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1 INTRODUCTION

ABSTRACT

We present long-term monitoring of MCG-6-30-15 in X-rays, optical and near-IR wavelengths,
collected over 5 yr of monitoring. We determine the power spectrum density of all the observed
bands and show that after taking into account the host contamination similar power is observed
in the optical and near-IR bands. There is evidence for a correlation between the light curves
of the X-ray photon flux and the optical B band, but it is not possible to determine a lag with
certainty, with the most likely value being around O d. Strong correlation is seen between
the optical and near-IR bands. Cross-correlation analysis shows some complex probability
distributions and lags that range from 10 to 20d, with the near-IR following the optical
variations. Filtering the light curves in frequency space shows that the strongest correlations are
those corresponding to the shortest time-scales. We discuss the nature of the X-ray variability
and conclude that this is intrinsic and cannot be accounted for by absorption episodes due to
material intervening in the line of sight. It is also found that the lags agree with the relation
T o< A*/3, as expected for an optically thick geometrically thin accretion disc, although for a
larger disc than that predicted by the estimated black hole mass and accretion rate in MCG-6-
30-15. The cross-correlation analysis suggests that the torus is located at ~20 light-days from
the central source and at most at ~50 light-days from the central region. This implies an active

galactic nucleus bolometric luminosity of ~3 x 10* erg s~! cm™2.

Key words: galaxies: active — galaxies: Seyfert.

Hence, multiwavelength monitoring data are still obtained from
targeted observations of AGN from space and ground facilities, and

One of the defining characteristics of active galactic nuclei (AGNs)
is their strong variability, which is observed on time-scales of sec-
onds to years, and over a very broad wavelength range. The often
complex, yet evident connection between the variations seen at dif-
ferent wavelengths has also been firmly established. These can be
used to unveil the physical processes behind the emission and the re-
lations between the different regions responsible for the variations,
such as the corona (producing the X-ray emission), the accretion
disc (producing the UV, optical and likely near-IR emission) and
the dusty torus (producing near and mid-IR emission).
Multiwavelength, high-quality light curves (i.e. those with the
desired energy coverage and time sampling) are not easy to obtain.
The advent of current and future time domain surveys are helping to
overcome this at least partially, yielding well-sampled light curves
for a huge number of sources, but usually limited to the optical band.

* E-mail: plira@das.uchile.cl

it will remain this way for the time being.

The emerging picture from the analysis of long-term, well-
sampled, multiwavelength observations of AGN is clear in its most
simple version: variation patterns can be mapped at different wave-
lengths and observed lags are roughly consistent with the time it
takes for radiation to travel from the centre to the edges of the
system. This confirms the expected temperature stratification, with
the hot corona encompassing only a few gravitational radii (R, =
GM/ ¢?, where M is the black hole mass) around the black hole, the
accretion disc extending from close to the location of the corona to
hundreds or thousands of R,, and the dusty torus appearing at the
radii where dust can survive the prevailing temperatures (Suganuma
et al. 2006; Arévalo et al. 2009; Breedt et al. 2009, 2010; Lira et al.
2011; Cameron et al. 2012; McHardy et al. 2014; Shappee et al.
2014; Edelson et al. 2015). The details, however, are still somewhat
murky, which is not surprising as these are most likely function
of several parameters such as black hole mass, accretion rate, sys-
tem geometry and inclination, etc. which are bound to change from
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source to source, while for a single source, the accretion rate might
change from one observation to the next.

MCG-6-30-15 is one of the best studied AGN in X-rays (Arévalo
etal. 2005; McHardy et al. 2005; Miniutti et al. 2007; Miller, Turner
& Reeves 2008, 2009; Chiang & Fabian 2011; Emmanoulopoulos,
McHardy & Papadakis 2011; Noda et al. 2011; Marinucci et al.
2014; Kara et al. 2014; Ludlam, Cackett & Giltekin 2015; just
to name some of the articles from the last 10 yr). The interest in
its X-ray emission is due to the presence of the broad redshifted
Ko line, indicating X-ray reflection from the innermost region of
the accretion disc (Tanaka, Nandra & Fabian 1995), and its high
variability (as first reported by Pounds, Turner & Warwick 1986;
Nandra, Pounds & Stewart 1990), as expected from accretion on to
a black hole of only a few million solar masses (Done & Gierlinski
2005; Ludlam et al. 2015). Indeed, MCG-6-30-15 is usually defined
as a member of the narrow-line Seyfert 1 (NLS1) class.

However, no monitoring campaign has aimed at longer wave-
lengths. In fact, to our knowledge, no reverberation campaign has
been successfully carried out on this source and black hole mass
estimates rely on the galactic properties of its host galaxy and X-ray
variability derivations (McHardy et al. 2005 and references therein).

We wanted to remedy this situation by conducting a long mon-
itoring campaign of MCG-6-30-15 from the X-rays to the near-IR
wavelengths. This very broad-band approach will give us an under-
standing of the relation between the corona, disc and torus compo-
nents in this AGN. This paper is organized as follows: Section 2
presents the data acquisition and reduction; Section 3 presents the
results on the determination of the power spectral density (PSD),
the cross-correlation analysis and the frequency filtered light curves;
Section 4 presents a discussion on the nature of the X-ray emission,
the near-IR emission from the disc and torus and an upper limit to
the bolometric luminosity of MCG-6-30-15; Section 5 presents the
summary. Throughout this work, we assume a distance to MCG-6-
30-15 of 37 Mpc (z = 0.008, Ho = 65 km s~! Mpc™!).

2 DATA ACQUISITION AND ANALYSIS

We monitored MCG-6-30-15 in the X-ray band with the Rossi X-ray
Timing Explorer (RXTE) taking 1 ks exposure snapshots typically
every 4 d, but including some intensive periods with snapshots every
1 or 2 d. In the present paper, we include the X-ray data that are con-
temporaneous to our ground-based observations (see below). The
X-ray data were obtained using the RXTE Proportional Counter Ar-
ray, which is sensitive in the range 3—60 keV and consists of five pro-
portional counter units (PCUs). We only extracted data from PCU 2.
We use standard good-time interval selection criteria. Background
data were created using the combined faint background model and
the South Atlantic Anomaly (SAA) history. We extracted spectra in
the 3—-12 keV energy range for each snapshot and used XSPEC to
fit a simple absorbed power-law model with the absorption column
fixed at the Galactic value, Ny = 4 x 10%° cm~2 to obtain an esti-
mate of the 2—-10 keV flux and its error. For further details on data
reduction of RXTE observations, see Arévalo et al. (2008).

B, V, J, H and K observations were obtained between 2006
August and 2011 July with the ANDICAM camera mounted on the
1.3 m telescope at Cerro Tololo Inter-American Observatory (CTIO)
and operated by the Small & Moderate Aperture Research Telescope
System (SMARTS) consortium. ANDICAM allows simultaneous
observations in the optical and near-IR by using a dichroic with a
CCD and an HgCdTe array. A movable mirror allows dithering in
the IR while an optical exposure remains still. The average sampling
of the light curves was 4.5 d.
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The optical data reduction followed the usual steps of bias sub-
traction and flat-fielding. The images were convolved to match the
point-spread function of the worst acceptable seeing. Relative pho-
tometry of MCG-6-30-15 and nearby stars was achieved by ob-
taining aperture photometry with a radius of 1.7 arcsec. The final
flux calibration was determined by observing standard photometric
stars during photometric conditions. The data were corrected for
Galactic foreground absorption of Ay = 0.165. For more details on
the optical data reduction, see Arévalo et al. (2009).

The near-IR data reduction followed the standard steps of dark
subtraction, flat-fielding and sky subtraction using consecutive jit-
tered frames. The light curves were constructed from relative pho-
tometry obtained through a fixed aperture with diameter 2.74 arcsec
after all images were taken to a common seeing. Flux calibra-
tion was obtained using the computed 2MASS magnitudes of the
comparison stars. Photometric errors were obtained as the squared
sum of the standard deviation due to the Poissonian noise of the
source-plus-sky flux within the aperture, plus the uncertainty due
the measurement itself. This last error was estimated as the standard
deviation in the photometry of stars available in the field of view in
consecutive exposures. For more details, see Lira et al. (2011).

Light curves in the X-ray, B, V, J, H and K bands for MCG-6-30-
15 are presented in Fig. 1.

3 RESULTS

3.1 The power spectral densities

We obtained the PSD for all bands calculated using the Mexican-
hat filter method described in Arévalo et al. (2012). The Poisson
noise contribution was estimated from the errors on the fluxes by
simulating an error light curve of Gaussian deviates with zero mean
and standard deviation equal to the error in each flux point. The
power spectrum of these error light curves was calculated with the
same method used for the real light curves and was subsequently
subtracted from the total power spectrum. Error bars on the power
spectra represent the expected scatter for different realizations of a
red-noise process. For highly correlated energy bands (such as B
and V bands), this error overestimates the band to band scatter.

In order to combine the RXTE long time-scale and XMM short
time-scale observations, we followed McHardy et al. (2004, 2005),
and restrict the energy range of the XMM light curve to 4-10 keV,
whose mean photon energy match well the 2-10 keV mean energy
of a photon from RXTE.

Aliasing from higher frequencies can be important in the X-ray
power spectrum, since its break time-scale is about 4 h (McHardy
et al. 2005) and the observations are on average taken 4 d apart, i.e.
there is significant variability power on time-scales much shorter
than those sampled. To estimate the effect of aliasing on the X-ray
power spectrum, we simulated X-ray light curves with the power
spectral parameters given in McHardy et al. (2005): a broken power
law (P, o v*) with slopes v, = —0.8 and vy = —2.5 at low and
high frequencies, break frequency of 7.6 x 107 Hz, and using
a generation bin size of 0.01d. We resampled these simulations
to match the sampling of the real light curve and calculated the
power spectrum with the same method used for the real data. The
median power spectrum of 100 trials was fitted with a power law
of free slope and normalization in the range 10782 x 107° Hz.
We varied the input low-frequency slope around the best-fitting
value and obtained flatter but comparable slopes in the resulting
power spectra, as expected from the effect of aliasing. For input
slopes of 0.9, 0.85 and 0.8, the measured slopes were 0.8, 0.76 and

MNRAS 454, 368-379 (2015)

GTOZ ‘6 JOOUIBAON U0 31y 3p Pepsioniun Te /6.0 eunopiojxo'seuw//:dny Wo.j papeo lumod


http://mnras.oxfordjournals.org/

370 P Liraetal

)
% 5
5 3
= 1t
o 3.5
=
3.2
4.5
:\E 4.2
e
Y] 3.9
Py
) 4.5
(O]
2 4.0
o
= 35
x a0l
T
3.5|
3.0}
} —
35t K e,
N
30f, "
%‘.‘--
2.5L 7% 1

LY

3
Cad )
Y s T ° S

s L "'l.'.' s,

Il Il Il Il Il Il -
4200 4400 4600 4800 5000 5200 5400 5600 5800

JD (-2450000)

Figure 1. Observed X-ray, optical and near-IR light curves for MCG-6-30-15. Observations have not been corrected for host contribution or intrinsic extinction.

0.69, respectively. The real X-ray light curve gave a slope of 0.74,
which is consistent with an intrinsic slope of 0.85, similar to the
value obtained from a different data set by McHardy et al. (2005).
Aliasing is much less important in the optical and IR bands, where
the sampling rate is sufficient to track the major flux variations.

Fig. 2 presents the PSDs for all bands. Clearly, all the PSDs
present a rather flat distribution in units of v x P,, which is recog-
nized as the self-similar flicker-noise region of the PSD (e.g. Uttley
2007). The inverted (positive in v x P, units) slope of the X-ray
PSD was already seen by McHardy et al. (2005), as discussed above.
We have included the low-frequency slope fitted by McHardy et al.
(2005) in Fig. 2. Our PSD slightly extends the low-frequency cov-
erage down to 5 x 10~ Hz. No sign of a secondary break is seen,
as expected from observations of other low black hole mass AGN
and black hole X-ray binaries in the soft state (Done & Gierlinski
2005; Uttley 2007).

The PSDs of the longer wavelength bands show clearly less power
than that seen in the X-rays. Interestingly, the near-IR PSDs have
more power than those of the B and V bands, except at frequen-
cies above ~5 x 1077 Hz where the power becomes comparable.
However, the host galaxy makes a non-negligible contribution to
the optical and near-IR bands, adding to the total flux but not to
the fractional flux variations, therefore decreasing the amplitude
in the observed variability and diminishing the power in the PSD
(notice that extinction, being a multiplicative factor, does not
change the obtained PSD; e.g. Uttley, McHardy & Papadakis
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Figure 2. Top panel: power spectral densities (PSDs) obtained from the
X-ray, optical and near-IR observations for MCG-6-30-15. We also include
the low-frequency slope previously fitted to the RXTEXMM-Newton X-ray
PSD by McHardy et al. (2005 — thick grey line). Lower panel: PSDs for the
V and H bands after correcting for host contribution (see text for details).

2002). We can assess this correction using the H-band In-
tegral Field Unit (IFU) SINFONI data recently presented by
Raimundo et al. (2013). They find that the total emission within
a circular aperture with diameter 3 arcsec (very close to the
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aperture used to determine our light curves) corresponds to
fux ~ 34 x 1079 erg s7' em™2 A~! (in very good agreement
with the mean value of our light curve), of which ~45 per cent cor-
responds to the underlying stellar population (Raimundo, private
communication).

Extrapolating to the optical region is not straightforward, as we
need to assume a spectral energy distribution (SED) for the stellar
population. On the one hand, the SO nature of the MCG-6-30-15
host might argue for a rather old population. However, based on the
presence of Fe 11 emission lines in the H-band spectra, Raimundo
et al. (2013) argue for the presence of a nuclear cluster with a stellar
age of ~10® yr. For such a young stellar population, the contribution
to the V band will be ~10 times larger than that observed in the H
band, i.e. £, ~ 1.5 x 10~ ergs~! ecm=2 A~!, which translates on
10 firs ~ 2.7 x 1075 erg s=! em=2 A~! for an extinction of E(B —
V) = 0.6 (Reynolds et al. 1995), below the minimum level seen in
our V-band light curve.

The bottom panel in Fig. 2 presents the V and H corrected PSDs
after subtracting the host contribution in both bands. It can be seen
that the two PSDs have now a similar power level, and that they
might cross somewhere between 10~7 and 1077 Hz, but the dif-
ferences are within 1o errors and the scaling of the PSDs is very
sensitive to the host correction just introduced, which is not well
known. Still, it is interesting that the near-IR bands show such a
large amount of variability power when compared with the optical,
since disc variability is expected to decrease at larger radii.

In some more detail, note that around 10~8° Hz or 2 yr the un-
corrected K band has comparable power to the X-ray band, but
galactic contamination is probably negligible at X-ray energies, so
this power spectrum gives a good estimate of the true fractional X-
ray variability. The K band, on the other hand, contains some level
of stellar contamination, and therefore the AGN fractional variabil-
ity in this band can only be corrected upwards. Finally, the V-band
variability does not reach these high powers even after correcting
for stellar contamination. The large amplitude of the K-band fluc-
tuations can be interpreted as reprocessed thermal emission from
the torus. Since this structure does not have and internal source of
heating, it can only respond to the optical, UV and X-ray continua
emitted by the disc and corona. The long-term K-band variations in
MCG-6-30-15 are as large as those of the X-rays and could also be
responding to the (unobserved) UV, but the optical power seems to
be insufficient to drive the near-IR variability.

3.2 Correlation analysis

From Fig. 1, it can immediately be seen that a high degree of
flux correlation exists between the optical and the near-IR, with the
short-term variability gradually diminishing in significance towards
longer wavelengths. No correction for host galaxy contamination is
introduced. Therefore, the overall observed amplitudes of the light
curves should be regarded as a lower limit to the real variations.
We have quantified the degree of correlation between bands using
three methods: the discrete correlation function (DCF) of Edelson
& Krolik (1988) with confidence limit determinations following
Timmer & Koenig (1995), the interpolated cross-correlation func-
tion (ICCF) presented by Peterson et al. (1998, 2004), and the
JAVELIN cross-correlation method of Zu, Kochanek & Peterson
(2011) and Zu et al. (2013), which models the light curves as
a damped random walk process (DRWP) as prescribed by Kelly,
Bechtold & Siemiginowska (2009). While the DCF method does
not require any assumption about the variability to work, the Tim-
mer & Koenig (1995) technique to derive its significance requires
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a previous knowledge of the shape of the PSD in order to simulate
synthetic light curves (see below). On the other hand, the ICCF
is a model-independent estimate of the degree of correlation. Fi-
nally, JAVELIN assumes a particular regime of the PSD (a DRWP
or P,  v* with o« = —2, breaking to « = 0 at a characteris-
tic frequency) in order to determine a lag and its significance. No
host correction has been introduced to the light curves during the
cross-correlation analysis using either of the described methods.

We determined the DCFs for the year-long segments of the RXTE
and optical-near-IR light curves and then combined them. In Fig. 3,
we present the DCFs obtained between the B band and all other ob-
served bands, with 95 and 99 per cent confidence limits following
Timmer & Koenig (1995), i.e. by determining the cross-correlation
of the observed B-band light curve and a synthetic light curve of
the band of interest simulated according to the power-law shape of
its PSD. This process was repeated 1000 times and the DCF distri-
butions obtained were used to determine the confidence limits. The
lags corresponding to the main peak in the DCF distributions were
estimated using the random sample selection method of Peterson
et al. (2004), selecting 68 per cent of the data points in the B and
near-IR light curves and calculating the DCF centroid for 1000 such
trials. The resulting centroid distributions are also shown in Fig. 3
and their mean values and errors are presented in Table 1. Further
details of the procedure can be found in Arévalo et al. (2008).

ICCEF results for the same RXTE and optical-near-IR light curves
were determined using a grid of 1d for the interpolation of the
data before determining the cross-correlation. For the calculation
of the lag and its uncertainty, interpolated, bootstrapped data were
crosscorrelated and, those results with correlation coefficients larger
than 68 per cent out of 1000 trials WERE used to find the median
lag and its 1o confidence limits. The resulting centroid distributions
are presented in Fig. 3 and the measured mean lag are tabulated in
Table 1.

For the JAVELIN analysis, we followed Shappee et al. (2014) and
Pancoast, Brewer & Treu (2014), and calculated the distribution of
lags from 10 000 Monte Carlo simulations for each separate segment
and then combined the yearly probability distributions. From the
resulting distributions 1o intervals were measured as the lag values
that represented the 1-CL at each end of the distributions, with
CL = 0.6827. Results are presented in Fig. 3 and Table 1.

A quick inspection of Fig. 3 confirms that all three cross-
correlation methods, DCF, ICCF and JAVELIN, are consistent with
each other, although the DCF centroid distributions show less struc-
ture than the distributions found from the JAVELIN and ICCF anal-
ysis. Interestingly, the J and H bands present some evidence of
double peaks in their distributions, as can be seen in the ICCF and
JAVELIN results. This could be a sign for more than one lag present
in MCG-6-30-15, as will be discussed in more detail in Section 4.2.

Assuming a DRWP as a good description of the observed light
curves, however, might not be appropriate for our study. While
DRWP is characterized by P, « V2, breaking to P, « V9 at lower
frequencies, it is clear that our X-ray PSD is better characterized
by o > —1 and the optical PSDs are more consistent with a power
distribution given by o ~ —1 (see Fig. 2). The near-IR bands, on
the other hand, seem more consistent with a random walk process.
We expect, however, that the near-IR variability might be the com-
bination of variations coming from two structures, the disc plus the
torus, making the DRWP assumption also flawed.

To assess this issue we used JAVELIN to determine the lag be-
tween the B band and the V, J, H and K bands after these were
shifted back to zero lag using the DCF results reported in Table 1,
and then shift them forwards up to a lag of 100d using a step of
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Figure 3. Left: correlation coefficient from DCF analysis between the B band and all other observed bands for MCG-6-30-15. Positive lags mean that the
annotated band lags behind B. The continuous grey lines represent the mean, 95 and 99 per cent upper and lower confidence limits. Right: DCF, ICCF and
JAVELIN centroid distributions between the B band and all other optical and NIR observed bands. As before, positive lags mean that the annotated band lags

behind B. Notice the different axis ranges for the top panels.

Table 1. Results from the correlation analysis of the full and filtered light curves. Lags are measured with respect
to the B band and are expressed in days. A positive lag means the B band leads the variability. JAVELIN lo
confidence limits and centroids for the discrete correlation functions (DCFs) and interpolated cross-correlation
functions (ICCF) are presented. ICCF centroids are determined at a 1o level. DCF lag centroids measured at a
95 per cent confidence level are denoted with a star while other lags are determined at a 99 per cent confidence

level.

Javelin full ICCF full DCF full DCF k1 DCF k2 DCF k3 DCF k4
14 00:1.8 —07 £22  —047%) —82%30 53749 3.8+ —1.8%43
J 4.1:250 13.5 + 43 11.0739 - 10.0733 9.5722 10.3728
H  86:25.1 20.0 + 4.0 16.7737 - *17.6%37 13.673% 17.033
K = 69:293 26.1 + 3.7 18.573% - *16.2754 18.0734 19.872)

2d. For each calculation, the curve of interest was randomized in
its flux assuming Gaussian distributed errors, and in time, by shift-
ing the date assuming a flat probability with a width of 10 per cent
around the actual observing date. The results are presented in Fig. 4.
The plots show that the output lags are strongly underpredicted for
delays longer that 50 d, but that they can recover input lags before
that. Since all of our findings report lags much shorter than this our
JAVELIN results should be correct. This is also supported by the
similar behaviour shown by the JAVELIN results and those from
the DCF and ICCF analysis.

In order to investigate whether JAVELIN is indeed able to deter-
mine the presence of more than one lag during the cross-correlation
analysis, we performed the following test: B- and J-band in-phase
synthetic light curves were computed assuming PSDs with slopes
of —1 and —2, similar to the observed values, and break frequencies
at 100 and 1000 d, respectively. This ensures that both light curves
are coherent, but with the J-band light curve being much smoother
than the B-band light curve. Next, two versions of the J-band light
curves are computed applying a lag of 5 and 20d and their aver-
age is determined. The resulting JAVELIN lag distribution between
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the B band and the linearly combined two-lag J-band light curves
can be seen in Fig. 4. Clearly, there is evidence for a double peak
consistent with the lags introduced in the synthetic light curves. To
find what combination of parameters would yield results similar to
those presented in Fig. 3 is beyond the scope of this paper.

From the X-ray and B-band DCF plot in Fig. 3, it can be seen
that no significant correlation signal is found. JAVELIN analysis
did not give a clear result (plot is not shown) which could be related
to the problem of adopting a DRWP as a description of our X-ray
observations.

The DCEF result is not totally unexpected as the X-rays show
very fast variability and our RXTE and optical-near-IR light curves
are not suitable to determine a correlation between these bands.
A correlation was previously determined between the X-ray emis-
sion and the 3000—4000 A U band of the optical monitor on-board
XMM-Newton (Arévalo et al. 2005). The observations corresponded
to snapshots 800 s long separated by gaps of 320 s. Such fast
monitoring allowed us to determine a lag of 1.857)32 d, with the
U band leading the X-rays. In that case, the X-ray light curve
tracked lower energies since the bulk of the photons recorded by the
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Figure 4. Top: JAVELIN results for the cross-correlation between the ob-
served B-band light curve and the shifted V, J, H and K bands after random-
ization was applied. See text for details. Bottom: JAVELIN lag distribution
for simulated B and J light curves generated as described in the text.

XMM pn camera are below the 2 keV threshold of RXTE and are
therefore dominated by the soft excess present in MCG-6-30-15.
In fact, the soft excess has been shown to correlate better with the
optical bands than the hard X-rays in at least one source with good
quality UV, soft and hard X-ray light curves (Mrk509; Mehdipour
etal. 2011). In fact, a re-analysis of the XMM-Newton data by Smith
& Vaughan (2007) did not report a significant lag. Smith & Vaughan
(2007) argue that the differences with Arévalo et al. (2005) are due
to the different methods used to extract the light curves and a more
conservative treatment of the correlation analysis.

We also obtained the cross-correlation between the B band and
the X-ray photon flux light curve, Q, which is presented in Fig. 5.
In the framework where the corona is cooled by Comptonization
of (the unseen) UV and optical photons, significant changes in
the UV/optical flux should be correlated with changes in the X-
ray flux. However, the corona energetics also respond to changes
in the UV/optical flux, with higher fluxes inducing more efficient
electron cooling. This in turn will mean that B-band photons will
gain less energy from the corona and therefore the shape of the
X-ray spectrum will become steeper. This trend is seen in Fig. 5,
where the photon index I' of the 3—-10 keV energy range (i.e. for
flux ocv ™" photons s~! cm~2) grows steadily during the monitoring
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Figure 5. T, X-ray photon flux (Q), X-ray flux and B-band flux light curves
for MCG-6-30-15.

from a value of ~1.8 at the start of the campaign to ~2.0 towards
the end.

As shown by Nandra et al. (2000), in cases of a variable I it is
expected that the photon flux Q would be more closely correlated
with the UV or optical flux, because of the one-to-one nature of the
Compton scattering between photons and electrons. In Fig. 6, we
present the cross-correlation between Q and the B band obtained
using the DCF and the ICCF methods. As can be seen, there is good
evidence for a correlation with a lag around zero. Unfortunately,
the centroids are found with very large spreads of 81’28 and 2.1 £
20.1 d for the DCF and ICF methods, respectively, with the Q-band
leading. The correlation, however, is present, with a 100 per cent of
the (1000) centroid calculations performed during the ICCF trials
being successful and a mean peak correlation coefficient of 0.48 £
0.04.

On the other hand, there is a clear correlation signal between the
near-IR bands and the optical bands. The rather flat near-IR DCFs
in Fig. 3 resemble those of NGC 3783, where a very broad and flat
correlation was interpreted as resulting from the sum of two variable
components varying on different time-scales: a rapidly varying disc
and slower dusty torus (Lira et al. 2011).

We can test the presence of more than one component by compar-
ing the width of the auto-correlation functions (ACFs) in different
bands. If one band drives the variability in the remaining bands,
then it is expected that its ACF should be the narrowest, with the
remaining band ACFs been broadened by the response of the sys-
tem. Long time responses will correspond to broad ACFs, and most
likely, to more extended emitting regions. The X-ray, B-, V-, J-, H-
and K-band ACFs are presented in Fig. 7. As can be seen, there is
a systematic broadening of the ACFs when going from the shortest
to the longest wavelengths, with the X-ray ACF been particularly
sharp and narrow. At the same time, the ACFs of the B and V bands
are very similar, while the H and K ACFs also look very much alike
and are clearly the broadest of all. This might indicate the presence
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Figure 7. Auto-correlation functions (ACFs) of all the light curves pre-

sented in Fig. 1. From the innermost to the outermost curves, the ACFs
correspond to the X, B, V, J, H and K bands.

of alarge reprocessor, like the dusty torus, significantly contributing
to the variability in the A and K bands.

The ICCF and JAVELIN results for the J, H and possibly the K
band are complex and hint at the presence of more than one distinct
variable component. In fact, the centroid values presented in Table 1
should be considered as a poor representation of the multiple peaks
observed.

MNRAS 454, 368-379 (2015)

3.3 Filtered light curves

We filtered the optical and near-IR light curves using the method
described by Arévalo et al. (2012). In short, the method consists
of filtering the data using a ‘Mexican-hat’ filter which suppresses
fluctuations with time-scales much larger or much smaller than a
characteristic time-scale. The method is also able to deal with gaps
in the data, which are masked out during the analysis. In our case,
we did not mask out any data but instead worked on year-long
segments.

Four light curves were produced with characteristic frequency
intervals of k1 =7 x 107°-2 x 1078 (560-1680d), k2 =2 x 10786
x 1078 (186-560d), k3 =6 x 107°-2 x 107 (62-186 d) and k4 =2
x 10776 x 1078 Hz (21-62 d). These intervals are equally spaced
in log frequency and the light curves were determined applying
the ‘Mexican-hat’ filter to the PSDs. Fig. 8 shows the light curves
obtained for all our bands for the four frequency ranges.

We determined the cross-correlation of the filtered light curves
using the DCF method. Unfortunately, it is not possible to apply the
JAVELIN code in this case as the random walk modelling of the
light curves is only valid when describing the full data. As before,
no significant cross-correlation results were obtained for the X-ray
filtered curves and the optical or near-IR filtered curves.

Fig. 9 shows the DCFs between the B and V, J, H and K bands
corresponding to all the frequency ranges. Only upper 99 per cent
confidence limits are included in the plots this time. It can be seen
that the level of significance of the DCFs is higher at higher fre-
quencies. In particular, the first frequency range, corresponding to
~3 yr, which is hardly sampled by our monitoring programme,
does not give significant lags for any of the near-IR bands. How-
ever, a significant lag can be measured for the V band because of
its extreme similar behaviour to the B band. For the k2 frequency
range the V and J bands show DCFs significant at the 99 per cent
level, while for k3 and k4 all DCFs are significant at this level. At a
95 per cent significance level, all DCFs are significant for frequency
ranges k2, k3 and k4. Centroids are presented in Table 1.

A quick examination of Table 1 shows that for a given frequency
range the near-IR bands respond with characteristically longer lags
when going towards longer wavelengths (i.e. when reading the table
vertically). For instance, the lag nearly doubles when going from
the J to the K band for the k3 and k4 frequency ranges. At the
same time, there is no clear trend in the different lags for the same
band measured at different frequency ranges (i.e. reading the table
horizontally). So, for example, the J band has a lag consistent with
~10d for all frequency ranges, while the K band hints at lags
that increase monotonically from k2 to k4. This implies that the
reprocessor is responding equally at all time-scales, and the lags
only depend on the observed band.

Because of the similar variability pattern observed in the B and V
bands, the cross-correlations of their frequency filtered light curves
show larger correlation coefficients and smaller lag errors than
those obtained in the near-IR. It is possible, then, to look at some
trends that the lags exhibit with frequency. First of all, it can be no-
ticed that all the lags determined using the DCF method are negative
and that the values become more negative towards lower frequen-
cies. This is likely due to contamination of emission from the broad-
line region (BLR) to our optical photometry. The strongest line in
the wavelength range covered by our observations (~3900-5900 A)
is H g 14861, which falls in B-band filter. This would explain why
the lag gets shorter with increasing frequency range, as the compo-
nent from the slowly varying BLR will be more pronounced in the
k1 than in the k4 light curve. Notice also that the full light curve
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shows the shortest lag. This is likely because the frequency ranges
examined leave out a large fraction of the variability power seen
in the optical, which concentrates at shorter frequencies than those
found in the k4 range.

Since there is very little line contamination in the V band, we
conclude that the B-band light curve is delayed. However, given
the small negative lag measured from the cross-correlation of the
full light curves (—0.47%¢ and —0.7 + 2.2 d for the DCF and ICCF
analysis, respectively, see Table 1), we will not attempt to correct
for this effect.

4 DISCUSSION

4.1 The nature of the X-ray variability

The presence of the broad Fe K« line in the X-ray spectrum of MCG-
6-30-15 has made this object one of the most intensively studied
AGNs in the sky. Modelling of this feature as a gravitationally
redshifted line scattered off hot, optically thick material located at
a distance below 10R, from the central black hole provides some
of the best evidence for the presence of an accretion disc and opens
the possibility of studying the behaviour of matter and radiation
in a strong gravity environment (e.g. Tanaka et al. 1995; Iwasawa,
Fabian & Reynolds 1996; Guainazzi et al. 1999; Lee, Fabian &
Brandt 1999; Vaughan & Edelson 2001; Wilms et al. 2001; Fabian
et al. 2002; Shih et al. 2002; Fabian & Vaughan 2003; Matsumoto
et al. 2003; Vaughan & Fabian 2004; Miniutti et al. 2007; Kara et al.
2014).

However, some authors have also proposed alternative models
where the line can be explained by the presence of a continuum
affected by complex absorption by ionized material, or a ‘warm
absorber’ (Inoue & Matsumoto 2003; Miller et al. 2008, 2009).

MNRAS 454, 368-379 (2015)
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Crucially for our study, using a warm absorber composed of several
zones with varying partial covering of the central source, Miller
et al. (2009) and Miyakawa et al. (2009) propose to explain not
only the X-ray spectrum of MCG-6-30-15, but also most of its
variability.!

However, there is one piece of evidence that argues against
the above scenario and that we can explore here: the rms—flux
relation of the X-ray emission. Uttley & McHardy (2001) and Utt-
ley, McHardy & Vaughan (2005) have demonstrated the non-linear
nature of the X-ray variability in AGN. In fact, they show that vari-
ability is a multiplicative process, while additive processes, such as
the combination of independent occultation episodes, can be ruled
out. Empirically, this translates into the ‘rms—flux’ relation. In other
words, the multiplicative nature of the variability predicts a linear
correlation between the flux level and its standard deviation.

Using along look observation of MCG-6-30-15, Vaughan, Fabian
& Nandra (2003), already presented a clear ‘rms—flux’ linear cor-
relation for this source. We have combined our RXTE observations
with those presented in McHardy et al. (2005) post year 2000, and
new XMM observations (Marinucci et al. 2014; Kara et al. 2014)
with those previously presented in Vaughan et al. (2003) to deter-
mine two ‘rms—flux’ plots, following the method of Vaughan et al.
(2003). Since the temporal resolution of the RXTE and the XMM
observations is very different, each plot presents the results for each
spacecraft.

The XMM observations were binned into 100 s intervals, while the
observing cadence of the RXTE light curves (approximately 2 and
4d for the McHardy and our data, respectively) was not changed.
The weighted mean flux and its standard deviation were determined
from consecutive groupings of 15 bins each. To reduce scatter,
further binning of 15 such flux-rms pairs was obtained. The results
are presented in Fig. 10 where the vertical ‘error’ bars represent
the scatter around a given rms value (i.e. they do not correspond
to the error of the mean rms). The linear correlation is clear and
we confirm that multiplicative nature of the X-ray variability in
MCG-6-30-15 in both temporal regimes.

4.2 Disc and torus variability at optical and near-IR
wavelengths

The DCF between the B and the near-IR bands is seen in the left-
hand side of Fig. 3. The DCFs show broad, flat-top peaks, which
might suggest more than one variable component contributing to
the signal. This has already been seen in NGC 3783 and interpreted
as the disc and the dusty torus simultaneously contributing to the
near-IR DCFs, with the disc dominating at smaller lags and the torus
dominating at longer lags (Liraetal. 2011). The ICCF and JAVELIN
results also suggest the presence of more than one component in
the J and H-band lag probability distribution seen in the right-hand
side of Fig. 3, and even perhaps in the K band.

In the case of NGC 3783 the presence of the torus is also corrob-
orated by a clear near-IR hump in its SED (Lira et al. 2011). Unfor-
tunately, the very high extinction towards the nucleus of MCG-6-

It is important to notice, however, that all these studies have focused on
explaining the spectral changes in the X-ray observations, with none of them
attempting to also reproduce the observed light curves. In fact, a complex
warm absorber present in MCG-6-30-15 is known to show variability with
time-scales of a few hours (Reynolds et al. 1995), but it is thought to be
mostly confined to energies below 3 keV, with some absorption features
seen around the Fe Ko line (Chiang & Fabian 2011), so this component is
of no interest in the present analysis.
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Figure 10. rms—flux correlations for MCG-6-3015. Top: XMM-Newton ob-
servations obtained in 2001 and 2013. Each observation was divided into
their individual XMM ‘revolutions’. Bottom: RXTE observations obtained
by McHardy et al. (2005) and this work.

30-15 implies that the determination of its optical to near-IR SED
is rather unfeasible. However, the H and K bands can give a good
idea of the intrinsic spectral shape since they are less susceptible to
extinction, and the stellar populations show a particularly homoge-
neous flux ratio between these two bands (fy/fx ~ 2.5), regardless
of the stellar age. Adopting a stellar contribution of 45 per cent in the
H (see Section 3.1), a 18 per cent K-band contribution is then found.
For E(B — V) = 0.6, we find that absorption and host corrected H
and K fluxes are ~3.1 and 3.5 x 10~"5 erg s~ cm~2 A~!, respec-
tively, hinting at a red slope and therefore suggesting the presence
of hot dust in the MCG-6-30-15 nuclear region.

We will attempt to isolate the emission from the disc from that
from the torus by using the distinct ‘disc’ peaks observed in the
JAVELIN probability distributions, this is, the V peak and the first
peaks seen in the J and H distributions. We will assume that the
K-band JAVELIN main peak corresponds to a ‘torus’ lag. By fitting
a Gaussian to these features, we were able to determine their charac-
teristic centre and dispersion. The values are: V-disc-lag = —0.8 &+
0.9, J-disc-lag = 4.9 £ 3.8, H-disc-lag = 11.4 & 4.6, J-torus-lag =
21.9 4.2, H-torus-lag = 22.1 £+ 4.5 and K-torus-lag = 19.6 + 4.9.
These values suggests that the outer disc is truncated at distances
215 light-days, with the torus appearing at <20 light-days.

In Fig. 11, we present the JAVELIN ‘disc’ lags determined as
given above (blue circles), as a function of wavelength. The K-band
JAVELIN ‘torus’ lag is also included (red star). To test whether
we are in fact seeing disc emission in the JAVELIN ‘disc’ lags,
we can look at the correlation of the lags with wavelength and see
whether these are in agreement with the predicted relation T o A*/3
for the outward light traveltime in an optically thick geometrically
thin accretion disc.

We determined a weighted fit to the JAVELIN V, H and J ‘disc’
lags. Following Edelson et al. (2015), first we fit a function of the
form T = A((A/Ao)*? — 1) + B, with o = 4000 A. The best fit
requires A = 2.4 and B = —0.9 and is presented as a blue dash—
dotted line in Fig. 11.

A fit setting B = 0 was done in a physically motivated way, as
follows. We included the prescription for the light traveltime across
a standard optically thick geometrically thin accretion disc model
of the form v = 3 x 107'94%3i '3 M?/3, for © expressed in days
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Figure 11. Observed and model lags as a function of wavelength. V, J and
H ‘disc’ lags were determined from the JAVELIN probability distributions
and are shown as blue circles; the K-band ‘torus’ lag is shown with a red star
(see text for details). The blue dot—dashed line corresponds to the best fit
assuming the functional form = A((A/ 20)*3 = 1)+ B. The yellow dashed
line corresponds to the best fit for a standard optically thick geometrically
thin accretion disc model of the form t = 3 x 1071044313 M2/3 | where
m and M are the accretion rate and black hole mass, which are left as free
parameters. The best estimates of 7z and M give the green solid line, which
clearly underpredicts the observed lags. The red dotted line includes the
effects of X-ray heating for a flared disc, as described in more detail in the
text.

and  in A, and where s is the accretion rate in Eddington units and
M is the black hole mass in units of solar masses (e.g. Shakura &
Sunyaev 1973). The green solid line in Fig. 11 shows the predicted
lags for M = 5 x 10° M@ (McHardy et al. 2005) and iz = 0.04
(see next section). Clearly, the lags are up to a factor 4 longer than
predicted by the accretion model. A fit to the data leaving m and
M as free parameters yields i = 0.2 and M = 1.1 x 107 Mg,
both much larger than the estimates, and is shown in Fig. 11 with a
yellow long dashed line.

[llumination or heating of the disc by the central X-ray emission
can modify the disc temperature profile. Since the disc becomes
hotter, a region emitting most of the radiation corresponding to a
given wavelength will move outwards to larger radii. For a flared
disc, the changes can be even more significant as a larger fraction
of the X-ray flux is intercepted by the disc. Besides, it is easy to
argue that it is just consistent to include heating from the central
X-ray source’ when computing the T o« A%/ correlation: the cross-
correlation analysis clearly demonstrates that the observed lags are
consistent with the light traveltime across the system and that such
a signal is propagating outwards; in other words, we see the disc
being illuminated from the centre.

We follow Lira et al. (2011) and assume M = 5 x 10° M,
m = 0.04, a 2-10 keV X-ray power of 7.0 x 10** erg s~! (for a
mean X-ray flux of ~4 x 107" erg s™! ecm™2, as seen in our ob-
servations), a factor 2 to take the 2-10 keV X-ray luminosity to the
full 0.01-500 keV range, a disc innermost stable orbit at 3 R,, a low
disc albedo of 10 per cent, a heavily flared disc with a power-law

2 This is done in the “lamp-post’ approach. Whether disc UV and optical
self-illumination is also a contribution is not clear, although only a very
flared geometry would allow this to be a meaningful contributor to the
general heating.
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profile of index 1.5 and characteristic radius Ry of 100 R, (i.e. a disc
height of the form H oc (R/Ry)') and a height of the X-ray source
above the disc of 10 R,. This predicts unreddened V-band fluxes
SvGray = 1.6 X 10714 and fyxg = 4.1 x 1074 erg s~ em™2 A-!
due to the release of gravitational and X-ray heating, respectively.
After an extinction of E(B — V) = 0.6 is applied, this corresponds to
29 x 1075 and 7.4 x 1075 erg s~! em™2 A~". Clearly, the pre-
dicted V-band flux due to X-ray heating is too large to account for
our observations. If we take into account our (rather extreme) esti-
mate of the host contribution to the V band (see Section 3.1), then
fow + frcry = 5.6 x 10715 erg s7! ecm™2 A~ about 35 per cent
above the observed mean flux value in the V-band light curve.

The predicted lags as a function of wavelength for the described
disc model is plotted in Fig. 11 with a dotted red line. As can be
seen, even though the predicted lags are significantly increased at
longer wavelengths, this effect is not enough to account for the
discrepancies with the observations. Only with a X-ray power four
times the observed value it is possible to reproduce the observed
lags. This is not only energetically impossible but it would also give
V-band fluxes in huge disagreement with our observations.

These results could be interpreted as torus emission still dom-
inating the response of the ‘disc’ near-IR peaks observed in the
JAVELIN probability distributions. In fact, the JAVELIN K-torus-
lag (red star in Fig. 11) seems to nicely follow the trend of the ‘disc’
lags determined at lower wavelengths. Alternatively, our theoretical
prescription might not be correct.

A pattern where lags are found to be longer than predicted, has re-
cently been seen in the UV and optical lags of NGC 5548 (McHardy
et al. 2014; Edelson et al. 2015) and for the UV to the near-IR in
NGC 2617 (Shappee et al. 2014), while on the other hand the model
nicely fits the observed NGC 4395 lag values (McHardy et al., in
preparation). The disagreement with the predictions from an opti-
cally thick geometrically thin accretion disc seems to suggest that
accretion discs are larger than predicted by the theory, in line with
the results from microlensing of distant quasars (Mosquera et al.
2013). On the other hand, general accretion disc models are able to
successfully reproduce the rest-frame UV to optical continuum of
quasars at z ~ 1.55, as shown by Capellupo et al. (2015). Hence,
it seems it is still early days to draw firm conclusions on the valid-
ity of the current accretion disc models to prove or disprove these
different lines of evidence.

4.3 The dust sublimation radius and the bolometric
luminosity of MCG-6-30-15

We have no direct indication for the presence of a dusty torus in
MCG-6-30-15. Howeyver, a few lines of evidence suggest that in-
deed, hot dust is found beyond the location of the accretion disc: (1)
the large power at low frequencies seen in the near-IR PSD; (2) the
red slope between the H- and K-band photometric measurements;
(3) the structure in the cross-correlation DCF and JAVELIN results
of the J and H bands, which hint at the presence of more than one
reprocessor in MCG-6-30-15.

Assuming that the inner face of the torus is located at 20 light-
days from the central source, which corresponds to the correlated
signal seen between the K band and the B band, and using the
relation between the source luminosity and the sublimation dust
radius (see e.g. Barvainis 1987; Nenkova et al. 2008), we find that
the bolometric luminosity for MCG-6-30-15, Ly, is ~2 x 10*
erg s—', for a sublimation temperature of 1500 K.

However, the luminosity—sublimation-radius expression is found
to systematically overestimate the torus sizes as determined by dust
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reverberation measurements (Kishimoto et al. 2007; Koshida et al.
2014). Hence, a more accurate luminosity estimate would be given
by the empiric relation determined from the reverberation analysis
of 17 nearby Seyfert galaxies by Koshida et al. (2014): logt =
—0.2My — 2.1 (light-days), where t is the lag between V and K
bands. A K-band lag of 20d for MCG-6-30-15 then corresponds
to an intrinsic nuclear absolute V-band magnitude of —17.0, or
a luminosity of 2.8 x 10% erg s~! A~!. Adopting a f, oc A~'%
slope for the optical continuum (vanden Berk et al. 2001), and a
luminosity-dependent bolometric correction (Marconi et al. 2004),
we find a bolometric luminosity of 3 x 10" ergs™'. ForaM =5
x 10° My, this translates into an Eddington ratio of 0.04.

Reynolds et al. (1997) estimated a total luminosity for MCG-
6-30-15 of Ly, = 8 x 10® erg s~! from the direct integration of
the observed SED after assuming an extinction of E(B — V) =
0.6. Correcting for the double counting of the IR emission, which
corresponds to optical and UV emission absorbed by the dusty torus
and reprocessed into our line of sight, and the used cosmology (Ho
= 50 km s~! Mpc™!; Reynolds, private communication), then Ly,
~ 2 x 10%¥ erg s7!, in good agreement with our findings. This
is somewhat below the values derived by Vasudevan, Gandhi &
Mushotzky (2010) based on the combined analysis of hard X-rays
(14-195 keV) and IRAS photometry, who found Ly, =4 — 8 x 104
erg s~!. The discrepancy is most likely due to host contamination
of the IRAS measurements, as clearly discussed by Vasudevan et al.
(2010).

We can make some consistency checks using our observed light
curves and the previous accretion disc modelling. At 37 Mpc of
distance, the above derived V-band nuclear intrinsic luminosity cor-
responds to a flux fygm = 1.7 x 1075 erg s~ ecm™2 A~ (RM as in
reverberation mapping). This is about an order of magnitude below
the predicted V-band flux due to the release of gravitational energy,
fvaravs Which is basically dependent on the adopted values for the
black hole mass and accretion rate only (with the value of the inner-
most orbit having a minor role as the V-band emission comes from
radii located further out in the disc). Then, for these two results to
match, either the black hole mass or the accretion rate would have
to be scaled down significantly.

On the other hand, after applying an extinction value of E(B —
V) = 0.6 to fyrm, We determine an observed nuclear flux of ~4 x
10~ ergs~' cm~2 A~'. This is less than the peak-to-peak variation
seen in the V-band light curve, which corresponds to ~7 x 10~'¢
ergs~! cm=2 A~!, and of course it is solely due to the active nucleus.

In summary, accretion theory seems to overpredict the observed
V-band flux level, while dust reverberation seems to underpredict
it. Given the many uncertainties like the host contribution to the
observed light curves, the level of obscuration towards the nucleus
of MCG-6-30-15, its black hole mass and accretion rate, it is not
totally surprising to find conflicting results.

5 SUMMARY

We present long-term monitoring of MCG-6-30-15 in X-rays, op-
tical and near-IR wavelengths, collected over 5 yr of observations.
We determined the PSD of all the observed bands and find that the
host contribution needs to be taken into account to obtain reason-
able results. The lag determined between the X-ray Q flux and the
optical bands is consistent with O d, while the lags between optical
and near-IR bands correspond to values in the 10-20d range. Fil-
tering the light curves in frequency space shows that most of the
correlation is due to the fastest variability. We discuss the nature
of the X-ray variability and argue that this must be intrinsic and
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cannot be accounted for by a absorption episodes due to material
intervening in the line of sight. It is also found that the lags agree
with the relation T o< A*3, as expected for an optically thick geo-
metrically thin accretion disc, although for a larger disc than that
predicted by the measured black hole mass and accretion rate in
MCG-6-30-15. We find some evidence for a truncation of the disc
at a distance of 15 light-days. Indirect evidence suggests that the
torus might located at ~20 R, from the central source. This implies

an AGN bolometric luminosity of ~3 x 10*3 erg s~! cm™2.
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