variable than the
hard band. This implies that the soft-excess, or at least part of it, is a
less variable component (on time-scales less than 10 ks) which dilutes
the o2y by adding to the constant flux in the denominator and not
to the variable flux in the numerator, as it was found for the Seyfert
1.5 galaxy NGC 3227 (Arévalo & Markowitz 2014). Finally, the hard
continuum might be intrinsically more variable than the continuum in
softer bands because the break time-scale of the PDS moves to shorter
time-scales for higher energy X-ray photons (McHardy et al. 2004;
McHardy et al. 2007; Markowitz et al. 2007; Arévalo, McHardy &
Summons 2008).

We examined the relation between oy (calculated in the soft,
medium, and hard X-ray bands) and several important AGN physical
parameters, such as Mgy, Ly j0,and Aggq . Our analysis revealed
that the best-fitting relations in each energy band align with those
from the broad XMM-Newton energy band (0.2-10keV). Notably,
in the soft energy band, the UI%XS versus Mpy anticorrelation appears
to be slightly less significant. This lends support to another key
finding of this study, i.e. that, on time-scales shorter than 10ks, the
primary continuum and/or the reflection component exhibit stronger
variability compared to the spectral components dominating softer
energy bands.

Compared with previous results (e.g. Ponti et al. 2012), we found
a less steep correlation between ojygand Mgy . The difference
could be attributed to the larger number of black hole masses from
reverberation mapping, to the higher quality optical measurements
and fitting for the other mass measurements techniques, and also to
the larger number of observations used (a factor ~2 larger than Ponti
et al. 2012), which helped to refine the computation of odyg . Our
results are consistent with the common picture in which, as a general
rule, nearby AGNs display similar patterns of variability once they
are rescaled for Mpy and Agqq .
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SUPPORTING INFORMATION

Supplementary data are available at MNRAS online.

Table 1. Summary of the XMM—Newton observations of the sources
(OBSID) of our sample together with the Swift identification name
(Swift ID) and the Swift ID.

Table 2. List of the Swift ID, the Swift name (SwiffID), the coun-
terpart name, the redshift (z), the hydrogen column density [Ny
(cm™2)], the mass (Mpy in solar masses), the 2—10keV luminosity
[Ly_10 (ergs™")], the bolometric lumunosity [Lypy (ergs™')], the
Eddington ratio (Agqq), the normalized excess variance for the light
curves binned with 100s (03xs 100s) @and 1000s (0 1000s)0f time
binning.

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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APPENDIX A: LIGHT CURVES

We show in Fig. A the XMM-Newton EPIC-pn light curves (back-
ground subtracted) in the 0.2-10keV energy band and with a time
binning of 100 s for some representative sources of the sample:

(i) NGC 4593, log (Mgu/Mg) = 4.45;

(ii) Mrk 359, log (Mpu/Mg) = 6.05;

(iii) NGC 4748, log (Mgu/Mg) = 6.40;
(iv) NGC 4593, log (Mpu/Mg) = 6.88;
(v) Fairall 51, log (Mgu/Mg) = 7.12;

(vi) Mrk 817, log (Mgu/Mg) = 7.59;

(vii) Mrk 1018, log (Mgu/Mg) = 7.81;
(viii) Ark 120, log (Mpa/Mg) = 8.07,
(ix) 3C111 log (Mpu/Mp) = 8.45;

(x) PG 15454210, log (Mgu/Mg) = 8.84;
(xi) PKS 2135—147, log (Mgu/My) = 9.10;
(xii) 4C74p26, log (Mpu/Mg) = 9.83.

NGC4748 10g(Mgn/Msun)=6.4 NGC4593 log(Msu/Msun)=6.88
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Figure A1. XMM-Newton EPIC-pn light curves (background subtracted) in the 0.2-10keV with a time binning of 100 s are shown for some representative
sources of the sample. From the top to the bottom and from the left to the right we reported the light curves for: NGC 4593, Mrk 359, NGC 4748, NGC 4593,
Fairall 51, Mrk 817, Mrk 1018, Ark 120, 3C 111, PG 15454210, PKS 2135—147, and 4C74+-26. The red solid and dashed lines indicate the average and the

standard error of the mean, respectively.
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Table B1. List of the best-fitting relations together with their p-values for
the UEIXS in the soft, medium, and hard energy bands. The fits are performed
in the log—log space using equation equation (5).

Relation Intercept (A) Slope (B) Pearson I — Pyane
oﬁxs,soﬂ versus Mpy 1.23 £ 1.08 —0.68 £ 0.16 —0.61 0.79
UIgIXS«mEd versus Mpy 258 £ 145 —0.73 £ 0.25 —0.87 0.98
a]?]xs,hard versus Mpy 2.67 £ 132 —0.79 £ 0.28 —0.89 0.98
aﬁxsysoﬂ versus Ly_jop 16.65 £ 5.06 —0.44 £ 0.11 —0.85 0.98
Uﬁxs,med versus Ly o 12.06 +£ 6.00 —0.34 + 0.14 —0.71 0.92
dﬁxs,ha,d versus Lp_jo 18.06 £ 5.64 —0.47 £ 0.13 —0.83 0.99
aﬁxs,wn Versus Agdd —331 £ 025 —0.67 £ 0.20 —0.34 0.57
U]gjxs,med Versus Agdq —293 £ 024 —-029 £ 0.19 —-0.29 0.33
oﬁxs‘ha,d Versus Agdd —277 £ 023 —044 £ 0.19 —0.15 0.29

APPENDIX B: RELATIONS BETWEEN THE
EXCESS VARIANCE IN THE SOFT, MEDIUM,
AND HARD ENERGY BAND AND THE AGN
PHYSICAL QUANTITIES

We checked the relations between olygin the soft (0.2-1keV),
medium (1-3keV), and hard (3-10keV) energy bands with Mgy,
L, 10, and Agq4q to see whether these relations support the results found
in this work or not. For the analysis, we applied the same method
described in Section 3. The best-fitting results are shown in Tab. B1.
For both GI%XS versus Mgy and UI%XS versus L, io, the relations we
found in the different energy bands are consistent with the ones in
the total XMM-Newton energy band (0.2-10keV). It is worthwhile
to underline that, in the case of the o2y versus Mgy relation, the
anticorrelation is slightly less significant in the soft energy band.
This can be related to the other result of this paper according to
which the primary continuum and/or of the reflection component
(the spectral component dominating the hard energy band) are
increasingly more variable than the spectral components dominating
other energy bands on time-scales shorter than 10ks. In the case of
the 02y versus Agqa, we found an anticorrelation which is still not
statistically significant that became less stronger in the medium and
hard energy bands.
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