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Black hole spin
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single average spin for the whole population as has been commonly
done previously. Whilst we have explored these effects briefly in
our toy CXB synthesis in §2.2.1, fully incorporating these extra de-
grees of freedom into the calculations is beyond the scope of this
work.

4 INDICATIONS OF HIGH SPIN IN SAMPLES OF AGN
FROM X-RAY REFLECTION

Detailed, high signal-to-noise spectroscopy of about two dozen in-
dividual local AGN in the Fe Kα band has revealed that most
of them host rapidly spinning black holes; Reynolds (2013) sum-
marise the current spin measurements available from detailed spec-
troscopy of the Fe Kα line region in individual AGN. We now have
robust constraints on spin in 25 moderately-luminous AGN, find-
ing high spin (a > 0.9) in many (12) of the objects. Table 1 sum-
marises the latest spin measurements from Fe Kα line analysis in-
cluding more recent spin determinations not available to Reynolds
(2013), and Fig. 6 shows the spins as a function of black hole mass.
At higher masses, there may be some intermediate spins. However,
spin measurements from this method rely on very high-quality data
to measure the red wing of the Fe Kα line, restricting this approach
to mainly bright objects.

We plot the distribution of spins in Fig. 7 together with lines
representing the expected observed distribution for a flux-limited
sample with an intrinsic spin distribution f(a) ∝ ap with p =
0, 1 and 2. In principle the distribution extends down to a = −1.
Several of the sources in the range between a = 0.4 − 0.7 have
upper limits compatible with much higher spin. The results so far
therefore appear compatible with a flat intrinsic distribution of spin
from 0.4 to 1, or a power-law distribution steeper than f(a) ∝ a.
The observed spin distribution instantly rules out the possibility
that all AGN have a single spin, and furthermore requires that there
should be a substantial fraction of unobserved lower-spin AGN that
have been missed out due to the radiative efficiency bias.

We note however that while the sources in Table 1 are among
the brightest in the sky they do not consitute a complete sample.
Robust measurement of spin requires good irradiation of the ISCO
which in turn requires at least part of the corona to lie at h < 10Rg

(Fabian et al. 2014). Since the smallest source heights are only ac-
cessible with high spin, this itself provides a weak bias against low
values of a, which may explain the absence of objects with a ! 0.5
in Table 1.

In addition to these direct measurements, there are a host of
observational results from AGN spectral stacking and sample anal-
yses, that are consistent with the idea of an over-representation of
high spin. These are listed in detail in Appendix A.

5 DISCUSSION

We have thus far not considered any link between the mass accre-
tion rate Ṁ and spin itself, but it is conceivable that spin and Ṁ are
linked through feedback or the mode of fuelling in some manner.
Additionally, a corona that is co-rotating with the disc would have
parts of it rotating at up to ∼ 0.5c, resulting in light being ‘thrown
out’ from the corona, boosting the power-law component relative
to the reflected emission. The polar diagram of the emission from
such a corona would be beamed preferentially along the plane of
the accretion disc, as seen in Fig. 10 of Dabrowski et al. (1997). A
simple solid angle argument suggests that high-inclination sources
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Figure 6. Plot of SMBH massM and spin a from the sample listed in Ta-
ble 1 (the three objects without mass estimates are omitted from the figure).
Reflecting the conventions in the primary literature, all masses are marked
with 1σ error bars whereas spins are marked with 90 per cent error ranges.
When no error estimate is available for the mass, we have assumed an error
of ±0.5M .
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Figure 7. Distribution of spin measurements from Table 1. The lines rep-
resent the observed spin distributions expected from an intrinsic distrubtion
f(a) ∝ ap , with p = 0 (black solid), 1 (red dashed) and 2 (green dotted).

would be seen more, indicating that such boosted emission should
be frequently seen.

It is interesting to note that the selection effects for spin in
supermassive black holes do not directly apply to Galactic (stellar
mass) black hole systems, for which different selection functions
apply. Most such systems are transient, and their variability gener-
ally far exceeds the factor of 5 achievable from efficiency changes.
This accounts for the wider range of spins observed for Galactic
black hole candidates.

The efficiency boost considered here does not include any con-
sideration of the Blandford & Znajek (1977) process whereby fur-
ther rotational energy can be extracted from the black hole if the
magnetic field and spin are large enough. This may also occur if
some of the disc angular momentum passes into the corona and be-
yond rather than all being transferred outward through the disc. In-
clusion of these effects can produce even higher radiative efficien-
cies and therefore provide an even larger efficiency boost than con-
sidered here. We note that several models for powering radio jets
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Figure 17. Black dots: coherence as a function of Fourier frequency (inverse
of time-scale) between the two energy bands 0.3–1.0 (soft) and 1.0–4.0 keV
(hard). The blue line is the mean of the coherence of 1000 simulated light
curve pairs that have the same properties as the observed data. The dashed
lines represent the 95 per cent confidence levels. The frequency bins were
constructed so that the bin size is equal to 1.4 times the frequency value

and ∗ denotes the complex conjugate. The angled brackets indicates
the average over several light curves and/or frequency points.

The coherence takes a value of 1 if the two light curves are
perfectly coherent (for details on the meaning of coherence and
how it is calculated, see Vaughan & Nowak 1997; Nowak et al.
1999; Vaughan et al. 2003).

Fig. 17 shows the coherence function γ 2(f ) between the two
energy bands 0.3–1.0 (soft) and 1.0–4.0 keV (hard). To calculate
this, background-subtracted light curves were extracted in the two
bands, then divided into four segments of about 100-ks length each.
The Fourier transform of each segment was then taken and the
coherence and its errors were calculated following equation (8) in
Vaughan & Nowak (1997). The frequency bins were constructed so
that the bin size is equal to 1.4 times the frequency value. The figure
shows that the two light curves are highly coherent (∼1) for almost
all of the frequency range of interest. The coherence drops sharply
at ∼5 × 10−3 Hz where the noise starts to dominate.

To confirm this, we simulated 1000 light curve pairs (each repre-
senting the two energy bands), that have the same statistical prop-
erties as the observed data (see Section 5.3 on details about the
simulations). We followed the method of Timmer & Koenig (1995)
to generate red-noise light curves that have the same mean and
variance as the data, then applied Poisson noise and the same win-
dowing and binning functions as that used for the real data. The
simulated light curves are perfectly coherent and the only source
of deviation from 1 in the coherence function is due to Poisson
noise. As can be seen is Fig. 17, where the blue continuous line
is the median of the coherence measured from 1000 light curves,
the data are fully consistent with the simulated light curves, which
imply that the light curves of interest are high coherent up to ∼5 ×
10−3 Hz.

5.2 Time lags

Fig. 18 shows the time lag between the 0.3–1.0 and 1.0–4.0 keV
energy bands as a function of Fourier frequency (similar to fig. 3
in Fabian et al. 2009). A similar procedure to the coherence was
followed. The lag τ (f ) was calculated following Nowak et al. (1999)
with

τ (f ) = φ(f )
2πf

= arg[C(f )]
2πf

, (2)

where C(f ) is again the cross spectrum, and arg [C(f )] is the argu-
ment of the complex number C(f ). The sign convention here means
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Figure 18. Time lag as a function of Fourier frequency (inverse of time-
scale) between the two energy bands 0.3–1.0 (soft) and 1.0–4.0 keV (hard).
The frequency binning is similar to that of Fig. 17. A positive lag (mainly
below ∼5 × 10−4 Hz) indicates that the hard flux lags behind (i.e. changes
after) the soft flux.

that a positive lag indicates the soft flux changes before the hard
flux. The errors in the lag were calculated again following equa-
tion (16) in Nowak et al. (1999), and are investigated using Monte
Carlo simulations in Section 5.3.

The figure shows that below ∼5 × 10−4 Hz, the soft flux leads
the hard flux by about 150 s, the lag appears to turn over below
∼10−4 Hz. At ∼6 × 10−4 Hz, the lag turns negative, and variations
in the hard band now lead. However, above ∼5 × 10−3 Hz, the co-
herence in the light curves is lost (Fig. 17) and the lag is dominated
by Poisson noise. The shape of the lag function cannot be charac-
terized by a single power law as it is commonly done with other
sources (e.g. Papadakis, Nandra & Kazanas 2001; Vaughan et al.
2003; Arévalo et al. 2006). However, if fitted only to the range [2 ×
10−4–3 × 10−3] Hz, a power law gives a good description with the
best-fitting function being τ (f ) = 0.34f −0.77 − 87.

The lag measurements could be affected by artefacts and biases
in the Fourier calculations, and Poisson noise could also have a con-
tribution. To investigate the significance of the lag measurements,
the best procedure is to use Monte Carlo simulations, and that is the
topic of the following section.

5.3 Lag significance

The idea here is to generate light curves with the same statistical
properties as the data, and then impose a defined lag and see how
well it can be recovered.

The light curves were generated from red-noise power spectra
(PSD) following the method of Timmer & Koenig (1995). The PSD
of the data was calculated using light curves from the whole energy
band, and was fitted with a broken power law. The best-fitting model
had an index of 2.18 ± 0.09 at high frequencies breaking to 0.8 ± 0.5
at a frequency of f break = 1.4+0.9

−0.4 × 10−4 Hz (if the low-frequency
index is fixed at 1, the break is 1.6+0.4

−0.6 × 104 Hz). This best-fitting
model was used as the underlying PSD in generating the simulated
light curves. Using energy-resolved PSDs instead of the total PSD
does not change the results of the simulation.

1000 light curve pairs were generated in each experiment, where
for each light curve pair, a random realization of the Fourier
transform for one light curve was generated. The second light
curve Fourier transform was produced from this by adding a
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Figure 4. Lag-frequency spectra of sources with a detected soft/negative lag at > 2σ confidence level, in order of increasing mass (from top left to bottom

right).
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Alternative interpretations? X-ray reverberation in 1H 0707−495 1931
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Figure 2. Measured lag spectra (defined to be positive for the harder band lagging the softer band), shown as points with error bars, from the cross-band power
spectra of the medium versus soft bands (left-hand panel), hard versus soft bands (centre panel) and hard versus medium bands (right-hand panel). Vertical
bars indicate 68 per cent confidence regions from the stepped-likelihood method. Horizontal bars indicate the range of frequencies used for each point. Solid
curves show the lag spectra expected from top-hat model transfer functions discussed in Section 4.3.

4 D ISCUSSION

4.1 The interpretation of time lag spectra

Before discussing in some detail the explanation of the observed
lag spectra, there are some general points to be made.

(i) It has become commonplace in X-ray timing analysis to in-
spect the time lag spectrum and to consider each measured fre-
quency as being in some sense independent of the others. This
approach is flawed in the case where lags are caused by rever-
beration, because in general we expect any reverberation signal
that is restricted to some finite range of time delays to produce
lag spectral signals over the full measurable range of frequencies.
The most extreme case would be for reverberation seen from a
narrow annulus on an accretion disc viewed face-on: in this case
the transfer function is a delta function and its Fourier transform
has amplitude and phase information distributed over all frequen-
cies. In the case of the analysis of 1H 0707−495, any claim of
a reverberation signal at high frequencies should be accompa-
nied by a demonstration of the expected time lag signatures at all
frequencies.

(ii) In reverberation models, the measured lag spectrum is a rep-
resentation of the phases of the Fourier transform of the transfer
function. Low-frequency modes have time lags in the same sense as
the reverberation lag (i.e. if the hard band contains more reflected
emission than the soft band, the low-frequency modes have positive
lags) but for modes whose time period is less than the reverberation
delay, the phase wraps around; phases are evaluated in the range
−π < φ ≤ π and so any apparent time lag, positive or negative, is
possible. A corollary statement is that high-frequency modes cannot
generate large apparent time lags (i.e. any inferred time lag at some
frequency ν must satisfy |τ | < 1/2ν) regardless of the actual time
delay.

(iii) Because in the X-ray band the signals are likely to be a com-
bination of reflected, time-delayed emission and directly viewed
emission, the measured time delay is always less than the true time

delay (i.e. the true time delay is diluted by the addition of the direct
emission – see Miller et al. 2010).

(iv) In cross-correlating two bands and measuring the time delays
between them, there is likely to be reflected emission in both bands,
and thus the inferred transfer function is the cross-correlation of the
individual transfer functions of each band.

(v) The existence of small time lags does not necessarily indi-
cate a short light travel-time between the source and the reflector,
because reflection from material along the line of sight, at any dis-
tance from the source, has zero time delay with respect to directly
viewed emission, and slightly off-axis material can result in arbitrar-
ily small delays. As an example, consider the transfer function of a
thin spherical shell of reflection, of radius r, isotropically surround-
ing a source. The transfer function is a uniform top-hat distribution
with time lags 0 ≤ τ ≤ 2r/c (Peterson 1993): the existence of lags
close to zero do not imply that the reflecting material has to be close
to the source, and such a conclusion could not be reached unless a
full model reproducing the time lags for all modal frequencies were
to be tested against the data.

Bearing these points in mind, we shall first critically review the
previous analyses of the lag spectra of 1H 0707−495, and then
discuss a more viable model that explains all the observed features.

4.2 The inconsistency with inner-disc reflection

The observed time lags are inconsistent with the hypothesis that
they arise from reflection from the inner accretion disc, as proposed
by F09 and Z10, for a number of reasons. In this section we first
discuss the hypothesis of F09/Z10 that there are two independent
lag-generating mechanisms that operate at different frequencies,
and we then move on to test consistency of the new hard-band lag
measurements with the F09/Z10 model.

4.2.1 Constraints on two mechanisms of lag generation

Consider first the time lags discussed by F09 and Z10, between
the soft and medium bands. At low frequencies, ν ! 10−3.5 Hz,
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curves show the lag spectra expected from top-hat model transfer functions discussed in Section 4.3.
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Fig. 11 The lag-energy spectrum of Ark-564 for low-frequencies (left) and the high fre-
quencies (right). The iron K reflection feature is found at high frequencies, while the
low-frequencies show a featureless lag, increasing with energy. This suggests that the low-
frequency lags are not due to reflection. See Section 3.2 on the origin of the hard lag.

where the corona is compact, we see a small amplitude lag at high frequencies
(Left panel, Fig. 12). At high fluxes, the frequency is lower due to the larger,
more extended corona, and the amplitude of the lag is greater because of the
longer light-travel time to the disc. Interestingly, the low-flux interval shows
a very clear Fe K line, while lag-structure from the high flux intervals cannot
be well constrained (Right panel, Fig. 12). Flux-dependent lags have also been
found in NGC 4051 (Alston et al. 2013), which shows that there is no ‘hard
lag’ when the X-ray source is sufficiently compact in the low-flux state.

The detectability of reverberation lags is based on three parameters: the
flux of the source, the amount of variablility, and the amount of data we have
available. In Table 1, we highlight the exposure, 2–10 keV flux and 2–10 keV
excess variance from 10 ks bins for the eight sources with Fe K lags. We com-
pare these sources with other variable AGN to illustrate the detectability of
reverberation lags. We compile a sample of variable AGN that are common
between the González-Mart́ın & Vaughan (2012) sample (which provides the
2–10 keV luminosity and the XMM-Newton exposure as of the date of sub-
mission), and the Ponti et al. (2012) sample (which provides the 2–10 keV

between 0.3-1 keV and 1-4 keV ➊ 
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Figure 7. Lag-energy spectra for MCG–5-23-16 using NuSTAR light curves. Left: Lag-energy spectra for lags averaged over a wide
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the lag-energy spectrum roughly traces the shape of the
iron K line itself. The measured shape for MCG–5-23-16
is clearly not a narrow line, indicating that relativistic
effects are important.
The analysis in section 3.1.1 shows that by simply com-

paring flares at different energies, we find that the peak
of a broad line lags energies below and above it. The
widths of the flare changes accordingly. In a reverbera-
tion picture, the widths should be narrowest for the en-
ergies where the primary continuum dominates, and in-
crease with increasing refection fraction. This is a simple
expectation of a reverberating signal, where the reflected
signal is a lagged, smeared, version of the irradiating sig-
nal, with the amount of smearing increasing with the size
of the reverberating region.
There is always a lag dilution factor caused by both

primary and reflected components contributing to the
energy bands of interest. The amount of dilution
depends on the shape of the photon spectrum (e.g.
Wilkins and Fabian 2013). Although the spectrum of the
source in the observations used here will be discussed in
detail in a separate work, the general shape is not very
different from that reported in Zoghbi et al. (2013b) for
the first XMM-Newton observation. The lags between
bands measured here are of order hundreds to thousands
seconds. The reflection fraction changes from ∼ 30% at
the peak of the relativistic line to ∼ 10 − 20% at the
wings. This gives reflection-to-primary lags of order a
few to several kilo-seconds. The light crossing time in
seconds at a distance r (in units of rg = GM/c2) from
a black hole is GMr/c3 = 50M7r where M7 is the black
hole mass in units of 107M⊙. The mass of MCG–5-23-16
is not known accurately, but it is of the order M7 ∼ 1−5
(e.g. Ponti et al. 2012). Therefore, a delay of a few kilo-
seconds between the primary and the reflection, to within
a factor accounting for the geometry, corresponds to a

few to a few tens of gravitational radii.
Interpreting the lag-energy spectra at different fre-

quencies starts with the assumption that there is a corre-
spondence between time-scale and emission region size.
Under this picture, different time-scales (i.e. temporal
frequencies) probe different emission region sizes. Com-
bining this with the fact that lag-energy spectra measure
the shape of the reflection component relative to the pri-
mary continuum that has a power-law shape, one can
hope to measure the shape of the relativistic iron line
emitted in different regions. The plot in Fig. 4 shows
this principle. The rest energy of the iron K line is 6.4
keV. The lag-energy spectrum at the lowest frequencies
is broad and peaks at this energy, while the spectrum at
higher frequencies peaks at lower energies. The line pro-
file of a relativistic line from an accretion disk is well
understood. Photons in the red wing of the line are
emitted deep in the black hole potential potential, and
they are emitted closer to the black hole.Photons emit-
ted further from the black hole on the other hand, have
a shallower black hole potential to escape and they are
observed closer to the rest energy of the line.
An important point to note from the energy and fre-

quency lag dependence is the fact that the red wing of
the lag profile is the same at all time scales, while the
core is more apparent at the longest time scales only,
as expected from Fe K reverberation. As described in
Cackett et al. 2014, the higher frequencies select against
the longest lags producing a cut-out region in the core of
the line that increases from low to high frequencies.
The lag magnitude at the rest energy of the line

changes from ∼ 700 seconds at long time scales to 0−200
seconds at the highest frequencies (Fig. 4). This factor
of ∼ 4 change in the lag corresponds to a factor of ∼ 7
change in time-scale (the difference in frequency between
the first and last bin in Fig. 4), which is consistent know-

MCG-5-23-16

Zoghbi+14
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Figure 17. χ2 as a function of source height, h, for i = 5 (black,
solid line) and i = 20 (blue, dashed line) and a = 0.998 in both
cases. The dotted line indicates ∆χ2 = 1.0, i.e. the 1σ confidence
level.

Figure 18. Lags in NGC 4151 in the frequency range (1 − 2) ×
10−5 Hz (black circles) along with the best-fitting models. The
models assume the optical reverberation mapping mass for NGC
4151 (4.6×107M⊙) and are calculated for h = 7 RG, with i = 5◦

(black) and i = 20◦ (blue). The red line shows the average for
the i = 5◦ model with the same energy binning as the data. The
binned i = 20◦ is virtually identical and thus is not shown for
sake of clarity.

It is interesting to note that the best-fitting models for
i = 5◦ and i = 20◦ are almost identical apart from in the
6.0−6.5 keV energy bin. While the average value across that
energy band is also virtually the same, the i = 5◦ peaks at
larger lags yet goes to zero at a lower energy. Clearly with
better data there would be the possibility of better con-
straining the inclination from fitting the lags as a function
of energy.

Looking at the higher frequency range used in
Zoghbi et al. (2012) of (5 − 50) × 10−5 Hz we find that all
the best-fitting models to the (1 − 2) × 10−5 Hz frequency
range give lags that are close to zero (less than a few hun-

Figure 19. Frequency dependence of lags in the 5 – 6 keV range
in NGC 4151 (black circles). The models shown are those found
from fitting the energy dependence of the lags in the (1−2)×10−5

Hz range (the frequency dependence has not been simultaneously
fit). The models assume the optical reverberation mapping mass
for NGC 4151 (4.6 × 107M⊙) and are calculated for h = 7 RG,
with i = 5◦ (black, solid) and i = 20◦ (blue, dashed).

Table 1. Parameters for fitting the lag vs. energy in the frequency
range (1 − 2) × 10−5 Hz in NGC 4151. For each h, i, and a the
best-fitting reflected response fraction, R, was found. The degrees
of freedom are therefore ν = 10 based on the 11 data points below
7.5 keV where χ2 evaluated and the 1 free parameter in the fits.

h i a R χ2

2 5 0.998 0.77 16.2
2 20 0.998 0.84 17.7
2 30 0.998 0.67 28.6
2 45 0.998 1.25 36.7
5 5 0.1 0.86 12.0
5 20 0.1 1.20 13.3
5 30 0.1 0.68 30.0
5 45 0.1 0.17 46.3
5 5 0.998 0.66 11.1
5 20 0.998 1.00 11.2
5 30 0.998 0.58 25.9
5 45 0.998 0.27 42.4
10 5 0.1 0.82 12.0
10 20 0.1 1.13 13.9
10 30 0.1 0.60 32.9
10 45 0.1 0.10 46.4
10 5 0.998 1.15 10.9
10 20 0.998 1.18 12.0
10 30 0.998 0.61 30.6
10 45 0.998 0.13 45.5
20 5 0.1 0.98 16.8
20 20 0.1 1.14 18.1
20 30 0.1 0.43 38.1
20 45 0.1 0.06 46.6
20 5 0.998 0.97 16.2
20 20 0.998 1.14 17.4
20 30 0.998 0.44 37.5
20 45 0.998 0.07 46.4
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Figure 1. Top-left panel: time-averaged XMM-Newton EPIC-pn spectra from each of the four coordinated NuSTAR+XMM-Newton observations of NGC 1365,
demonstrating the extreme spectral variability displayed. Observations 1, 2, 3, and 4 are shown in black, red, green, and blue, respectively. Top-right panel: residuals
of a simple Γ = 1.75 power-law continuum, modified by partially covering neutral absorption and applied to the 2.5–4, 7–10, and 50–80 keV energy ranges. For
clarity, we show the XMM-Newton EPIC-pn data below 10 keV and the NuSTAR FPMA/FPMB data above 10 keV. The same hallmarks of reflection from the inner
accretion disk, i.e., a relativistically broadened iron line at ∼6 keV and a strong Compton hump at ∼30 keV are seen in each of the four observations, despite the
extreme variation in the line-of-sight absorbing column. Bottom panels: as for the top panels, but now displaying only the NuSTAR data, further highlighting the
reduced variability at high energies compared to that seen at ∼2 keV, and the detection of the broad iron line in these data. The narrow component of the iron emission
is less visually prominent in the NuSTAR data owing to the coarser spectral resolution in the iron Kα bandpass in comparison to XMM-Newton. In the left panel, only
the data from FPMA is shown for clarity. The data in all panels have been rebinned for visual purposes.
(A color version of this figure is available in the online journal.)

power-law continuum, a broad Gaussian emission line to treat
the iron emission, and a narrower Gaussian absorption line to
treat the strongest of the ionized iron absorption features and to
avoid strong residuals which may alter the best-fit values of the
other components, while the second consists simply of a power

law and a neutral reflection continuum (PEXRAV; Magdziarz
& Zdziarski 1995). We simply use a single Gaussian line to
treat the ionized iron Kα absorption here as, individually, the
spectra from the 16 selected periods do not have sufficient S/N to
separate and to constrain all four of the absorption lines visible in

4

NGC 1365
Walton et al., 2014; Risaliti et al., 2013

But! Absorption is important!
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Figure 6. The high-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). The lag is
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Figure 7. The low-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). The lag is
calculated in the frequency range ν < 0.7× 10−4 Hz. In the XMM band, the lag drops above 2 keV, and in the NuSTAR band, the lag
has large error bars, making it consistent with zero. This is different from the low-frequency behavior usually found in AGN with X-ray
time lags. Again, the XMM and NuSTAR lags have been scaled so that the lag at 3–4 keV is zero.

observations have about 30% more data than NuSTAR be-
cause of the orbital gaps. The exposure time also largely ex-
plains why we do not see a strong lag above 10 keV in NGC
1365, but we see it very clearly in SWIFT J2127.4+5654.
The lag in NGC 1365 was computed with 70 ks of ex-
posure, while the lag in SWIFT J2127.4+5654 was com-
puted with 300 ks. The size of the error bar scales as
!

(1/number of frequency bins). The longer the observa-
tion, the more the frequency bins, and so the error bar scales
with

√
exposure. However, this fact alone does not explain

the lag of signal above 10 keV in NGC 1365.

Fig. 8 shows the rms spectra of SWIFT J2127.4+5654
on the left and the third orbit of NGC 1365 on the right.
This is computed from 3-50 keV, using the NuSTAR data.

We see that the overall rms is greater in NGC 1365,
but that the rms drops dramatically above ∼ 13 keV. In
SWIFT J2127.4+5654, however, we see that he rms actu-
ally increases slightly above ∼ 13 keV. This explains why
above 10 keV in NGC 1365, we do not detect much of a lag,
while it is clear in SWIFT J2127.4+5654.

The reason for this drastic difference in rms above
10 keV is not well understood. It is possible that strong light
bending in NGC 1365 decreases the variability in the reflec-
tion component (Miniutti et al. 2003; Miniutti & Fabian
2004). And in SWIFT J2127.4+5654, which has been pro-
posed to have a higher source height or an intermediate spin,
there is less light bending, and therefore the variability is
high in both the continuum and reflection components.

c⃝ 2014 RAS, MNRAS 000, 1–11
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Figure 5. (left:) The lag vs temporal frequency for orbit 3 of NGC 1365 between the 2–4 keV and 4–7 keV bands. The positive lag
from ∼ 0.9− 2× 10−4 Hz shows that the hard band lags behind the soft band. This is the behaviour expected from Fe K reverberation,
so we will look in this frequency range (as shown in the rightmost shaded box) for the high-frequency lag-energy spectrum. We usually
see the positive lag continue to very low frequencies, but in the case of NGC 1365, the lag becomes negative below ∼ 9× 10−5 Hz. We
will explore this low-frequency regime (indicated by the shaded box on left) with the lag-energy spectrum. (right:) The coherence as
a function of frequency between the same 2–4 keV and 4–7 keV bands. The coherence is high at all frequencies we explore, and only
drops off at high frequencies where Poisson noise starts to dominate the power spectrum. Even at low frequencies, where we see the lag
switch from positive to negative, we find the coherence is high. Therefore, we can have confidence in our measurement of the lag at these
frequencies.

and XMM-Newton lag-energy spectra). NuSTAR allows us
to now clearly determine the blue wing of the Fe K line above
7 keV. Above 10 keV, the lag increases again, at the energy
of the Compton hump. The amplitude of the Fe K lag in the
XMM-Newton data is roughly 250 s, while the amplitude of
the Fe K lag in the NuSTAR data is roughly 300 s. These
amplitudes are consistent within the error bars. We will dis-
cuss the amplitudes of the lag, and their interpretation as
light travel time delays further in the discussion (Section 4).

At low frequencies (Fig. 4), we see the lag increases
with energy in both the XMM-Newton (left) and NuSTAR
data (right). In the XMM-Newton band from 0.3–10 keV,
the lag-energy spectrum shows fewer features than at high
frequencies, and as we probe higher energies in the NuSTAR
band, we find the same general increase in lag with energy,
but with additional features. There is a noticeable increase
in the lag at 7 keV, which also corresponds to the sharp
decrease in the lag at high frequencies. The origin of this
low-frequency lag is not well understood, and we will discuss
these results further in Section 4.

3.2 NGC 1365

NGC 1365 shows dramatic absorption variability between
orbits. Walton et al. (2014) showed that the first and fourth
XMM-Newton orbits are highly absorbed, which causes the
flux below 10 keV to be significantly attenuated (see also
Rivers et al., in prep). This strong absorption inhibits the
measurement of the lag. Orbit 3 is the least absorbed, so
we focus our attention on this orbit. For completeness, we
also complete the analysis of Orbits 2 and 4, as these epochs
show less absorption than Orbit 1.

As this is the first study of lags in this source, we will

present the lag-frequency and lag-energy results from XMM-
Newton alone before probing higher energies with NuSTAR.

3.2.1 The XMM-Newton lags

Fig. 5 shows the lag (left) between the 2–4 keV band and
the 4–7 keV band. There is a clear positive (hard) lag at
frequencies ∼ [0.9 − 2] × 10−4 Hz. A positive hard lag at
these energies can either be an indication of an Fe K lag
or a featureless continuum lag, and so further study of the
lag-energy spectrum is required to understand the origin.

At frequencies below 9×10−5 Hz, the lag switches from
positive to negative, indicating that on long timescales, the
soft band light curve lags behind the hard band. This be-
haviour is not typically seen in the lag-frequency spectrum
between 2–4 keV and 4–7 keV. Again, we will look at the
low-frequency lag-energy spectrum to investigate the lag fur-
ther.

We compute the coherence between the same two en-
ergy bands to check whether a reliable measurement of the
lag can be made at these frequencies. The right panel of
Fig. 5 shows the frequency-dependent coherence between 2–
4 keV and 4–7 keV. The coherence calculates to what de-
gree one light curve is a simple linear transformation of the
other (Vaughan & Nowak 1997). A maximum coherence of
1 indicates that they are complete linear transforms of each
other. The coherence must be high (though not necessarily
1) in order to reliably measure the lag (Kara et al. 2013a).
The coherence between these two light curves is nearly 1
at all frequencies probed, and only begins to drop at high-
frequencies where the power spectrum becomes dominated
by Poisson noise. This gives us confidence in our measure-
ment of the lag, allowing us to move on to the lag-energy

c⃝ 2014 RAS, MNRAS 000, 1–13
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Figure 6. The high-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). The lag is
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Figure 7. The low-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). Note the
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spectrum to explore the high-frequency positive lag, and the
unusual negative lag at low-frequencies.

The left panel of Fig. 6 shows the high-frequency lag-
energy spectrum (ν = [0.9−1.9]×10−4 Hz) for Orbit 3 using
XMM-Newton data alone. There is little variability power at
very soft energies, as expected given the previously discov-
ered diffuse thermal emission that dominates below 1 keV
(Wang et al. 2009). This lack of variability causes the error
bars to be large below 1 keV even though the effective area
is highest at these soft energies. At higher energies, where
the variability power is high, a clear Fe K lag is detected,
with the usual ‘dip’ in the lag at 3–4 keV, as seen in the

lag-energy spectrum of 1H0707-495, IRAS 13224-3809 and
several other sources with maximally spinning black holes
(Kara et al. 2013a,b). The amplitude of the Fe K lag be-
tween 3 keV and 6 keV is roughly 500 s.

The panel on the left of Fig. 7 shows the low-frequency
lag-energy spectrum at frequencies below 7× 10−5 Hz. The
lag steadily decreases with energy above 2 keV. There is
no indication of an Fe K feature in this lag-energy spec-
trum. Usually the low-frequency lag-energy spectrum in-
creases steadily with energy (as was the case with SWIFT
J2127.4+5654, and many other Seyfert galaxies), but here
we see the opposite trend.
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Figure 10. A simple model explaining the low-frequency soft lag found in NGC 1365 in the XMM-Newton band. The left panel shows
the data of the NH column density of the neutral absorber decreasing throughout the observation (See Walton et al., 2014, for further
details). The middle panel shows an absorbed power law with different column densities, corresponding to the time steps shown in the left
panel. The panel on the right shows the resulting low-frequency soft lag from the decreasing column density. The hard photons penetrate
even when the eclipsing cloud obscures the central source. Then as the cloud moves out of our line of sight, the soft photons can be seen.
Thus the changing column density on long times scales will cause the hard photons to respond before the soft. The amplitude of the lag
from this simple model is similar to that found in the data in Fig. 7.

data. We note that in this model we do not account for di-
lution from propagation lags (which likely exist). This will
cause the observed amplitude of the lag to decrease. This
effect could account for the slight difference that we find be-
tween our simple model and the data. This model predicts a
constant lag above 10 keV because the absorption does not
affect the higher energies.

The low-frequency lag-energy spectra of the second and
fourth orbits (Fig. 8) are consistent with this interpretation.
Orbit 2 has a constant column density throughout the ob-
servation (Walton et al. 2014), and so there would be no lag
due to absorption changes in this source. Rather than a soft
lag as in Orbit 3, we find a low-frequency hard lag, similar
to other Seyfert galaxies, including SWIFT J2127.4+5654.
This shows that the low-frequency soft lag in Orbit 3 is a
transient phenomenon, consistent with the eclipsing cloud
interpretation. The hard lag in the second orbit may be as-
sociated with the propagation lag, discussed in the previous
section. The column density in Orbit 4 increases throughout
the observation, opposite to Orbit 3. Therefore, we would ex-
pect the lag to increase due to the increase in column density
in this observation. The data quality is poor in this Orbit,
though the lag-energy spectrum does have a positive slope.

The third orbit of NGC 1365 shows the first clear evi-
dence of absorption in a lag-energy spectrum. We see that
while absorption affects the lags on long timescales, there are
clearly reverberation lags at short timescales, as evidenced
by the clear broad Fe K reverberation lag. This is a conse-
quence of the cloud being at large distance affecting light
curves only on long time-scales. We emphasise that the low-
frequency lags do not resemble the broad Fe K line while
the high-frequency lags clearly do, further suggesting that
the reflection is coming from small scales (close to the black
hole) and not from scattering off distant circumnuclear ma-
terial.

5 CONCLUSIONS

We have presented the lag analysis of the joint XMM-
NuSTAR observations of SWIFT J2127.4+5654 and
NGC 1365. Our main findings are:

(i) SWIFT J2127.4+5654, with an intermediate spin
black hole, shows a narrower Fe K lag than sources with
maximally spinning black hole, and also shows a clear lag
associated with the Compton hump.

(ii) The amplitude of the iron K lag and the Compton
hump lag in SWIFT J2127.4+5654 are consistent with each
other, and can be well described by a light travel time of
1000 s between the corona and the accretion disc.

(iii) NGC 1365 has a very clear iron K lag in the least
absorbed XMM-Newton observation. The lag above 10 keV
appears to increase at the energy of the Compton hump,
though the lags are not very well constrained.

(iv) At low frequencies, NGC 1365 does not show a fea-
tureless hard lag, rather there appears to be a soft lag at the
XMM-Newton band. This can be understood as the effect of
an eclipsing cloud that moves out of our light of sight during
the observation, thus decreasing the column density, which
causes the hard photons to respond before the soft at these
long timescales.

MCG-5-23-16 (Zoghbi et al., submitted),
SWIFT J2127.4+5654 and NGC 1365 are the first
sources to be analysed for their high-frequency lags in the
NuSTAR band. There is clear evidence for the Fe K lag
and associated Compton hump lag in the high-frequency
lag-energy spectra, especially in SWIFT J2127.4+5654.
The iron K and now the Compton hump lag measurements
are completely independent of spectral modelling, and are
strong confirmation of relativistic reflection off an ionised
accretion disc.
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Figure 10. A simple model explaining the low-frequency soft
lag found in NGC 1365 in the XMM-Newton band. The top-left
panel shows the data of the NH column density of the neutral
absorber decreasing throughout the observation. The top-right
panel shows an absorbed power law with different column den-
sities, corresponding to the NH observed at different times. The
middle panels show simple sinusoidal light curves at 1 and 10 keV.
The light curves on the left are the input light curves (with no in-
trinsic lag between them), and the ones on the right are the light
curves affected by the changing absorption. The hard band light
curve is affected by the changing absorption before the soft band,
which causes a soft lag. The bottom figures show the lag-frequency
spectrum (between 1 and 10 keV) and lag-energy spectrum (for
frequencies [1 − 7] × 10−4 Hz). The amplitude and shape of the
lag-energy spectrum from this simple model are similar to those
found in the data in Fig. 7.

We test this hypothesis through a simple model, shown
in Fig. 10. In the top left panel, we show the results from fits
to the photon spectrum in Walton et al. (2014), where the
column density of the neutral absorber systematically de-
creases during the third orbit. The top right panel shows
what the absorbed spectrum looks like at each of those
times. For simplicity, we have used an absorbed powerlaw
with changing column density. We start with light curves
that have zero intrinsic lag between different energy bins.
The middle-left figure shows simple sinusoid light curves at
1 keV and 10 keV. We then evolve the flux of the light curves

in time, as the column density decreases. The middle-right
figure shows the resulting light curves, and it is clear that the
flux of the 10 keV light curve begins to increase before the
1 keV light curve (because the soft photons are most affected
by the neutral absorber). The bottom-left figure shows the
lag vs. frequency between the 1 keV and 10 keV light curves,
which shows the soft band lagging at low frequencies. Fi-
nally,e calculate the lag-energy spectrum (bottom-right) at
the frequency range [1 − 7] × 10−5 Hz, just as for the ob-
served low-frequency lag-energy spectrum. The amplitude of
the lag in this simple model is similar to what we find in the
data. We note that in this model we do not account for di-
lution from propagation lags (which likely exist). This will
cause the observed amplitude of the lag to decrease. This
effect could account for the slight difference that we find be-
tween our simple model and the data. This model predicts a
constant lag above 10 keV because the absorption does not
affect the higher energies.

The low-frequency soft lag in Orbit 3 is a transient phe-
nomenon, not present in all orbits, which is consistent with
the eclipsing cloud interpretation. Orbit 1 shows low vari-
ability power and coherence, but there is a slight negative
lag at the highest energies, as in Orbit 3. The column density
varies throughout the observation, though the general trend
is a decrease (Walton et al. 2014). Orbit 2 has a constant
column density throughout the observation, and so there
would be no lag due to absorption changes in this source.
We find a low-frequency hard lag, similar to other Seyfert
galaxies, including SWIFT J2127.4+5654. The hard lag in
the second orbit may be associated with the propagation lag.
The column density in Orbit 4 increases throughout the ob-
servation, opposite to Orbit 3. Therefore, we would expect
the lag to increase due to the increase in column density
in this observation. The data quality is poor in this Orbit,
though the lag-energy spectrum does have a positive slope.

5 CONCLUSIONS

We have presented the lag analysis of the joint XMM-
NuSTAR observations of SWIFT J2127.4+5654 and
NGC 1365. Our main findings are:

(i) SWIFT J2127.4+5654, with an intermediate spin
black hole, shows a narrower Fe K lag than sources with
maximally spinning black hole, and also shows a clear lag
associated with the Compton hump.

(ii) The amplitude of the iron K lag and the Compton
hump lag in SWIFT J2127.4+5654 are consistent with each
other, and can be well described by a light travel time of
1000 s between the corona and the accretion disc.

(iii) NGC 1365 has a very clear iron K lag in the least
absorbed XMM-Newton observation. The lag above 10 keV
appears to increase at the energy of the Compton hump,
though the lags are not very well constrained.

(iv) At low frequencies, NGC 1365 does not show a fea-
tureless hard lag, rather there appears to be a soft lag at the
XMM-Newton band. This can be understood as the effect of
an eclipsing cloud that moves out of our light of sight during
the observation, thus decreasing the column density, which
causes the hard photons to respond before the soft at these
long timescales.
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Figure 10. A simple model explaining the low-frequency soft
lag found in NGC 1365 in the XMM-Newton band. The top-left
panel shows the data of the NH column density of the neutral
absorber decreasing throughout the observation. The top-right
panel shows an absorbed power law with different column den-
sities, corresponding to the NH observed at different times. The
middle panels show simple sinusoidal light curves at 1 and 10 keV.
The light curves on the left are the input light curves (with no in-
trinsic lag between them), and the ones on the right are the light
curves affected by the changing absorption. The hard band light
curve is affected by the changing absorption before the soft band,
which causes a soft lag. The bottom figures show the lag-frequency
spectrum (between 1 and 10 keV) and lag-energy spectrum (for
frequencies [1 − 7] × 10−4 Hz). The amplitude and shape of the
lag-energy spectrum from this simple model are similar to those
found in the data in Fig. 7.

We test this hypothesis through a simple model, shown
in Fig. 10. In the top left panel, we show the results from fits
to the photon spectrum in Walton et al. (2014), where the
column density of the neutral absorber systematically de-
creases during the third orbit. The top right panel shows
what the absorbed spectrum looks like at each of those
times. For simplicity, we have used an absorbed powerlaw
with changing column density. We start with light curves
that have zero intrinsic lag between different energy bins.
The middle-left figure shows simple sinusoid light curves at
1 keV and 10 keV. We then evolve the flux of the light curves

in time, as the column density decreases. The middle-right
figure shows the resulting light curves, and it is clear that the
flux of the 10 keV light curve begins to increase before the
1 keV light curve (because the soft photons are most affected
by the neutral absorber). The bottom-left figure shows the
lag vs. frequency between the 1 keV and 10 keV light curves,
which shows the soft band lagging at low frequencies. Fi-
nally,e calculate the lag-energy spectrum (bottom-right) at
the frequency range [1 − 7] × 10−5 Hz, just as for the ob-
served low-frequency lag-energy spectrum. The amplitude of
the lag in this simple model is similar to what we find in the
data. We note that in this model we do not account for di-
lution from propagation lags (which likely exist). This will
cause the observed amplitude of the lag to decrease. This
effect could account for the slight difference that we find be-
tween our simple model and the data. This model predicts a
constant lag above 10 keV because the absorption does not
affect the higher energies.

The low-frequency soft lag in Orbit 3 is a transient phe-
nomenon, not present in all orbits, which is consistent with
the eclipsing cloud interpretation. Orbit 1 shows low vari-
ability power and coherence, but there is a slight negative
lag at the highest energies, as in Orbit 3. The column density
varies throughout the observation, though the general trend
is a decrease (Walton et al. 2014). Orbit 2 has a constant
column density throughout the observation, and so there
would be no lag due to absorption changes in this source.
We find a low-frequency hard lag, similar to other Seyfert
galaxies, including SWIFT J2127.4+5654. The hard lag in
the second orbit may be associated with the propagation lag.
The column density in Orbit 4 increases throughout the ob-
servation, opposite to Orbit 3. Therefore, we would expect
the lag to increase due to the increase in column density
in this observation. The data quality is poor in this Orbit,
though the lag-energy spectrum does have a positive slope.

5 CONCLUSIONS

We have presented the lag analysis of the joint XMM-
NuSTAR observations of SWIFT J2127.4+5654 and
NGC 1365. Our main findings are:

(i) SWIFT J2127.4+5654, with an intermediate spin
black hole, shows a narrower Fe K lag than sources with
maximally spinning black hole, and also shows a clear lag
associated with the Compton hump.

(ii) The amplitude of the iron K lag and the Compton
hump lag in SWIFT J2127.4+5654 are consistent with each
other, and can be well described by a light travel time of
1000 s between the corona and the accretion disc.

(iii) NGC 1365 has a very clear iron K lag in the least
absorbed XMM-Newton observation. The lag above 10 keV
appears to increase at the energy of the Compton hump,
though the lags are not very well constrained.

(iv) At low frequencies, NGC 1365 does not show a fea-
tureless hard lag, rather there appears to be a soft lag at the
XMM-Newton band. This can be understood as the effect of
an eclipsing cloud that moves out of our light of sight during
the observation, thus decreasing the column density, which
causes the hard photons to respond before the soft at these
long timescales.
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Figure 5. (left:) The lag vs temporal frequency for orbit 3 of NGC 1365 between the 2–4 keV and 4–7 keV bands. The positive lag
from ∼ 0.9− 2× 10−4 Hz shows that the hard band lags behind the soft band. This is the behaviour expected from Fe K reverberation,
so we will look in this frequency range (as shown in the rightmost shaded box) for the high-frequency lag-energy spectrum. We usually
see the positive lag continue to very low frequencies, but in the case of NGC 1365, the lag becomes negative below ∼ 9× 10−5 Hz. We
will explore this low-frequency regime (indicated by the shaded box on left) with the lag-energy spectrum. (right:) The coherence as
a function of frequency between the same 2–4 keV and 4–7 keV bands. The coherence is high at all frequencies we explore, and only
drops off at high frequencies where Poisson noise starts to dominate the power spectrum. Even at low frequencies, where we see the lag
switch from positive to negative, we find the coherence is high. Therefore, we can have confidence in our measurement of the lag at these
frequencies.

and XMM-Newton lag-energy spectra). NuSTAR allows us
to now clearly determine the blue wing of the Fe K line above
7 keV. Above 10 keV, the lag increases again, at the energy
of the Compton hump. The amplitude of the Fe K lag in the
XMM-Newton data is roughly 250 s, while the amplitude of
the Fe K lag in the NuSTAR data is roughly 300 s. These
amplitudes are consistent within the error bars. We will dis-
cuss the amplitudes of the lag, and their interpretation as
light travel time delays further in the discussion (Section 4).

At low frequencies (Fig. 4), we see the lag increases
with energy in both the XMM-Newton (left) and NuSTAR
data (right). In the XMM-Newton band from 0.3–10 keV,
the lag-energy spectrum shows fewer features than at high
frequencies, and as we probe higher energies in the NuSTAR
band, we find the same general increase in lag with energy,
but with additional features. There is a noticeable increase
in the lag at 7 keV, which also corresponds to the sharp
decrease in the lag at high frequencies. The origin of this
low-frequency lag is not well understood, and we will discuss
these results further in Section 4.

3.2 NGC 1365

NGC 1365 shows dramatic absorption variability between
orbits. Walton et al. (2014) showed that the first and fourth
XMM-Newton orbits are highly absorbed, which causes the
flux below 10 keV to be significantly attenuated (see also
Rivers et al., in prep). This strong absorption inhibits the
measurement of the lag. Orbit 3 is the least absorbed, so
we focus our attention on this orbit. For completeness, we
also complete the analysis of Orbits 2 and 4, as these epochs
show less absorption than Orbit 1.

As this is the first study of lags in this source, we will

present the lag-frequency and lag-energy results from XMM-
Newton alone before probing higher energies with NuSTAR.

3.2.1 The XMM-Newton lags

Fig. 5 shows the lag (left) between the 2–4 keV band and
the 4–7 keV band. There is a clear positive (hard) lag at
frequencies ∼ [0.9 − 2] × 10−4 Hz. A positive hard lag at
these energies can either be an indication of an Fe K lag
or a featureless continuum lag, and so further study of the
lag-energy spectrum is required to understand the origin.

At frequencies below 9×10−5 Hz, the lag switches from
positive to negative, indicating that on long timescales, the
soft band light curve lags behind the hard band. This be-
haviour is not typically seen in the lag-frequency spectrum
between 2–4 keV and 4–7 keV. Again, we will look at the
low-frequency lag-energy spectrum to investigate the lag fur-
ther.

We compute the coherence between the same two en-
ergy bands to check whether a reliable measurement of the
lag can be made at these frequencies. The right panel of
Fig. 5 shows the frequency-dependent coherence between 2–
4 keV and 4–7 keV. The coherence calculates to what de-
gree one light curve is a simple linear transformation of the
other (Vaughan & Nowak 1997). A maximum coherence of
1 indicates that they are complete linear transforms of each
other. The coherence must be high (though not necessarily
1) in order to reliably measure the lag (Kara et al. 2013a).
The coherence between these two light curves is nearly 1
at all frequencies probed, and only begins to drop at high-
frequencies where the power spectrum becomes dominated
by Poisson noise. This gives us confidence in our measure-
ment of the lag, allowing us to move on to the lag-energy
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spectrum to explore the high-frequency positive lag, and the
unusual negative lag at low-frequencies.

The left panel of Fig. 6 shows the high-frequency lag-
energy spectrum (ν = [0.9−1.9]×10−4 Hz) for Orbit 3 using
XMM-Newton data alone. There is little variability power at
very soft energies, as expected given the previously discov-
ered diffuse thermal emission that dominates below 1 keV
(Wang et al. 2009). This lack of variability causes the error
bars to be large below 1 keV even though the effective area
is highest at these soft energies. At higher energies, where
the variability power is high, a clear Fe K lag is detected,
with the usual ‘dip’ in the lag at 3–4 keV, as seen in the

lag-energy spectrum of 1H0707-495, IRAS 13224-3809 and
several other sources with maximally spinning black holes
(Kara et al. 2013a,b). The amplitude of the Fe K lag be-
tween 3 keV and 6 keV is roughly 500 s.

The panel on the left of Fig. 7 shows the low-frequency
lag-energy spectrum at frequencies below 7× 10−5 Hz. The
lag steadily decreases with energy above 2 keV. There is
no indication of an Fe K feature in this lag-energy spec-
trum. Usually the low-frequency lag-energy spectrum in-
creases steadily with energy (as was the case with SWIFT
J2127.4+5654, and many other Seyfert galaxies), but here
we see the opposite trend.
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Figure 10. A simple model explaining the low-frequency soft
lag found in NGC 1365 in the XMM-Newton band. The top-left
panel shows the data of the NH column density of the neutral
absorber decreasing throughout the observation. The top-right
panel shows an absorbed power law with different column den-
sities, corresponding to the NH observed at different times. The
middle panels show simple sinusoidal light curves at 1 and 10 keV.
The light curves on the left are the input light curves (with no in-
trinsic lag between them), and the ones on the right are the light
curves affected by the changing absorption. The hard band light
curve is affected by the changing absorption before the soft band,
which causes a soft lag. The bottom figures show the lag-frequency
spectrum (between 1 and 10 keV) and lag-energy spectrum (for
frequencies [1 − 7] × 10−4 Hz). The amplitude and shape of the
lag-energy spectrum from this simple model are similar to those
found in the data in Fig. 7.

We test this hypothesis through a simple model, shown
in Fig. 10. In the top left panel, we show the results from fits
to the photon spectrum in Walton et al. (2014), where the
column density of the neutral absorber systematically de-
creases during the third orbit. The top right panel shows
what the absorbed spectrum looks like at each of those
times. For simplicity, we have used an absorbed powerlaw
with changing column density. We start with light curves
that have zero intrinsic lag between different energy bins.
The middle-left figure shows simple sinusoid light curves at
1 keV and 10 keV. We then evolve the flux of the light curves

in time, as the column density decreases. The middle-right
figure shows the resulting light curves, and it is clear that the
flux of the 10 keV light curve begins to increase before the
1 keV light curve (because the soft photons are most affected
by the neutral absorber). The bottom-left figure shows the
lag vs. frequency between the 1 keV and 10 keV light curves,
which shows the soft band lagging at low frequencies. Fi-
nally,e calculate the lag-energy spectrum (bottom-right) at
the frequency range [1 − 7] × 10−5 Hz, just as for the ob-
served low-frequency lag-energy spectrum. The amplitude of
the lag in this simple model is similar to what we find in the
data. We note that in this model we do not account for di-
lution from propagation lags (which likely exist). This will
cause the observed amplitude of the lag to decrease. This
effect could account for the slight difference that we find be-
tween our simple model and the data. This model predicts a
constant lag above 10 keV because the absorption does not
affect the higher energies.

The low-frequency soft lag in Orbit 3 is a transient phe-
nomenon, not present in all orbits, which is consistent with
the eclipsing cloud interpretation. Orbit 1 shows low vari-
ability power and coherence, but there is a slight negative
lag at the highest energies, as in Orbit 3. The column density
varies throughout the observation, though the general trend
is a decrease (Walton et al. 2014). Orbit 2 has a constant
column density throughout the observation, and so there
would be no lag due to absorption changes in this source.
We find a low-frequency hard lag, similar to other Seyfert
galaxies, including SWIFT J2127.4+5654. The hard lag in
the second orbit may be associated with the propagation lag.
The column density in Orbit 4 increases throughout the ob-
servation, opposite to Orbit 3. Therefore, we would expect
the lag to increase due to the increase in column density
in this observation. The data quality is poor in this Orbit,
though the lag-energy spectrum does have a positive slope.

5 CONCLUSIONS

We have presented the lag analysis of the joint XMM-
NuSTAR observations of SWIFT J2127.4+5654 and
NGC 1365. Our main findings are:

(i) SWIFT J2127.4+5654, with an intermediate spin
black hole, shows a narrower Fe K lag than sources with
maximally spinning black hole, and also shows a clear lag
associated with the Compton hump.

(ii) The amplitude of the iron K lag and the Compton
hump lag in SWIFT J2127.4+5654 are consistent with each
other, and can be well described by a light travel time of
1000 s between the corona and the accretion disc.

(iii) NGC 1365 has a very clear iron K lag in the least
absorbed XMM-Newton observation. The lag above 10 keV
appears to increase at the energy of the Compton hump,
though the lags are not very well constrained.

(iv) At low frequencies, NGC 1365 does not show a fea-
tureless hard lag, rather there appears to be a soft lag at the
XMM-Newton band. This can be understood as the effect of
an eclipsing cloud that moves out of our light of sight during
the observation, thus decreasing the column density, which
causes the hard photons to respond before the soft at these
long timescales.
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Figure 5. (left:) The lag vs temporal frequency for orbit 3 of NGC 1365 between the 2–4 keV and 4–7 keV bands. The positive lag
from ∼ 0.9− 2× 10−4 Hz shows that the hard band lags behind the soft band. This is the behaviour expected from Fe K reverberation,
so we will look in this frequency range (as shown in the rightmost shaded box) for the high-frequency lag-energy spectrum. We usually
see the positive lag continue to very low frequencies, but in the case of NGC 1365, the lag becomes negative below ∼ 9× 10−5 Hz. We
will explore this low-frequency regime (indicated by the shaded box on left) with the lag-energy spectrum. (right:) The coherence as
a function of frequency between the same 2–4 keV and 4–7 keV bands. The coherence is high at all frequencies we explore, and only
drops off at high frequencies where Poisson noise starts to dominate the power spectrum. Even at low frequencies, where we see the lag
switch from positive to negative, we find the coherence is high. Therefore, we can have confidence in our measurement of the lag at these
frequencies.

and XMM-Newton lag-energy spectra). NuSTAR allows us
to now clearly determine the blue wing of the Fe K line above
7 keV. Above 10 keV, the lag increases again, at the energy
of the Compton hump. The amplitude of the Fe K lag in the
XMM-Newton data is roughly 250 s, while the amplitude of
the Fe K lag in the NuSTAR data is roughly 300 s. These
amplitudes are consistent within the error bars. We will dis-
cuss the amplitudes of the lag, and their interpretation as
light travel time delays further in the discussion (Section 4).

At low frequencies (Fig. 4), we see the lag increases
with energy in both the XMM-Newton (left) and NuSTAR
data (right). In the XMM-Newton band from 0.3–10 keV,
the lag-energy spectrum shows fewer features than at high
frequencies, and as we probe higher energies in the NuSTAR
band, we find the same general increase in lag with energy,
but with additional features. There is a noticeable increase
in the lag at 7 keV, which also corresponds to the sharp
decrease in the lag at high frequencies. The origin of this
low-frequency lag is not well understood, and we will discuss
these results further in Section 4.

3.2 NGC 1365

NGC 1365 shows dramatic absorption variability between
orbits. Walton et al. (2014) showed that the first and fourth
XMM-Newton orbits are highly absorbed, which causes the
flux below 10 keV to be significantly attenuated (see also
Rivers et al., in prep). This strong absorption inhibits the
measurement of the lag. Orbit 3 is the least absorbed, so
we focus our attention on this orbit. For completeness, we
also complete the analysis of Orbits 2 and 4, as these epochs
show less absorption than Orbit 1.

As this is the first study of lags in this source, we will

present the lag-frequency and lag-energy results from XMM-
Newton alone before probing higher energies with NuSTAR.

3.2.1 The XMM-Newton lags

Fig. 5 shows the lag (left) between the 2–4 keV band and
the 4–7 keV band. There is a clear positive (hard) lag at
frequencies ∼ [0.9 − 2] × 10−4 Hz. A positive hard lag at
these energies can either be an indication of an Fe K lag
or a featureless continuum lag, and so further study of the
lag-energy spectrum is required to understand the origin.

At frequencies below 9×10−5 Hz, the lag switches from
positive to negative, indicating that on long timescales, the
soft band light curve lags behind the hard band. This be-
haviour is not typically seen in the lag-frequency spectrum
between 2–4 keV and 4–7 keV. Again, we will look at the
low-frequency lag-energy spectrum to investigate the lag fur-
ther.

We compute the coherence between the same two en-
ergy bands to check whether a reliable measurement of the
lag can be made at these frequencies. The right panel of
Fig. 5 shows the frequency-dependent coherence between 2–
4 keV and 4–7 keV. The coherence calculates to what de-
gree one light curve is a simple linear transformation of the
other (Vaughan & Nowak 1997). A maximum coherence of
1 indicates that they are complete linear transforms of each
other. The coherence must be high (though not necessarily
1) in order to reliably measure the lag (Kara et al. 2013a).
The coherence between these two light curves is nearly 1
at all frequencies probed, and only begins to drop at high-
frequencies where the power spectrum becomes dominated
by Poisson noise. This gives us confidence in our measure-
ment of the lag, allowing us to move on to the lag-energy
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Figure 6. The high-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). The lag is
calculated in the frequency range, ν = [0.9 − 1.9] × 10−4 Hz for both the XMM-Newton and NuSTAR data. The XMM-Newton and
NuSTAR lags shows the same peak at the energy of the Fe K line, though the lag between 3–5 keV and 6–8 keV is only at a > 2σ
significance in the NuSTAR data. Again to ease comparison, both the XMM-Newton and NuSTAR lags have been scaled so that the lag
at 3–4 keV is zero.
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Figure 7. The low-frequency lag-energy spectra for Orbit 3 of NGC 1365 using XMM-Newton (left) and NuSTAR (right). Note the
different y-axis scales between the two figures. The lag is calculated in the frequency range ν < 0.7 × 10−4 Hz. In the XMM-Newton
band, the lag drops above 2 keV, and in the NuSTAR band, the lag has large error bars, making it largely consistent with zero. This
soft lag at 2–10 keV is different from the low-frequency behaviour usually found in AGN with X-ray time lags. Again the XMM-Newton
and NuSTAR lags have been scaled so that the lag at 3–4 keV is zero.

spectrum to explore the high-frequency positive lag, and the
unusual negative lag at low-frequencies.

The left panel of Fig. 6 shows the high-frequency lag-
energy spectrum (ν = [0.9−1.9]×10−4 Hz) for Orbit 3 using
XMM-Newton data alone. There is little variability power at
very soft energies, as expected given the previously discov-
ered diffuse thermal emission that dominates below 1 keV
(Wang et al. 2009). This lack of variability causes the error
bars to be large below 1 keV even though the effective area
is highest at these soft energies. At higher energies, where
the variability power is high, a clear Fe K lag is detected,
with the usual ‘dip’ in the lag at 3–4 keV, as seen in the

lag-energy spectrum of 1H0707-495, IRAS 13224-3809 and
several other sources with maximally spinning black holes
(Kara et al. 2013a,b). The amplitude of the Fe K lag be-
tween 3 keV and 6 keV is roughly 500 s.

The panel on the left of Fig. 7 shows the low-frequency
lag-energy spectrum at frequencies below 7× 10−5 Hz. The
lag steadily decreases with energy above 2 keV. There is
no indication of an Fe K feature in this lag-energy spec-
trum. Usually the low-frequency lag-energy spectrum in-
creases steadily with energy (as was the case with SWIFT
J2127.4+5654, and many other Seyfert galaxies), but here
we see the opposite trend.
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Fig. 1 Variable counts in the 2-10 keV band plotted against to-

tal counts for 43 variable AGN (adapted from Kara+16). Lags are

commonly seen when more then 10,000 cts have been amassed.

Fig. 2 Theoretical energy – time-lag diagram from single irra-

diation flash from a point-like corona at a height 10 rg above the

centre of an accretion disc above a rapidly spinning black hole.

The disc is inclined at 60 degrees. What is seen is the development

of the reverberation of a 6.4 keV iron fluorescent line. The largest

energy spread comes from the smallest radii. The projection onto

the energy axis shows the broad iron line (to the right) and onto

the time axis the impulse response function (for all energies). See

Cackett+14, also Campana& Stella 1995; Reynolds +99.

that cannot be carried out at any other wavelength or with
any other instrument.

2 Some Details

A pulse of emission from a point-like corona reverberates
off the disk in the manner shown in Fig. 1. The result
changes with inclination (refs). The reverberation signal in
both temporal frequency and energy contains valuable in-
formation on the size and geometry of the inner accretion
flow and the corona. Most current work has only captured
the gross aspects of the the reverberation process, yielding
a characteristic time associated with the bulk of the return
signal.

This constitutes the simple lamp-post model in which
the corona is a point source on the rotation axis of the ac-
cretion disc. This makes the situation computable and min-
imises the number of free parameters. Note that the com-
putations need to be carried out in the Kerr metric, with
strong light bending and energy shifts. In practice of course
the corona is extended, either radially and/or vertically as
discussed by Wilkins+16. It probably changes size. If for
example it is extended vertically and its length varies then
strong light bending means that the the upper end may dom-
inate the observed continuum while the lower end domi-
nates the reflection. This could be the situation in MCG–6-
30-15, where the continuum and iron line are not well cor-
related and no Fe-K reverberation is seen.

The coronal matter may be outflowing through the
corona leading to the continuum being beamed away from
the disc at mildly relativistic velocity. This situation has
been modelled by Beloborodov (1999) and can plausibly
explain the low reflection fraction seen in some objects. The
corona may evolve from being static to outflowing in an ob-
ject, leading to a continuum outburst as seen in Mkn 335
(Wilkins +15,16). It is also plausible that the corona is coro-
tating with the disc beneath it. This will cause beaming of
coronal radiation along the disc and could be confused with
inner disc truncation.

All of the effects discussed above occur at high tempo-
ral frequency so we are dealing with variations on the light-
crossing time of the inner region (frequency f < c/100rg
which is typically above 2×10−4Hz for black holes of mass
106−107Msun). Below that frequency (f < 2×10−4Hz)
it is common to see hard lags in which the 1–4 keV band
lags the soft X-ray band of 0.3–1 keV. These are not due to
reverberation but appear to be intrinsic to the process power-
ing the corona. Such low frequency hard lags are common in
accreting black hole systems and have been seen for a long
time, being first seen in the Black Hole Binary Cyg X-1
(Miyamoto & Kitamoto 1989). Perhaps the best description
of them is as fluctuations created and propagating through
the accretion flow (Kotov+01).

Low-frequency, hard lags typically have a log-linear en-
ergy spectrum which does not show reflection features, un-
like the high-frequency soft lags. They may however have a
high frequency contribution which interferes with the detec-
tion of the true reverberation signal in some objects. They
may be modelled and corrected for if we understood their
origin better.

Finally, there can be variable absorption along the line
of sight. This can be modelled and corrected as in NGC1365
(Walton+), revealing the reflection spectrum underneath.
The represent a source of additive noise to the variability
process. Low frequency time lags can be affected by dis-
tant absorption (e.g. NGC1365; Kara+15), therefore time
lag studies can pout independent constraints on complex
absorption. Some observers use layers of partial-covering
absorption to model the whole observed spectrum, ignoring
the origin of the X-rays in the first place and any reflection

c⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 2 Theoretical energy – time-lag diagram from single irra-

diation flash from a point-like corona at a height 10 rg above the

centre of an accretion disc above a rapidly spinning black hole.

The disc is inclined at 60 degrees. What is seen is the development

of the reverberation of a 6.4 keV iron fluorescent line. The largest

energy spread comes from the smallest radii. The projection onto

the energy axis shows the broad iron line (to the right) and onto

the time axis the impulse response function (for all energies). See

Cackett+14, also Campana& Stella 1995; Reynolds +99.

that cannot be carried out at any other wavelength or with
any other instrument.

2 Some Details

A pulse of emission from a point-like corona reverberates
off the disk in the manner shown in Fig. 1. The result
changes with inclination (refs). The reverberation signal in
both temporal frequency and energy contains valuable in-
formation on the size and geometry of the inner accretion
flow and the corona. Most current work has only captured
the gross aspects of the the reverberation process, yielding
a characteristic time associated with the bulk of the return
signal.

This constitutes the simple lamp-post model in which
the corona is a point source on the rotation axis of the ac-
cretion disc. This makes the situation computable and min-
imises the number of free parameters. Note that the com-
putations need to be carried out in the Kerr metric, with
strong light bending and energy shifts. In practice of course
the corona is extended, either radially and/or vertically as
discussed by Wilkins+16. It probably changes size. If for
example it is extended vertically and its length varies then
strong light bending means that the the upper end may dom-
inate the observed continuum while the lower end domi-
nates the reflection. This could be the situation in MCG–6-
30-15, where the continuum and iron line are not well cor-
related and no Fe-K reverberation is seen.

The coronal matter may be outflowing through the
corona leading to the continuum being beamed away from
the disc at mildly relativistic velocity. This situation has
been modelled by Beloborodov (1999) and can plausibly
explain the low reflection fraction seen in some objects. The
corona may evolve from being static to outflowing in an ob-
ject, leading to a continuum outburst as seen in Mkn 335
(Wilkins +15,16). It is also plausible that the corona is coro-
tating with the disc beneath it. This will cause beaming of
coronal radiation along the disc and could be confused with
inner disc truncation.

All of the effects discussed above occur at high tempo-
ral frequency so we are dealing with variations on the light-
crossing time of the inner region (frequency f < c/100rg
which is typically above 2×10−4Hz for black holes of mass
106−107Msun). Below that frequency (f < 2×10−4Hz)
it is common to see hard lags in which the 1–4 keV band
lags the soft X-ray band of 0.3–1 keV. These are not due to
reverberation but appear to be intrinsic to the process power-
ing the corona. Such low frequency hard lags are common in
accreting black hole systems and have been seen for a long
time, being first seen in the Black Hole Binary Cyg X-1
(Miyamoto & Kitamoto 1989). Perhaps the best description
of them is as fluctuations created and propagating through
the accretion flow (Kotov+01).

Low-frequency, hard lags typically have a log-linear en-
ergy spectrum which does not show reflection features, un-
like the high-frequency soft lags. They may however have a
high frequency contribution which interferes with the detec-
tion of the true reverberation signal in some objects. They
may be modelled and corrected for if we understood their
origin better.

Finally, there can be variable absorption along the line
of sight. This can be modelled and corrected as in NGC1365
(Walton+), revealing the reflection spectrum underneath.
The represent a source of additive noise to the variability
process. Low frequency time lags can be affected by dis-
tant absorption (e.g. NGC1365; Kara+15), therefore time
lag studies can pout independent constraints on complex
absorption. Some observers use layers of partial-covering
absorption to model the whole observed spectrum, ignoring
the origin of the X-rays in the first place and any reflection
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Figure 6.

Figure 7. Ratio residuals of XMM and NuSTAR (both focal plane modules) spectra fit to a simple absorbed power law, exclud-
ing energy bins below 2 keV so that the fit is not dominated by the soft excess. Spectra have been binned slightly for plotting
purposes.

Frederick, Kara et al., in prep.



26 E. M. Cackett et al.

L
ag

Energy (keV)

1 10

Fig. 10 The lag-energy spectra overplotted for five of the published sources with Fe K lags.
The amplitude of the lag has been scaled such that the lag between 3–4 keV and 6–7 keV
match for all sources. The sources shown are: 1H0707-495 (blue), IRAS 13224-3809 (red),
Ark 564 (green), Mrk 335 (cyan) and PG 1244+026 (purple). While the shape of the Fe K
lag is similar in all these sources, the lags associated with the soft excess vary greatly.

3.1.3 Further evidence for reverberation

Confirmation of the reverberation picture came from examining the differences
in the lags at lower frequencies, where the ‘hard lag’ is observed (Zoghbi et al.
2011). As discussed above, the lag-energy spectrum at high frequencies shows
a clear signature of reflection in the iron K lag, however, as we probe lower
frequencies, the lag behaves in a very different way (See the low and high fre-
quency lag-energy spectra of Ark 564 in Fig. 11). At low frequencies, instead
of showing a downward trend, where the soft band is found to lag the contin-
uum, we see the opposite. The lag increases with energy, with no clear spectral
features. This is consistent with the hard lag found in black hole binaries, and
confirms our picture that the high-frequencies show lags caused by reflection,
while the hard lags are some separate process, unrelated to reflection. Further-
more, the hard lag has been found in NGC 6814, a source that is well described
by just an absorbed power law, with very little neutral reflection (Walton et al.
2013). As expected, there is no soft lag in this source, but there is still a hard
lag, suggesting that the hard lag is due to changes in the continuum, and not
by reflection.

We are now delving into a regime where we can begin to disentangle the
many contributions to the reverberation lag, i.e. we can isolate different light
paths, and thus map the geometry of the source and inner flow. In IRAS 13224-
3809, we find that the reverberation lag is dependent on flux, which changes
with the geometry of the corona (Kara et al. 2013b). At low-flux intervals,

Uttley+14, adapted from EK+13

Variability in the soft lags
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(a) (b)

Fig. 3.— This figures shows the best fitting model of a moving corona and self-similar jet emission overlaid on our data (Table 2). We
assume an average mass of hlogMi = 7.8 and hlogMi = 7.1 for the model displayed in panels a) and b) respectively, and the solid shaded
regions give the resulting 1� confidence levels in the vertical direction. The gradient shaded regions denote the AGN that have radiation
pressure dominated inner disks. The darker the shading the larger the radiation-dominated region.

trum as a function of energy. Dilution is correlated with
the percentage of observed reflected emission as com-
pared to the continuum emission, and scales as D = R+1

R
(see Cackett et al. 2013, 2014; Wilkins & Fabian 2013,
for more details). Figure 4e shows the e↵ects of including
the dilution factor in our model by plotting the corrected
path length as a function of reflection fraction. The di-
lution factor as a function of reflection factor decreases
the time lag and therefore inferred path length, H:

H =
Rrefl

D sin ✓
. (9)

where sin ✓ is assumed to be the same for the entire sam-
ple.

3.2.4. MCMC Setup

We jointly fit the NuSTAR reflection strength sample
and XMM-Newton coronal time-lag sample as functions
of radio Eddington luminosity with the moving corona,
self-similar jet, and standard thin disk accretion model
using Equations 2, 5 & 10 and an MCMC. The only free
parameters in this model are the geometry, ✓, the normal-
ization, N , and the critical luminosity, Lcrit. Because the
dilution factor depends on reflection fraction, the normal-
ization constrains both the NuSTAR and XMM-Newton
distributions. This can be seen in Figures 4a&b, where
we hold all other parameters constant and change the
normalization. Figures 4c&d show the results of holding
all other parameters constant and changing the critical
luminosity or viewing angle, respectively. One can see
that these later parameters only e↵ect the XMM-Newton
time-lag samples.
We assume a log-normal prior on all the detected

data, and a uniform prior between 0 and the 3� up-
per limits in linear space for the non-detections. We
assumed a log-uniform prior for the critical luminosity,
�13 < logLcrit < �6, as well as uniform in the normal-
ization, �15 < logN < �7. Finally, we assume a uni-
form prior on 0 < sin ✓ < 1. We used a total of 100,000
steps, burning the first third of the distribution for each
MCMC run. After checking for convergence using four

independent runs utilizing a Gelman-Rubin statistic for
each parameter in question (Gelman & Rubin 1992), the
final results are given in Table 2 and over plotted in Fig-
ures 3a&b.

3.2.5. MCMC Results

The results of the MCMC fits are given in Table 2 and
plotted in Figures 3 a&b. We find that our model does
fit the data well, and has scatters very comparable to
the individual linear fits. The small ✓ = 13+5

�4
�indicates

the path length inferred from the time lags between the
corona and reflecting regions in the disk are on order of
the corona height above the disk. For emission coming
from close to the ISCO of a maximally spinning black
hole at mass-accretion rates a few percent of Eddington,
this corresponds to a height of ⇠ 5RG. This is consis-
tent with heights measured in several radio-quiet Seyfert
AGN where the disk extends down to the ISCO (Miniutti
& Fabian 2004).
The critical luminosity is measured to be logLcrit =

�(9.6± 0.3) . This corresponds to a radio Eddingotn lu-
minosity of log(LR/LEdd) ⇡ �6.5 using the average mass
of the sample of hlogMi = 7.6. In our model, this pa-
rameter determines at what radio Eddington luminosity
the height of the corona is no longer constant but begins
to scale with radio Eddington luminosity and mass of the
black hole (Figure 4b). Physically, logLcrit determines
when the inner disk structure becomes radiation pressure
dominated (Shakura & Sunyaev 1973). The shaded re-
gions in Figures 3 a&b mark the region where the inner
disk is radiation pressure dominated given the average
mass of the distribution, with the darker regions corre-
sponding to larger regions of the inner disk dominated
by radiation pressure.
Finally, we determine the normalization to be

logN =�(10.1 ± 0.4). The normalization is responsible
for setting the position of the inflection point in Figure 4a
as well as the amount of dilution which e↵ects H at high
radio Eddington fractions in Figure 4b. The normaliza-
tion also sets the scale for the velocity of the corona. Tak-
ing the average mass of our samples, hlogMi = 7.6, the

NVSS 1.4 GHz Radio Luminosity

Coronal Height

Corona-jet connection?
» Outflowing corona, where 
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accretion rate and 
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R = 30rg

Γ = 2.5Γ = 3

R = 

Γ = 2.5

v = 0.01c

fbreak = 5x10-2 c3/GM

vvisc
fbreak = 10-4 c3/GM

Figure 23. The combined model in which the low frequency
variability is dominated by fluctuations propagating through a
corona extending vertically over the plane of the accretion disc.
The corona is seeded with variations at all radii with the break fre-
quency of the power spectral density at each radius corresponding
to the orbital frequency. Fluctuations propagate inwards on the
viscous timescale through the underlying disc. The corona has a
bright central region driven through which fluctuations propagate
upwards at constant velocity.

reflected from the innermost parts of the disc, the extreme
redshifting of photons reflected from these regions and the
bending of a substantial portion of continuum rays emitted
from lower parts of the extended corona towards the black
hole. The detection of the 3 keV dip requires that the ac-
cretion disc extends su�ciently close to the black hole that
a substantial fraction of photons are reflected within 5 rg.
Within this radius, the delay and extreme redshift experi-
enced by reflected photons produces the upturn in the lag-
energy profile. A strong dip at 3 keV in a high frequency
lag-energy spectrum showing reverberation from the accre-
tion disc is a further indication of a rapidly spinning black
hole.

6.4 Piecing together the corona

The results of these simulations of simplified models of the
coronal geometry and the propagation of luminosity fluctu-
ations suggest that it is possible to reproduce the features of
the observed lag-energy and lag-frequency spectra of Seyfert
galaxies through the combination of two scenarios. The in-
creasing time lag as a function of photon energy in the con-
tinuum at low frequencies can be produced self-consistently
with the reverberation of this continuum o↵ the accretion
disc at higher frequencies if luminosity fluctuations propa-
gate inwards through a corona extended radially over the ac-
cretion disc on the viscous time scale within the underlying
disc. On the other hand, the 3 keV dip in the high frequency
(reverberation) lag-energy spectrum is reproduced by the
upward propagation of luminosity fluctuations through a
vertically extended corona.

The simultaneous detection of the hard lag and the
3 keV dip suggests that these two modes of propagation op-
erate simultaneously within the corona. On the longest time
scales, the variability is dominated by luminosity fluctua-
tions that arise in the outer parts of a corona (or the cor-
responding radii on the accretion disc) extending radially

at a low height over the disc surface and then propagate
inwards on the viscous time scale. In addition to the slow
variability that is generated at large radii in the disc (lim-
ited in frequency by either the orbital or viscous time scale
at the radius at which it arises), more rapid variability may
be introduced into the corona at successively smaller radii.
This would reflect stochastic processes occurring locally; tur-
bulence within the disc or the generation and reconnection
of magnetic flux loops, for instance. In the innermost re-
gions, the corona becomes collimated vertically and in these
regions, fluctuations in the luminosity propagate upwards
(Fig. 23). This collimated inner part of the corona is driven
by processes arising on the inner regions of the accretion flow
where the orbital and viscous time scale are much shorter.

The lag-energy and lag-frequency spectra expected from
such a hybrid model is shown in Fig. 24. The emission from
a radially extended corona is seeded with stochastic fluctua-
tions throughout its extent as in Section 5.5 (with PSDs gov-
erned by the orbital frequency at each radius). This is com-
bined with emission from a collimated core as in Section 5.6
driven by stochastic variability with a PSD appropriate to
the orbital velocity on the innermost stable orbit of the ac-
cretion disc. The relative proportion of X-ray counts from
the extended and collimated portions of the corona is a free
parameter and we find that the collimated part producing
around one third the total count rate of the entire extended
portion approximately reproduces the observed behaviour.

At low frequencies, the measured time lags are domi-
nated by propagation through the radially extended corona
which is slowly varying in time and hence dominates the
time-averaged X-ray spectrum of the AGN (providing the
flattened accretion disc emissivity profiles that are ob-
served). The low frequency lag-energy spectrum approxi-
mates the observed hard lag. An approximate log-linear in-
crease in time lag as a function of photon energy is pro-
duced with a slight flattening seen between 0.5 and 1 keV
(as seen in 1H0707�495) which arises due to the early re-
sponse of reflected photons in the soft excess from regions
of the disc below the outer edge of the corona. No evidence
is seen in the observations for the double-trough structure
associated with the iron K↵ line where fluctuations propa-
gate inwards slowly. Despite the predicted structure being
finer than the achievable energy binning (a drop in the av-
erage lag over these bins should still be seen). In this model,
we find that the double-trough structure becomes smoothed
out and its lead time over the continuum at those energies
(i.e. the depth of the troughs) reduced by a combination of
factors which may account for its non-detection. The seed-
ing of the corona with luminosity fluctuations throughout its
extent means that the early response to any given fluctua-
tion is not dominated by a single annulus on the disc, which
is required to produce the double-trough structure, spread-
ing it over a broader range in energy. The reduced reflection
fraction associated with fluctuations propagating through
the outer regions of the corona compared to those arising
closer to the black hole where more photons are lensed onto
the inner disc, reduces the time di↵erence associated with
these energies and, finally, the feature becomes smoothed
out and hence less detectable in higher frequency compo-
nents. Sharp troughs associated with a long time delay are
only detectable in the lowest frequency components of the

c� 2016 RAS, MNRAS 000, 1–29
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(a) Lag-frequency spectrum (b) Lag-energy, low frequency (c) Lag-energy, high frequency

Figure 16. (a) The broadband lag-frequency spectrum between the 0.3-1 keV and 1-4 keV bands where fluctuations propagate inwards
from the edge of a radially extended corona at the viscous timescale on the underlying Shakura-Sunyaev accretion disc where ↵(h/r)2 =
Cr�1. There is a linear gradient in photon index between the outer edge and centre. (b) and (c) The lag-energy spectra averaged over
low frequencies, 10�4-10�3 c3(GM)�1 and high frequencies, 2 ⇥ 10�3-10�2 c3(GM)�1, respectively. These frequency ranges represent
the regions of positive and negative lag in (a).The low frequency lag-energy spectrum also shows the lag spectrum if only the continuum
emission were present, showing the approximate log-linear dependence of the lag on photon energy where there is a linear decrease in
photon index from the edge to the centre of the corona.

viscous velocity of material flowing through the underlying
accretion disc.

Fig. 16(a) shows the lag as a function of frequency be-
tween the reflection-dominated 0.3-1 keV energy band and
the 1-4 keV energy band as well as the lag as a function of en-
ergy over both the low and high frequency ranges, identified
as the frequency ranges in which the lag is found to be posi-
tive and negative. We find that viscous propagation is readily
able to reproduce the observed combination of the hard lag,
where harder X-rays in the continuum respond, on average,
later than softer X-rays, below 10�3 c3(GM)�1, and rever-
beration is seen between 2⇥ 10�3 and 2⇥ 10�2 c3(GM)�1.

These two modes are distinctly seen in the energy de-
pendence of the lag over the low and high frequency ranges.
The lag-energy spectra are computed from the response
functions as they would be from real observations (Uttley
et al. 2014). The cross spectrum is computed between each
narrow energy band of the response and the reference band;
the sum of the response across the full 0.1-10 keV range mi-
nus the energy band of interest. This cross spectrum is then
multiplied by f�2 to act as a high frequency filter in the
same manner as the observed power spectral density of the
variability of a real AGN, as in Equation 5. Although unim-
portant when considering narrow frequency ranges, when
the cross spectrum is averaged over broad frequency ranges,
this enhances the contribution of the lower frequency compo-
nents within the frequency range of interest in determining
the lag-energy spectrum. The final, filtered cross spectrum
is then averaged over the frequency range of interest and
the lag of the present energy band behind the reference is,
once again, given by the argument of the (average) cross
spectrum. The low and high frequency lag-energy spectra,
in which frequency ranges were selected to coincide with the
regions of the lag-frequency spectrum where the hard lag
and reverberation lag are respectively seen, are shown in
Figs. 16(b) and (c).

The low frequency lag-energy spectrum shows the prop-
agation of the fluctuation from the outer to inner parts of
the corona, producing an increasing fraction of the harder X-

rays as it does so. Imprinted on this are the signatures of the
early arriving reflection; the soft excess leading to a notch
at low frequencies and the double-trough profile of the iron
K↵ line from the approaching and receding sides of the disc
at, from the parts of the accretion disc beneath the outer
edge of the corona where the luminosity fluctuation begins,
as in the case of slow, constant velocity inward propagation.
At high frequencies, the lag-energy spectrum shows the clas-
sic form expected for reflection from the accretion disc; the
arrival of photons comprising the soft excess and the iron
K↵ line later than continuum which dominates the 1-4 keV
energy band.

When only the high frequency components of the vari-
ability are considered, the inner parts of the accretion disc
are seen to respond to fluctuations in the continuum more
rapidly than the outer part. The redshifted wing of the iron
K↵ line responds sooner than the 5-7 keV core of the line
that is dominated by reflection from large radii in the disc.
In these high frequency components, the slow propagation
of the fluctuation from the outer to the inner parts of the
corona, which previously lead to the double-trough profile.
The propagation and hence the time scale of this sharp fea-
ture in the lag-energy spectrum is longer than the frequency
range considered, hence is averaged to zero while just the
more rapid reverberation, of order the 2 rg distance between
the corona and the disc is seen, leading to the simple lag-
energy spectrum. The inner disc that is closer to the coronal
emission is seen to respond before the outer disc.

While both the hard lag and reverberation could not
be seen simultaneously when the fluctuation propagates at
constant velocity, in the case of viscous propagation, the
propagation over the outer part of the disc is su�ciently
slow that it influences the variability only at the lowest fre-
quencies. For the case considered here of a corona extending
radially out to 30 rg, the average velocity of the fluctuation
is 0.005c, limiting the influence of the propagation on the
measured lag to frequencies below 8⇥10�5 c3/GM . For con-
stant velocity propagation, the hard lag is still able to cancel
the e↵ect of reverberation at higher frequencies. The inner

c� 2016 RAS, MNRAS 000, 1–29
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Figure 2. Lag-energy spectra for four temporal frequency ranges. The lags are all measured relative to the same 0.54-10.08 keV reference
band and plotted so that energies with more-positive values of lag are lagging behind energies with less-positive values of lag. The insets
show the covariance spectra for the same energy range and frequencies, plotted as a ratio to a power-law with photon index fixed at
Γ = 1.55, absorbed by a 6× 1021 cm−2 neutral Galactic column and fitted to the 3–10 keV range. Note that the scales for the covariance
plots are the same, showing that the switch in soft lag behaviour at high frequencies corresponds to a drop in amplitude of disc variability
relative to the power-law variability.

for GX 339−4 in a lower-flux state than observed in 20043.
The lags at higher frequencies cannot be compared with the
GX 339−4 2004 data due to larger error bars caused by the
shorter exposure times of these observations (40 ks, 16 ks
and 31 ks for Swift J1753.5−0127, Cyg X-1 and GX 339−4
2009 respectively). However, in the 0.125-0.5 Hz range the
other systems, as well as the GX 339−4 2009 data, show a
downturn in lag versus energy in soft X-rays which is similar
to that seen in the GX 339−4 2004 data.

4 DISCUSSION

By extending the measurement of energy-dependent lags to
soft energies, we have shown that on time-scales of seconds
or longer, disc blackbody variations lead variations in the
power-law component. The natural implication of this result
is that the disc variations drive the power-law variations, so
we now consider the physical origin of this causal connec-
tion. The medium-soft lags of 0.1 s or longer seen in vari-
ations on time-scales of seconds correspond to light-travel
times of thousands of gravitational radii. Coronal Comp-
tonisation models have been invoked to explain the log-
linear form of the lags seen at harder energies (Payne 1980;
Kazanas & Hua 1999), but they struggle to explain even the
more moderate hard-medium lags seen at low frequencies
without invoking an unfeasibly large Comptonising region

3 Swift J1753.5−0127 was observed on 2006 March 24, GX 339−4
and Cyg X-1 were observed on 2009 March 26 and 2009 December
2 respectively.
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Figure 3. Lag-energy spectra of 0.125–0.5 Hz variations for sev-
eral hard state systems.

(Nowak et al. 1999). A recent more energetically-feasible
model invokes Comptonisation by the persistent hard state
jet to produce the hard lags (Reig, Kylafis, & Giannios
2003; Kylafis et al. 2008). In this model, seed photons are
fed into the base of the jet (e.g. from the disc), and the
anisotropy of Compton scattering along the jet axis means
that upscattered photons can traverse large distances in the
jet before escaping to the observer, to produce large lags rel-
ative to the photons undergoing fewer upscatterings. How-
ever, in such a model we would expect the medium-soft
lags to be reduced relative to the hard-medium lags, not
increased as observed here, since the direct seed photons

c⃝ 2010 RAS, MNRAS 000, 1–6
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Table 2. Best-fit model obtained by simultaneous fit of the EPIC-pn spectra in the range E = 1.5 − 10 keV and combined
RGS spectra in the range E = 0.8 − 2 keV. The table reports: (1)-(5) the best-fit values of the relevant parameters; (6) the
3-10 keV flux; (7) the disk-to-power law flux at 1 keV; (8) the hardness ratio; (9) the obtained χ

2 statistics; (10) the 2-10 keV
fractional root-mean-square variability amplitude in the 0.1-50 Hz frequency range. Errors are quoted at 90 percent confidence
for 1 parameter of interest (∆χ

2 = 2.7).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NH Γ Tin Egau σgau F3−10 keV Fdisk/Fpow F6−10 keV/F3−6 keV χ2/dof Fvar 2−10keV

1022cm−2 keV keV keV 10−10erg/s/cm2

O1 2.17 ± 0.06 1.47 ± 0.01 0.29 ± 0.01 6.83 ± 0.20 0.6fixed 6.93 ± 0.08 0.62 ± 0.27 1.15 ± 0.02 2145/2056 0.355 ± 0.003

O2 2.06 ± 0.03 1.43 ± 0.01 0.37 ± 0.01 7.16 ± 0.11 0.87+0.13
−0.10 8.21 ± 0.09 0.35 ± 0.08 1.18 ± 0.02 4576/2333 0.339 ± 0.002

O3 2.03 ± 0.03 1.43 ± 0.01 0.41 ± 0.02 6.92 ± 0.09 0.63 ± 0.08 8.30 ± 0.09 0.33 ± 0.11 1.17 ± 0.02 3511/2253 0.320 ± 0.002

O4 1.99 ± 0.03 1.41 ± 0.01 0.47 ± 0.03 6.73 ± 0.08 0.47 ± 0.11 8.37 ± 0.09 0.26 ± 0.10 1.18 ± 0.02 3319/2186 0.317 ± 0.002

EPIC-pn

Covariance

RGS

no
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Figure 2. The plot shows the EPIC-pn and RGS flux-energy
spectra, and the covariance spectrum of O2 (black squares,
blue dots, and red triangles respectively). The dotted (light
blue) curves are the single components of the best-fit model
(Sect. 3 and Table 2) rescaled for the EPIC-pn effective
area. The EPIC-pn flux-energy and covariance spectra are
fitted in the energy range 1.5-10 keV. The extrapolation of
the best-fit model (convolved for the response matrix, gray
curves) down to 0.5 keV is shown to highlight the soft X-ray
band residuals. The ratios to the best-fit model are shown
in the lower panel.

Given the relatively high absorption column density
(NH ∼ 2× 1022 cm−2) the soft X-ray band below ∼0.8
keV should be totally absorbed. However, at these en-
ergies both the EPIC-pn flux-energy spectra and the
covariance spectra of all the observations show excess
residuals, which are not observed in the RGS data
(Sects. 3 and 3.2, and Fig. 2). We discuss here the
origin of the excess emission in the soft X-ray band of
the EPIC-pn spectrum (and covariance), and of the as-
sociated time lag.
Foreground point sources: all the analysed observa-
tions were carried out in Timing mode, meaning that
all the data along the RAWY axis of one CCD chip are
collapsed into a one-dimensional row. It is thus pos-
sible that the observed soft X-ray excess is due to the

Figure 3. Lag-energy spectra of H1743-322 in the frequency
interval 0.1-1 Hz. The black dots and red squares refer, re-
spectively, to O2 and O3+O4, and correspond to the obser-
vations taken during the 2014 outburst. The gray contours
refer to O1, corresponding to the observation taken during
the 2008 outburst.

summed contribution of foreground point sources. How-
ever, this hypothesis is highly unlikely for at least two
reasons. Firstly, the presence of this feature also in the
covariance spectra implies that the flux variability of the
soft X-ray excess is correlated with the variability of the
reference band2. This excludes contribution from uncor-
related nearby sources, and hints to this feature being
associated with the source itself. Secondly, we checked
for the presence of soft X-ray bright point sources in the
field of view of H1743-322 by inspecting the 2010 Octo-
ber 9 XMM-Newton observation (ObsID 0553950201),
taken in SmallWindow mode, when the source flux was
much lower (F3−10 keV ∼ 1.17× 10−11 erg/s/cm2, i.e. a
factor ∼60-70 fainter than during the observations anal-
ysed in this paper). We identified 2 additional point

2 Note that a soft X-ray excess in the covariance spectra is also
observed when the power law-dominated 1.5-10 keV band is used
as the reference.
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Figure 2. Lag-energy spectra for four temporal frequency ranges. The lags are all measured relative to the same 0.54-10.08 keV reference
band and plotted so that energies with more-positive values of lag are lagging behind energies with less-positive values of lag. The insets
show the covariance spectra for the same energy range and frequencies, plotted as a ratio to a power-law with photon index fixed at
Γ = 1.55, absorbed by a 6× 1021 cm−2 neutral Galactic column and fitted to the 3–10 keV range. Note that the scales for the covariance
plots are the same, showing that the switch in soft lag behaviour at high frequencies corresponds to a drop in amplitude of disc variability
relative to the power-law variability.

for GX 339−4 in a lower-flux state than observed in 20043.
The lags at higher frequencies cannot be compared with the
GX 339−4 2004 data due to larger error bars caused by the
shorter exposure times of these observations (40 ks, 16 ks
and 31 ks for Swift J1753.5−0127, Cyg X-1 and GX 339−4
2009 respectively). However, in the 0.125-0.5 Hz range the
other systems, as well as the GX 339−4 2009 data, show a
downturn in lag versus energy in soft X-rays which is similar
to that seen in the GX 339−4 2004 data.

4 DISCUSSION

By extending the measurement of energy-dependent lags to
soft energies, we have shown that on time-scales of seconds
or longer, disc blackbody variations lead variations in the
power-law component. The natural implication of this result
is that the disc variations drive the power-law variations, so
we now consider the physical origin of this causal connec-
tion. The medium-soft lags of 0.1 s or longer seen in vari-
ations on time-scales of seconds correspond to light-travel
times of thousands of gravitational radii. Coronal Comp-
tonisation models have been invoked to explain the log-
linear form of the lags seen at harder energies (Payne 1980;
Kazanas & Hua 1999), but they struggle to explain even the
more moderate hard-medium lags seen at low frequencies
without invoking an unfeasibly large Comptonising region

3 Swift J1753.5−0127 was observed on 2006 March 24, GX 339−4
and Cyg X-1 were observed on 2009 March 26 and 2009 December
2 respectively.
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Figure 3. Lag-energy spectra of 0.125–0.5 Hz variations for sev-
eral hard state systems.

(Nowak et al. 1999). A recent more energetically-feasible
model invokes Comptonisation by the persistent hard state
jet to produce the hard lags (Reig, Kylafis, & Giannios
2003; Kylafis et al. 2008). In this model, seed photons are
fed into the base of the jet (e.g. from the disc), and the
anisotropy of Compton scattering along the jet axis means
that upscattered photons can traverse large distances in the
jet before escaping to the observer, to produce large lags rel-
ative to the photons undergoing fewer upscatterings. How-
ever, in such a model we would expect the medium-soft
lags to be reduced relative to the hard-medium lags, not
increased as observed here, since the direct seed photons
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2008 2014

O2
O3
O4O1

Figure 1. Swift/BAT long term light curve of H1743-322. The green and red dots mark the positions of the XMM-Newton
observations analysed in this paper. The two small panels show a zoom of the 2008 and 2014 outburst lightcurves.

the spectrum due to incomplete charge collection (Popp
et al. 1999; 2000). For this reason, in the fits we ig-
nored energies below 1.5 keV, and used RGS data in
the range 0.8-2 keV to constrain the soft X-ray band
continuum. The parameters of the best-fit model are
listed in Table 2. The best-fit galactic column density
is NH ∼ 2 × 1022cm−2, consistent with values reported
in the literature (e.g. Stiele & Yu 2016; Shidatsu et al.
2014), though slightly higher than derived from galac-
tic HI surveys (NH ∼ 7 × 1021cm−2, e.g. Dickey &
Lockman 1990), thus suggesting local absorption. The
fits yielded best-fit values of the disk inner temperature
Tin ∼ 0.3− 0.4 keV. The disk-to-power law flux at ∼ 1
keV is consistent with being of the order of 30-40 percent
during all the observations.
Overall we obtain satisfactory fits (see Table 2), but

the extrapolation of the best-fit model to energies <
∼ 1

keV leaves significant residuals in the EPIC-pn spectra,
which are not present in the RGS (Fig. 2). Indeed, the
RGS flux is observed to drop by a factor ∼ 100 between
1.5 keV and 0.8 keV, while the drop seen in the EPIC-pn
data is only a factor ∼ 20. Similar soft excess residuals
have been observed in other sources (e.g. Boirin et al.
2005; Martocchia et al. 2006; Sala et al. 2008; Hiemstra
et al. 2011). We discuss the origin of these residuals in
Sect. 4.

3.1. Accretion state

We used both spectral and timing indicators to de-
termine the accretion state of H1743-322 during all the
analysed observations. We measured the spectral hard-
ness from our best-fit model (Sect. 3) as the ratio be-
tween fluxes in the 6-10 keV and the 3-6 keV energy
bands (see Table 2). We found the hardness ratios to

De Marco & Ponti 2017

GX 339-14

H1743-322
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Fig. 1. XMM-Newton and Suzaku light curve of Sw J1644+57 together with the SWIFT-XRT
0.3-10 keV light curve for reference (grey) (37, 38). For twelve XMM-Newton observations
(XMM #1-12) we extracted 0.2-10 keV source and background light curves from the PN camera,
using 40-arcsec circular regions. After accounting for the flaring background, a substantial
fraction of the data in XMM #2, 3 and 12 had to be excluded. For Suzaku, we used a box
region of 250-arcsec to extract the source light-curve from the two front-illuminated cameras
and 150-arcsec for the background. Every observation had a background level significantly less
than 5% of the total flux. For each observation we created an energy spectrum to which we
fitted a model consisting of an absorbed power-law and used this to obtain a conversion factor
between the count-rate and fluxes in physical units. The average flux levels in each observation
are shown in real time in the main axis (stars, where the one s.d. error bars are smaller than the
symbol size) and the inset compares each observation with data points binned in 32-s intervals.
The vertical lines separate the various observations. The right-hand axis gives the conversion
to luminosity of the source assuming isotropic radiation and the dashed curve shows a t�5/3

relation with t being the time since March 28 2011.

9. A. J. Levan, et al., Science 333, 199 (2011).

10. J. S. Bloom, et al., Science 333, 203 (2011).
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Fig. 2 Variable counts in the 2-10 keV band plotted
against total counts for 43 variable AGN (adapted from
Kara et al. (2016)). Open circles represent non-detections.
80% of AGN with more than 7,000 variable counts (total
counts times fractional variability) show reverberation lags.
Sources with soft lags (De Marco et al. 2013) are marked
by a red diamond.

changes with inclination. The reverberation signal in both
temporal frequency and energy contains valuable informa-
tion on the size and geometry of the inner accretion flow and
the corona. Most current work has only captured the gross
aspects of the the reverberation process, yielding a charac-
teristic time associated with the bulk of the return signal.

This constitutes the simple lamp-post model in which
the corona is a point source on the rotation axis of the accre-
tion disc. It makes the situation computable and minimises
the number of free parameters. Note that the computations
need to be carried out in the Kerr metric, with strong light
bending and energy shifts. In practice of course the corona
is extended, either radially and/or vertically as discussed by
Wilkins et al. (2016). It probably changes size. If for exam-
ple it is extended vertically (Fig. 5) and its length h varies,
then strong light bending means that the upper end may
dominate the observed continuumwhile the lower end dom-
inates the reflection. This could be the situation in MCG–6-
30-15 and Mrk766 which both show soft lags (0.3–1 vs 1–4
keV), but the continuum and iron line are not well correlated
and no Fe-K reverberation is seen as yet.

The coronal matter may be outflowing through the
corona leading to the continuum being beamed away from
the disc at mildly relativistic velocity. This situation has
been modelled by (Beloborodov 1999) and can plausibly
explain the low reflection fraction seen in some objects. The
corona may evolve from being static to outflowing in an ob-
ject, leading to an apparent continuum outburst as seen in
Mkn 335 (Wilkins et al. 2016; Wilkins & Gallo 2015, Fig.
4). It is also plausible that the corona is corotating with the
disc beneath it and beaming coronal radiation along the disc.
In other words, the corona is likely to be dynamic, rather

Fig. 3 Theoretical energy – time-lag diagram from sin-
gle irradiation flash from a point-like corona at a height
10 rg above the centre of an accretion disc above a rapidly
spinning black hole. The disc is inclined at 60 degrees.
What is seen is the development of the reverberation of
a 6.4 keV iron fluorescent line. The largest energy spread
comes from the smallest radii. The projection onto the en-
ergy axis shows the broad iron line (to the right) and onto
the time axis the impulse response function (for all en-
ergies). See (Cackett et al. 2014; Campana & Stella 1995;
Reynolds et al. 1999).
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Fig. 4 Simulation showing achievable sensitivity in units
of rg/c, adapted from (Uttley et al. 2014). The black line
is a ’sample’ lag-energy spectrum (for a 106 M⊙ AGN).
The assumed 2–10 keV flux is 4 × 10−11 cgs (for AGN
everything scales with

√
flux so it is easy to see what is

needed for other flux levels). The lag errors just scale with
1/

√
exposure time. Note that whilst a 100 ks ATHENA ex-

posure can statistically match a 1 Ms XMM-Newton expo-
sure on high frequency lags (modelled here) it cannot reach
the lowest frequency propagation lags (≪ 10−4). Simi-
larly, the long XMM-Newton exposures yield an average
result whereas a shorter ATHENA exposure can follow the
changes in a corona on 100 ks timescales.
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• We’re at the tip of the iceberg in X-ray spectral timing 
observations

• Important for reflection and absorption studies!

• Reverberation offers an orthogonal approach to spectral analyses, 
giving insights into:

• reverberation as a probe of disc/coronal structure
• disc structure in BHBs and TDEs, too

• See our review: Uttley, Cackett, Fabian, EK & Wilkins `14 for more

Conclusions


