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ABSTRACT

Context. X-ray spectral variability analyses of active galactic nuclei (AGN) with moderate luminosities and redshifts typically show
a “softer when brighter” behaviour. Such a trend has rarely been investigated for high-luminosity AGNs (Lbol & 1044 erg/s), nor for a
wider redshift range (e.g. 0 . z . 5).
Aims. We present an analysis of spectral variability based on a large sample of 2700 quasars, measured at several different epochs,
extracted from the fifth release of the XMM-Newton Serendipitous Source Catalogue.
Methods. We quantified the spectral variability through the parameter β defined as the ratio between the change in the photon index Γ
and the corresponding logarithmic flux variation, β = −∆Γ/∆log FX.
Results. Our analysis confirms a softer when brighter behaviour for our sample, extending the previously found general trend to
high luminosity and redshift. We estimate an ensemble value of the spectral variability parameter β = −0.69 ± 0.03. We do not find
dependence of β on redshift, X-ray luminosity, black hole mass or Eddington ratio. A subsample of radio-loud sources shows a smaller
spectral variability parameter. There is also some change with the X-ray flux, with smaller β (in absolute value) for brighter sources.
We also find significant correlations for a small number of individual sources, indicating more negative values for some sources.
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1. Introduction

All classes of active galactic nuclei (AGN) show some kind of
amplitude variability, which is present in nearly all electromag-
netic bands, from radio to X-rays and on several timescales.
In particular, X-ray variability is observed both on very short
timescales (Ponti et al. 2012), allowing the study of the in-
nermost regions of the AGN, and on longer timescales of at
least a number of years (e.g. Markowitz & Edelson 2004;
Vagnetti et al. 2011, 2016; Shemmer et al. 2014).

A geometrically thin, optically thick accretion disk around
the central supermassive black hole is believed to emit opti-
cal and ultraviolet photons, while a hot corona would produce
the X-rays by means of a comptonisation process of the radia-
tion emitted by the disk itself (Haardt & Maraschi 1991). While
this process is not entirely understood, particularly because the
shape, size and geometry of the corona are mostly unknown,
variability could provide a means of procuring information
about it.

Besides amplitude variability, the study of spectral variabil-
ity is also interesting. This feature has been studied by sev-
eral authors in the optical/UV bands (e.g. Giveon et al. 1999;
Trevese & Vagnetti 2002; Vagnetti et al. 2003) resulting in the
discovery of a “harder when brighter” behaviour for the power-
law spectrum, defined as Fν ∝ ν

α.
In the X-ray band, spectral variability has mostly been

studied for individual sources (e.g. Magdziarz et al. 1998;
McHardy 2001; Zdziarski et al. 2003; Ursini et al. 2016), while

few ensemble studies have been made on the topic, such as the
one by Sobolewska & Papadakis (2009). The trend these studies
have found is quite the opposite of the optical one, since a softer
when brighter behaviour was found in both individual and en-
semble studies, even at higher energies (Soldi et al. 2014). One
notable exception is the work by Connolly et al. (2016), in which
the authors analysed a sample of local low-luminosity AGNs and
found harder when brighter behaviour for low-Eddington-ratio
sources and softer when brighter behaviour for high-Eddington-
ratio sources. These observations explain the observed difference
in terms of dominant seed photons source, which in the first case
is cyclo-synchroton emission from the Comptonising corona it-
self, while in the second case is thermal emission from the ac-
cretion disk.

These studies, though, are mainly focused on nearby, very
bright objects such as Seyfert galaxies, and very few studies were
carried out concerning quasars and type-1 AGNs in a very large
luminosity and redshift range. Some of these studies include the
ones performed by Paolillo et al. (2004) and Gibson & Brandt
(2012), as well as the ones we recently published, Vagnetti et al.
(2016) and Serafinelli et al. (2016). In all these works the authors
found evidence of spectral variability for some of the sources,
with a softer when brighter trend.

Section 2 briefly summarises the characteristics of our cata-
logue, Sect. 3 focuses on the detailed description of our analysis
and Sect. 4 summarises and discusses our result.

Throughout the paper, we adopted the following cosmology:
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
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Table 1. Number of epochs and sources listed for each catalogue.

Catalogue Observations Unique sources
SDSS-DR7Q / 105 783

SDSS-DR12Q / 297 301
3XMM-DR5 565 962 396 910

MEXSAS 7837 2700

2. Data

The present work makes use of the third XMM-Newton serendip-
itous source catalogue data release 5 (3XMM-DR5), in which
a total of 565 962 XMM observations of 396 910 unique X-ray
sources are listed (Rosen et al. 2016). This catalogue includes
observations from the beginning of the mission in the year 2000
that were made public as of the 31st December, 2013. All kinds
of astrophysical sources are present, both galactic and extra-
galactic, from AGN to X-ray binaries and isolated objects such
as pulsars, magnetars and X-ray emitting accreting disks around
stellar-mass black holes (Lin et al. 2012).

In a previous paper (Vagnetti et al. 2016), we introduced
the Multi-Epoch XMM-Newton Serendipitous AGN Sample
(MEXSAS), which was obtained by cross-matching the 3XMM-
DR5 catalogue with two quasar catalogues of the Sloan Digi-
tal Sky Survey, that is, SDSS-DR7Q (Schneider et al. 2010) and
SDSS-DR12Q (Pâris et al. 2017). These two optical catalogues
list 105 783 and 297 301 quasars, respectively, according to
slightly different definitions. The DR7Q defines a quasar as hav-
ing an absolute I-band magnitude MI ≤ −22 (Schneider et al.
2010), while in the DR12Q, the absolute magnitude in the I-band
is MI ≤ −20.5 (Pâris et al. 2017), therefore the latter cata-
logue also lists some low-z Seyfert galaxies. Moreover, there
is also a subset of sources identified as broad absorption line
(BAL) quasars, and some radio-loud AGNs are also present (see
Sec. 3.4.4). The cosmology used by both Schneider et al. (2010)
and Pâris et al. (2017) is identical to that used in this paper.

The MEXSAS catalogue has 7837 observations, correspond-
ing to 2700 unique quasar sources. The MEXSAS is a multi-
epoch catalogue, which means that a minimum of two obser-
vations for each source is required. The maximum number of
observations for a single source is 39. The typical number of
EPIC counts for each observation is given by 〈log N〉 ∼ 2.2. A
summary of the number of observations and sources of the cata-
logues can be found in Table 1.

3. Spectral variability

To quantify the spectral variability, that is, the variations of flux
with the frequency, we use the spectral variability parameter β,
first introduced by Trevese & Vagnetti (2002):

β =
α(t + ∆t) − α(t)

log FB(t + ∆t) − log FB(t)
=

∆α

∆log FB
, (1)

that relates the variations of the spectral index α, with the vari-
ations of the flux FB, integrated in a given band B. In the
X-rays, however, it is customary to express the energy spectrum
as N(E) ∝ E−Γ, E = hν being the energy of the photon and
Γ = 1 − α the photon index. Hence, we express Eq. (1) as:

β = −
∆Γ

∆log FX
, (2)

with FX being the flux in a given X-ray band.

The photon index Γ, though, is not available in our catalogue
and in order to calculate Eq. (2) for each observation, we could
either compute the spectral variability parameter by means of the
hardness ratios, as described in the following section, or, alter-
natively, estimate the values of Γ from the catalogue flux data.

3.1. Ensemble analysis using hardness ratios

The hardness ratio between two given bands, H and S , is usually
defined as:

HR =
CRH −CRS

CRH + CRS
, (3)

where CRi is the count-rate in the band i.
The 3XMM-DR5 catalogue lists four hardness ratios: HR1

is computed between the count-rates in bands 1 and 2, HR2 be-
tween bands 2 and 3, HR3 between bands 3 and 4 and finally HR4
between bands 4 and 5. Band 1 includes all photons between 0.2
and 0.5 keV, while band 2 photons have energy between 0.5 and
1 keV, band 3 photons are in the range 1−2 keV, band 4 is the
energy band 2−4.5 keV, and, finally, band 5 is the highest energy
band, including all photons between 4.5 and 12 keV.

The hardness ratio can be related to β:

∆HR
∆log F

'
dHR
dΓ

∆Γ

∆log F
= −β

dHR
dΓ

, (4)

where we have used Eq. (2). This means that the spectral vari-
ability parameter β can be written as:

β = −

(
∆HR

∆log F

) (
dHR
dΓ

)−1

· (5)

The denominator of Eq. (5) can be computed analytically as a
function of Γ in the case of a spectral pure power-law model, or
numerically, generating various spectral models using the XSPEC
v.12.9.0 software package (Arnaud 1996) in cases where we
want to consider a moderate absorption.

The count-rate in the band i can be related to the flux by the
relation CRi = kiFi, with the coefficients ki that can be com-
puted by the online tool WebPIMMS1. Therefore, the numerator
of Eq. (5) is approximately the linear fit between the deviations
from the mean values of HR and log F for a given source. Details
on this procedure can be found in Serafinelli et al. (2016), where
various spectral models such as pure power-law and moderate
absorption with different values of the column density NH have
been considered, and hints of a softer when brighter behaviour
were found, computing a global β for different possible values
of Γ. However, with this method, beta is derived indirectly from
HR variations, and depends on Gamma through the derivative
dHR/dΓ in Eq. (5). It is for this reason that in this work we de-
cided to compute the photon index Γ directly, as described in the
following section.

3.2. Computing the photon index Γ

We now want to compute Γ as the slope of spectral fits performed
on the available spectral data, assuming a power-law behaviour
for the X-ray spectrum of each observation.

1 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/
w3pimmw/w3pimms.pl
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The available fluxes FX are not monochromatic and are re-
lated to the monochromatic flux Fi of the minimum energy of
the band by the relation:

FX =

∫ νs

νi

Fi

(
ν

νi

)1−Γ

dν =
Fiνi

2 − Γ

(νs

νi

)2−Γ

− 1

 , (6)

where νi and νs are the minimum and maximum frequencies of
the band, respectively. We have also assumed a power-law spec-
trum of the form Fν = Fi(ν/νi)1−Γ over the whole X-ray band.

If we invert Eq. (6) and convert frequencies in energy using
E = hν , we obtain the expression for the monochromatic flux:

Fi =
hFX(2 − Γ)

Ei

[(
Es
Ei

)2−Γ
− 1

] , (7)

where h is the Planck constant, which in useful units of measure
can be expressed as h = 4.14 × 10−18 keV/Hz, if Ei is expressed
in keV.

We used Eq. (7) assuming a typical photon index Γ0 = 1.7,
which best represents the bulk of the XMM sources, as reported
by Rosen et al. (2016) and Mateos et al. (2009). Then we com-
puted the linear fit between log Fi and log Ei to obtain the actual
photon index Γ and its error σ(Γ). In order to gain precision, we
iterated using the photon indices obtained in the first step, instead
of Γ0. A further iteration did not substantially modify the results,
since the convergence was reached after just two iterations.

It should be stressed that, given the strong inhomogeneity in
the flux errors from band to band and even from observation to
observation, and also because we are dealing with data consist-
ing of only a small number of spectral points, the linear fits must
be weighted using

wi =
1

σ2(log Fi)
,

where σ(log Fi) is the error associated with log Fi, in order to
give less significance to points that deviate significantly from
the power-law form but have a remarkable error.

Even though we are dealing with type-1 objects, a moder-
ate absorption may still be present in the softer X-ray bands.
However, we cannot take absorption into account since, in our
analysis, we only use simple power-law spectral models. There-
fore, we excluded the lowest-energy point from our spectral fits,
for which the deviation from pure power-law spectrum, likely
due to absorption, if present, is not negligible, and performed
them with the remaining four points only. At relatively larger
redshifts, this approximation works better, since the rest-frame
photons are emitted at higher energies. At low redshifts, this esti-
mation might, at most, slightly underestimate the photon indices
in a few cases, however, we are mainly interested in temporal
variations of Γ, thus any residual difference will be neglected.

In order to check the validity of this method, we con-
fronted our Γs with the XMMFITCAT spectral catalogue2 by
Corral et al. (2015), in which the authors computed the Γs of a
limited subset with a high number of counts (N ≥ 50) of the
3XMM-DR5 catalogue. We created a subsample of coincident
data with the XMMFITCAT catalogue, which consists of 2002
observations of 707 sources, and we compared our Γs in this sub-
sample with the WAPO_GAMMA entry, corresponding to a power-
law with intrinsic absorption spectral fit of the XMMFITCAT

2 http://xraygroup.astro.noa.gr/Webpage-prodec/
thecatalog.html, recently updated to include data from 3XMM-DR5

Fig. 1. Green histogram: distribution of WAPO_GAMMA in the coincident
data between our catalogue and the XMMFITCAT catalogue. Red his-
togram: distribution of Γ computed for the same subsample with our
method.

catalogue (for this matched subsample, the number of counts is
N & 100). Not all the observations are well fitted by an absorbed
power-law spectrum, and Corral et al. (2015) flag those observa-
tions that are well fitted by a particular spectral model, requir-
ing the XSPEC command goodness to return a value lower than
50%. Since 90% of the observations satisfy this requirement, we
only compare our Γ with the ones from this subset, which con-
sists of 1771 observations of 630 unique sources. As can be seen
in Fig. 1, the two Γ distributions are very similar (with a small
shift between the mean values 〈WAPO_GAMMA〉 − 〈Γ〉 ' 0.07),
suggesting that our method is robust, even if the Γs are obtained
from only four points instead of from a whole spectrum.

We stress that our pure power-law approximation could not
properly represent the actual spectral shape, in some cases af-
fected by the presence of additional components, such as soft ex-
cess (e.g. Turner & Pounds 1988) or complex absorption, such as
the warm absorber (e.g. Reynolds & Fabian 1995), for example.
The incidence of these cases is likely limited to approximately
10% of the observations, as in the XMMFITCAT subsample.
Moreover, we assume that the effect of these phenomena is sta-
tistically negligible for the estimate of the Γ variations, which
are mainly involved in our subsequent analysis (see Sect. 3.3).

3.3. Ensemble analysis using the computed photon indices

Once the photon indices have been calculated for all the observa-
tions in our catalogue, in principle one should be able to compute
the spectral variability parameter β using Eq. (2); that is, we are
trying to find a correlation between ∆Γ and ∆log F.

The flux chosen for the search of such correlation is not any
of those listed in the catalogue. Many authors (e.g. Paolillo et al.
2004) use typical soft (0.5−2 keV) and hard (2−10 keV) bands,
therefore we have computed the integrated flux in the band
0.5−2 keV, which is the sum of the bands 2 and 3; we refer to
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this as FS . Following the instructions of Watson et al. (2009), the
soft flux FS is given by:

FS = Wpn,S Fpn,S + Wm1,S Fm1,S + Wm2,S Fm2,S , (8)

where Fpn,S , Fm1,S and Fm2,S indicate the fluxes received in the
soft band S by the three X-ray cameras of the detector. The
weights are in turn given by:

Wpn,S =
σ−2

(
Fpn,S

)
σ−2

(
Fpn,S

)
+ σ−2 (

Fm1,S
)

+ σ−2 (
Fm2,S

) , (9)

where σ(Fi) indicates the error associated with a given flux Fi.
For a given individual source, the opposite of the slope ob-

tained by a linear fit between Γ and log F is a good approxima-
tion of the spectral variability parameter β. This is not true for
an ensemble analysis, in which the average photon indices and
fluxes might be very different from source to source. To increase
coherence between different sets of observations from different
sources, instead of simply computing the linear fit between Γ and
log FS , we have computed such linear fits between the deviations
of Γ from the source mean value Γ, as well as the deviations of
the logarithm of the flux from its mean value log FS . The slope
of this linear fit gives

β = −0.69 ± 0.03. (10)

The correlation coefficient is r = 0.293, with negligible proba-
bility of finding this correlation by chance, p < 10−10. Given the
high heterogeneity of the sample, such moderate correlation and
slope in the whole sample are not surprising. The small value of
the probability indicates that this correlation, although small, is
significant.

In order to give better significance to the data, we also de-
fined a better subsample, in which the worst observations are
eliminated, meaning we removed the observations with σ (Γ) >
0.5. Since we are performing spectral fits using only four points,
we are likely to obtain significant errors on Γ. This subsample
discards 1245 observations, leaving us with 6592 observations of
2309 unique sources. Since we found a value of β = −0.68±0.02
for this subsample, no significant difference on the ensemble β
was found, and therefore we kept working on the whole sample.

To further validate the consistency of our computing method
for the photon indices Γ (see Sect. 3.2), we computed β for the
coincident subsample between the XMMFITCAT and our cata-
logue using both our Γ and the WAPO_GAMMA entry, representing
the Γs obtained by spectral fits assuming an absorbed power-law
behaviour of the spectra. We find β = −0.46 ± 0.02 for our Γ
values and β = −0.46 ± 0.04 for the Γ values that are present
in the XMMFITCAT catalogue. This is further evidence that the
calculation of Γ with our method is a good approximation of the
actual photon index.

This value is smaller than the one obtained by the whole sam-
ple. As is clear from Fig. 2, the XMMFITCAT sample is made
up of brighter sources, since they have better spectra. We divided
the sample into four bins of the average flux of each source,
which are clearly distinguishable in the z − LX plane, and this
means that, on average, the spectrum of brighter sources appears
to be less variable than the spectrum of fainter ones. To show
this, we computed β for each bin, obtaining a spectral variability
parameter that approximately decreases in absolute value with
higher average fluxes (see Fig. 3 and Table 2). This is due to the
average higher error in the Γs of fainter flux bins (see Fig. 4).

We stress that these ensemble βs are average values that show
how the spectra of these sources vary, on average, with flux. As

Fig. 2. Top: relation between the X-ray luminosity LX and the redshift z.
Sources in green are the ones that are present in both the XMMFITCAT
and MEXSAS catalogue, while the black dots are sources only present
in the latter. The green circles are selected by Corral et al. (2015), when
the number of counts is at least 50, and these sources are, on average,
brighter than the ones not included. Bottom: ∆Γ − ∆log FS correlation,
plotted using the photon indices from our analysis, for the same two
subsets. The green line shows the linear fit of just the green data, while
the black line is the linear fit of the whole sample.

we see in Sect. 3.5, individual sources may even significantly
differ from these average values. The negative ensemble value
of β indeed confirms a global softer when brighter behaviour,
confirming the preliminary result obtained with the hardness ra-
tio method. However, this result does not exclude non-negative
values of β, meaning a harder when brighter behaviour for some
individual sources, which are indeed present in the sample. We
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Fig. 3. Top: distribution of the sources in the z − LX plane. Positions of
four different flux bins in the z − LX plane are clearly distinguishable as
parallel stripes. Different colours represent different average flux bins.
Bottom: ∆Γ−∆log FS plots for the same four flux bins, drawing the lin-
ear fit lines for each bin. The slope, which is the opposite of β, decreases
for increasing fluxes. The correlation coefficients are approximately 0.3
and are reported in Table 2. All probabilities of obtaining such correla-
tions by chance are p(>r) < 10−10.

did not, however, find any such sources among the most sig-
nificantly correlated ones (see Sect.3.5). In our previous paper
(Vagnetti et al. 2016), we estimated the ensemble β of the whole
MEXSAS catalogue by means of the structure function, and
found the value β = −0.35 ± 0.02. Even though the computa-
tion of β with the structure function is an indirect method, which
was performed using just part of the SF (100−1000 days) and
only the three softest XMM-Newton energy bands, that estimate
agrees with the general trend found in the present analysis.

Fig. 4. Top: σ(Γ) distribution for the same flux bins defined in Fig. 3.
Bins of higher fluxes have smaller average errors and viceversa. Bottom:
at smaller average Γ errors, we have smaller absolute values of β for the
corresponding bins.

3.4. Dependence on physical parameters

As described in Sect. 3.3, our sample is highly heterogeneous.
In order to obtain a more detailed analysis, we divided our en-
tire sample into bins of given variables such as redshift, X-ray
luminosity, black hole mass and Eddington ratio.

This section demonstrates our method of finding for which
values of any one of these given variables the spectrum deviates
more or less from the ensemble value, in order to find any pos-
sible dependence of the spectral variability parameter on any of
these quantities.
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Table 2. Four 〈FS 〉 flux bins with β ± σ(β), number of sources Nsour, number of observations Nobs and correlation coefficient r.

〈FS 〉min 〈FS 〉max Nsour Nobs β ± σ(β) 〈σ(Γ)〉 r

4.26 × 10−16 5 × 10−15 401 1039 −0.86 ± 0.08 0.37 0.295
5 × 10−15 10−14 729 1923 −0.71 ± 0.06 0.33 0.261

10−14 2.5 × 10−14 963 2689 −0.71 ± 0.04 0.25 0.317
2.5 × 10−14 4.30 × 10−12 715 2186 −0.54 ± 0.03 0.16 0.329

Notes. A column showing the average Γ error for each bin is also shown, from which it can be seen that fainter sources also have average greater
errors on the spectral slope Γ. The bins at higher fluxes have a smaller β (in absolute value), which means they are less variable in spectrum, but
higher correlations are found for these sources. All probabilities of finding the correlations by chance are found to be smaller than 10−10.

Fig. 5. Top: dependence of β on the redshift. The red line represents
the ensemble value β = −0.69. The value of β doesn’t show a clear
trend with redshift, although some deviations are present for some bins.
Bottom: redshift histogram of the sample. Up to z ' 2.8, the number
of points in each bin is &102, while for z & 2.8 the bins include much
fewer points, and therefore the βs have greater errors.

3.4.1. Redshift

Both SDSS quasar catalogues DR7Q and DR12Q include the
redshift of each source, which is then available for all the sources
in our sample.

We divided the whole sample into redshift bins, each con-
taining all the points within a redshift range of size δz = 0.1 .
For each bin, we have computed β using Eq. (2).

As can be seen in the upper plot of Fig. 5, there is no clear
dependence of β on the redshift. As shown in the bottom plot of
Fig. 5, for z & 2.8 the number of points drops below '102. Since
the fits performed to compute β are less reliable with decreasing
number of points, the errors on β are higher.

Thus, we can safely assume that β does not depend on the
redshift, therefore the mechanism behind it is not related to the
redshift of the source.

3.4.2. X-ray luminosity

It is well known that there is a strong observational correlation
between the redshift z and the X-ray luminosity LX. The location
of the sources in the luminosity-redshift plane is shown in Fig. 2.

Fig. 6. Top: spectral variability parameter β as a function of the X-ray lu-
minosity. The red line represents the ensemble value β = −0.69. Bottom:
histogram of X-ray luminosity. The errors on β are very large in those
LX intervals where the histogram has .102 points.

None of the catalogues we used include a list of X-ray lumi-
nosities for each epoch, therefore we had to compute it. Using
the cosmology introduced in Sect. 1, we compute the luminosity
distance of each source as:

DL(z) =
c

H0
(1 + z)

∫ z

0

dz√
Ωm (1 + z)3 + ΩΛ

,

and then we compute the X-ray luminosity as:

LX = 4πFXD2
L(z) (1 + z)Γ−2 , (11)

where we have used the FS integrated flux between 0.5 keV and
2 keV for the X-ray flux FX, the redshift of each source and we
have adopted a mean value Γ = 1.7 for every point. The mean
value of LX was then computed for each source. The choice of
using a fixed average Γ was taken mostly because the Γs we are
computing are affected by relatively large errors. While the vari-
ations ∆Γ, and therefore the computation of β, are less affected
by these errors, the use of a mean value is preferred for the com-
puting of LX.

Once we have defined the X-ray luminosity of each source,
we grouped the observations in X-ray luminosity bins of size
δ log LX = 0.1 and computed β for each bin, using the same pro-
cedure adopted for the redshift. The results are shown in Fig. 6,
showing, again, no dependence of β on the X-ray luminosity.
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Fig. 7. Top: spectral variability parameter β versus black-hole
mass MBH. Aside from statistical fluctuations, no clear trend is found
between the black-hole mass and β. Bottom: histogram for black-hole
mass.

This should not be surprising, since z and LX are not indepen-
dent quantities, as they are strongly related (see Fig. 2). How-
ever, it does prove that the spectral variability, and hence the
mechanism behind it, does not depend on the X-ray luminosity
of the source.

3.4.3. Black-hole mass and Eddington ratio

The MEXSAS catalogue, being derived from XMMSSC-DR5
and from the Sloan quasar catalogues, does not include distin-
guishing parameters of the source other than the redshift. More-
over, as described in Sect. 3.4.2, we computed the average X-ray
luminosity of each source.

To study further parameters, such as the central-black-hole
mass and the Eddington ratio of the source, we matched the
MEXSAS catalogue with a catalogue containing the properties
of 105 783 quasars (Shen et al. 2011). This catalogue3 is lim-
ited, however, because it only includes sources that are present
on SDSS-DR7Q, and therefore crossing it with MEXSAS means
we did not analyse all those sources that are present in the
DR12Q but not in the DR7Q. We obtain a subsample made up
of 565 unique sources and 1953 observations.

First, we divided this sample into bins of black-hole mass
logarithm of δ log MBH = 0.2 amplitude and computed the en-
semble β for each bin. As we can see in Fig. 7, aside from sta-
tistical fluctuations from the ensemble value β = −0.69, a clear
trend is not found, and this means that neither the black-hole
mass is a driver parameter for the spectral variability.

It should be stressed that the black-hole masses listed in
Shen et al. (2011) are single epoch virial estimates computed
from the Hβ, MgII and CIV lines, depending on the redshift of
the source. These estimates, especially the masses obtained from
the CIV line, are highly uncertain.

We also divided the sample into bins of Eddington ratio
λE = Lbol/LEdd of δ log λE = 0.5 amplitude. As shown in Fig. 8,

3 http://quasar.astro.illinois.edu/BH_mass/dr7.htm

Fig. 8. Top: spectral variability parameter β versus Eddington ratio λE.
There is no clear trend for λE & −2. Even though the number of points
for the first bin is scarce, the absolute value of β for very low Eddington
ratio λE . −2 is smaller, suggesting that for even lower Eddington ratios
it might become positive, transitioning to harder when brighter trend as
found by Connolly et al. (2016). Bottom: histogram of Eddington ratio
is also shown.

β does not depend on λE either for −2 . λE . 0, while it shows a
weak trend toward smaller absolute values for λE . −2, suggest-
ing a possible agreement with Connolly et al. (2016). In fact, ac-
cording to their work, there might be a transition to harder when
brighter trend (β > 0) for very low Eddington ratio sources. The
trend in our data is not strong enough, given the small number of
observations contributing to small λE.

3.4.4. BALQSOs and radio-loud sources

As briefly reported in Sect. 2, broad absorpion line quasars
(BALQSO) and radio-loud sources are also present in our sam-
ple. Both classes might differ in spectral variability properties
from the overall trend, due, respectively, to X-ray absorption typ-
ically associated with the UV BAL outflows (e.g. Brandt et al.
2000) and to the enhanced X-ray emission associated with their
jets (e.g. Worrall et al. 1987).

To quantify the number of BAL sources present in our cata-
logue, we cross-matched it with the already mentioned catalogue
by Shen et al. (2011), which lists a flag to recognise BALQSO
based on the catalogue by Gibson et al. (2009). We find 31 ob-
servations of 14 sources in the DR7Q subset of our catalogue.
As for the DR12Q subset of our catalogue, the quasar catalogue
itself lists the BALQSO flag (Pâris et al. 2017) and we obtain
171 observations of 63 sources. Removing 13 observations of
6 sources that are found in both DR7Q and DR12Q, we have a
total of 189 observations of 71 unique sources for the merged
BALQSO list.

The spectral variability parameter of this subset was then
computed and we find β = −0.64 ± 0.16, with correlation co-
efficient r = 0.285 and a probability of finding such correlation
by chance given by p(>r) ' 9×10−5. This estimate is not dissim-
ilar from the ensemble average value of the spectral variability
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Table 3. Single-source results are shown in this table.

IAUNAME Serial number β ± σ(β) 〈FS 〉 Nobs r p z log LX

3XMM J095847.8+690532 97 −1.57 ± 0.28 7.32 × 10−14 13 0.861 7.9 × 10−5 1.288 45.02
3XMM J100043.1+020637 117 −1.17 ± 0.15 3.80 × 10−14 11 0.932 1.5 × 10−5 0.360 43.46
3XMM J121753.0+294304 228 −3.54 ± 0.54 3.34 × 10−14 8 0.938 2.9 × 10−4 1.647 44.88
3XMM J122931.2+015247 256 −1.43 ± 0.39 1.70 × 10−14 24 0.613 7.1 × 10−4 0.770 43.87
3XMM J123759.5+621102 269 −0.81 ± 0.10 5.63 × 10−14 7 0.964 2.4 × 10−4 0.910 44.57
3XMM J013943.1+061254 532 −0.80 ± 0.06 5.82 × 10−14 5 0.992 3.9 × 10−4 0.678 44.33
3XMM J115535.8+232723 2066 −0.80 ± 0.06 9.24 × 10−14 5 0.991 4.6 × 10−4 0.136 42.95
3XMM J121834.6+293453 2125 −1.38 ± 0.11 1.92 × 10−14 8 0.980 9.3 × 10−6 1.843 44.81

Notes. To identify each source, we have reported both the 3XMM-DR5 catalogue entry IAUNAME in the first column and the serial number in the
MEXSAS catalogue that labels each source, which is shown in the second column. For each source, the spectral variability parameter β and its
error, the number of epochs Nobs, the correlation coefficient r, the probability of finding such correlation by chance p, the redshift z and the X-ray
luminosity log LX are shown. Also shown is the average value of the flux 〈FS 〉, from which we can see that all of the most correlated sources come
from the two brightest flux bins (see Table 2).

parameter and, therefore, the BALQSOs do not affect the general
ensemble analysis.

We then cross-matched the Shen et al. (2011) and the
MEXSAS again in order to find radio-loud sources. We iden-
tified 169 observations of 56 unique sources with available radio
data, with 137 observations of 47 unique sources that have radio
loudness parameter R > 10, defined as

R =
F6 cm

F2500 Å
, (12)

after Jiang et al. (2007), that is, they are radio-loud sources. This
catalogue only lists data for the sources from the SDSS-DR7Q.

Therefore, we identified the FIRST flux (Becker et al. 1995)
at λ = 20 cm in the SDSS-DR12Q catalogue and, in order to
have comparable results with Shen et al. (2011), we computed
the radio flux at rest-frame wavelength λ = 6 cm using Fν ∝ ν

α.
Following Gibson et al. (2008) and Vagnetti et al. (2010), we as-
sume a standard αradio = −0.8 value for all the sources. We also
identified the ugriz fluxes in the SDSS (Fukugita et al. 1996) and
computed the flux at 2500 Å by interpolating between the nearest
SDSS filters in the rest-frame, or extrapolating in the cases when
all the filters lie on the same side with respect to 2500 Å, adopt-
ing in such cases αUV = −0.46, following Vanden Berk et al.
(2001).

Then, we computed the radio-loudness parameter also fol-
lowing Jiang et al. (2007). We found radio data for 244 obser-
vations of 80 sources in the SDSS-DR12Q catalogue, which
makes a total of 126 sources at 384 epochs if we include the
Shen et al. (2011) data for the DR7 sources and exclude nine
sources that are available in both catalogues, for which we chose
to adopt the radio-loudness as computed by us. In this sample, R
ranges from 0.3 up to 5 × 104. Most of these sources (114) are
radio-loud (R > 10) and we find a spectral variability parame-
ter β = −0.38 ± 0.10 for this sample. Compared to the result
obtained for all the sources (see Eq. (10)), this means that, on
average, the spectra of radio-loud sources are less variable than
the rest. A similar behaviour is also seen in the optical/UV bands
(Vagnetti et al. 2003).

3.5. Individual sources

As shown in Sect. 3.4, the ensemble spectral variability param-
eter β does not appear to change with the distinctive features of
the quasar, such as black-hole mass, redshift, Eddington ratio

0 500 1000 1500 2000 2500

0.0001

0.001

0.01

0.1

1

Serial Number

Fig. 9. Probability of finding Γ− log FS correlation by chance. The most
significantly correlated sources are chosen by having probability lower
than 10−3 (horizontal line). The nine selected sources are shown as red
circles. One of these sources (198, also known as PG 1114+445) was
discarded due to the well-known presence of a warm absorber, reducing
the number of analysed sources to eight.

or X-ray luminosity. However, as is clear from Figs. 5−8, some
kind of deviation from the ensemble value is obviously allowed.
For some bins of X-ray luminosity, we even find β > 0, hint-
ing at a harder when brighter behaviour for the sources present
in those bins, opposite to the general trend of the whole sample
(see Fig. 6).

This means that single sources as well could deviate even
significantly from the general trend of the ensemble. To study
this, we computed β for each source with Nobs > 3. We specify
that most of these β values are not significant, because they are
either not correlated or the fits are performed on too few points
to be acceptable.

Many of the sources listed have a very low individual cor-
relation between their own fluxes FS and spectral indices Γ,
which means that they are mildly variable in spectrum or have
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97 117

228 256

269 532

2066 2125
Fig. 10. ∆Γ − ∆log FS plots for eight sources
with high correlation and low (p ≤ 10−3) proba-
bility of finding such correlation by chance. The
slopes are different from source to source, rang-
ing from β = −3.54 to β = −0.80, suggesting
that even though the mechanism behind spec-
tral variability is likely the same, there is a cer-
tain range among the sources. The MEXSAS
serial numbers are reported in each panel, see
also Table 3.

too few observations to tell. The probability of finding a sig-
nificant Γ − log F correlation by chance is plotted in Fig. 9
for each source. To estimate this correlation probability, given
the small number of points involved, we perform a Student’s
t-test (Bevington 1969), which computes the integral probabil-
ity of the null hypothesis p(>r,N) for a given correlation coef-
ficient r with N pairs of data points. We selected those sources
for which the probability of finding a casual correlation is very
small (p ≤ 10−3), in order to find the most confident results. We
have therefore selected nine sources, eight of which are listed
in Table 3. Indeed, after visual inspection of the available X-ray
spectra, we excluded source number 198, that clearly shows the
presence of a warm absorber. This source can be identified with
PG 1114+445, a well-known source whose warm absorber has
already been studied in the past (e.g. Ashton et al. 2004). In
the ensemble study, we estimated that the presence of additional
components, such as a warm absorber, only affect 10% of the
sources, and therefore can be neglected. However, the presence
of these features in a single source study requires a more detailed
analysis, which is beyond the scope of this paper. Therefore, we
only analysed the eight individual AGNs listed in Table 3. We
note that these sources are distributed in a wide range of X-ray
luminosities and redshift.

All of them show a softer when brighter behaviour, although
to a varying extent, since β ranges from β = −0.80 ± 0.06
for sources numbered 532 and 2066, to the extreme value of
β = −3.54 ± 0.54 for the source numbered 228 in the MEXSAS
catalogue (see Fig. 10). All of the sources belong to the two
highest-flux bins, confirming that the brightest sources are the
most correlated ones.

4. Summary and discussion

We have found an ensemble softer when brighter behaviour for
a sample of 2700 quasars by means of the spectral variability
parameter β, first introduced by Trevese & Vagnetti (2002). A
negative value (β = −0.69 ± 0.03) was found, which means that
a positive slope between ∆Γ and ∆log F is present. This posi-
tive slope means that, on average, a softer when brighter trend is
present for our sample. As can be seen in Figs. 3 and 4, the errors
in ∆Γ, which are higher for the sources with lower average flux,
give rise to a wider dispersion of the points in the ∆Γ − ∆log FS
plane, causing a steeper slope of the linear fit, meaning a larger
absolute value of β. Even considering only the sources with the
best spectrum (the ones in common with the XMMFITCAT cat-
alogue released by Corral et al. 2015), we still obtain a negative
β, slightly smaller in absolute value, β = −0.43 ± 0.04. Divid-
ing our sample into average flux bins, the brightest sources give
β = −0.54 ± 0.03, still confirming a softer when brighter trend.

This result should be viewed in the context of the existing
models for the X-ray emission and spectral variability engines.

The current paradigm for X-ray emission involves the pres-
ence of two mutually interactive components: a cold, optically
thick phase, that is, the accretion disk, that provides input soft
UV photons, and an optically thin phase, that is, a hot elec-
tron plasma, commonly known as the corona (Liang 1979;
Haardt & Maraschi 1991). The soft photons that are emitted by
the accretion disk are up-Comptonised by the corona in the
X-ray band with a power-law spectrum. Nandra & Papadakis
(2001) found that the X-ray changes of the spectral index re-
spond to the UV emission variations, when studying the spectral
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variability of the nearby source NGC 7469. Part of the X-ray ra-
diation emitted by the corona gets reflected by the disk and torus
(Magdziarz & Zdziarski 1995; McHardy et al. 1999; Shih et al.
2002).

The observed softer when brighter trend might be due to the
fact that the soft part of the spectrum is variable in amplitude
but not in photon index, while the reflection component is ap-
proximately constant. In that case, the variations of the observed
photon index Γobs are due to the combination of these two spec-
tral components, but not to changes of the intrinsic photon index
Γint (see e.g. Taylor et al. 2003; Ponti et al. 2006; Miniutti et al.
2007).

Another option is that the soft component itself is already
variable in spectrum, and that the variations of the observed
spectral index Γobs correspond to changes of the intrinsic spectral
index Γint, which increases with decreasing coronal temperature
(Haardt et al. 1997).

We also tried to identify different trends for different source
features, finding no clear trend between β and the redshift z, the
X-ray luminosity LX, the black-hole mass MBH or the Eddington
ratio λE. This suggests that the main mechanism that generates
the observed spectral variability trend is likely the same for all
sources and probably not due to the physical characteristics of
the source. Even though the spectral variability parameter and
these quantities are not correlated, there is some deviation from
the average value of β on different bins of z, LX, MBH and λE. We
have also computed β for a subsample of 114 radio-loud sources,
finding a smaller spectral variability with respect to the general
trend. A subset of 71 BALQSOs was also considered, but the
spectral variability parameter does not sensibly differ from the
ensemble value.

Individual βs were also computed for a restricted set of eight
sources, which display the most significant Γ − log F correla-
tions. For these sources, β ranges from β = −3.54 ± 0.54 to
β = −0.80 ± 0.06. It is not clear why the spectral variability pa-
rameter, although still maintaining the softer when brighter trend
in all cases, is quantitatively different from source to source. One
possibility is that they have different orientations and that the
spectral variability could be dependent on the angle of view i.
Another possibility is a dependence on the black-hole spin, about
which there is no available information for these sources. The
presence of hidden spectral features, such as soft excess and/or
warm absorbers, could also alter the observed value of β. Alter-
natively, the process could be entirely stochastic, and therefore
not correlated to any of the quantities mentioned above.

Future observations of these objects might hopefully shed
some light on the topic. For instance, in the near future the mis-
sion eROSITA (Merloni et al. 2012) is scheduled to launch. This
mission is primarily dedicated to investigating the mass func-
tion of galaxy clusters, and during the first four years will per-
form all-sky searches in order to find 104−105 such objects. It
is estimated (Predehl et al. 2010) that it will be able to detect
∼106−107 AGNs with redshifts up to z ∼ 7−8, with an aver-
age of eight flux measurements for each source over the four
years (Merloni et al. 2012). One such vast catalogue would sig-
nificantly improve the statistical significance of such variability
studies.
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