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Fig. 2 Relativistically-blurred reflection spectrum from an ionized disc compared with its
local (unblurred) counterpart, shown as a dashed line. The reflection spectrum typically has
3 characteristic parts: a soft excess, broad iron line and a Compton hump.

& Edelson 2001), implying that reverberation was out of reach to current in-
strumentation. A crucial measure for the detection of the effect is the ratio
of the number of detected photons to the light-crossing time of the gravita-
tional radius of the source. When considering this ratio, the typically higher
brightness of stellar-mass black holes in Galactic X-ray binaries (BHXRB)
compared with AGN, does not compensate for the 105 or more fold increase
in light crossing time for the detection of reverberation lags. However, the de-
tection of X-ray lags on significantly longer time-scales than the light-crossing
time was facilitated in X-ray binaries (XRB) by the enormous number of cycles
of variability (scaling inversely with black hole mass) that could be combined
using time-series techniques to yield a significant detection.

Lags from accreting stellar-mass black holes were first studied using Fourier
techniques in the X-ray binary system Cyg X-1 by Miyamoto et al. (1988),
although they had been observed earlier using less-powerful time-domain tech-
niques (Page 1985). The observed lags were hard, in that variations in hard
photons lagged those in soft photons, and time-scale dependent, in that the
time delay increases towards lower Fourier-frequencies (longer variability time-
scales). An example of the lag-frequency dependence in Cyg X-1 is shown in
Fig. 3. Crucially, the time lags can reach 0.1 s which is much larger than ex-
pected from reverberation unless the scattering region is thousands of rg in
size. Nevertheless some interpretations of those lags did invoke enormous scat-
tering regions and explained the spectral development in terms of Compton
upscattering: harder photons scatter around in a cloud for longer (Kazanas
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Fig. 2 Relativistically-blurred reflection spectrum from an ionized disc compared with its
local (unblurred) counterpart, shown as a dashed line. The reflection spectrum typically has
3 characteristic parts: a soft excess, broad iron line and a Compton hump.
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strumentation. A crucial measure for the detection of the effect is the ratio
of the number of detected photons to the light-crossing time of the gravita-
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in light crossing time for the detection of reverberation lags. However, the de-
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time was facilitated in X-ray binaries (XRB) by the enormous number of cycles
of variability (scaling inversely with black hole mass) that could be combined
using time-series techniques to yield a significant detection.

Lags from accreting stellar-mass black holes were first studied using Fourier
techniques in the X-ray binary system Cyg X-1 by Miyamoto et al. (1988),
although they had been observed earlier using less-powerful time-domain tech-
niques (Page 1985). The observed lags were hard, in that variations in hard
photons lagged those in soft photons, and time-scale dependent, in that the
time delay increases towards lower Fourier-frequencies (longer variability time-
scales). An example of the lag-frequency dependence in Cyg X-1 is shown in
Fig. 3. Crucially, the time lags can reach 0.1 s which is much larger than ex-
pected from reverberation unless the scattering region is thousands of rg in
size. Nevertheless some interpretations of those lags did invoke enormous scat-
tering regions and explained the spectral development in terms of Compton
upscattering: harder photons scatter around in a cloud for longer (Kazanas

Fig. 1. Cartoon respresentation of the accretion disc and black hole with the corona above. The strong gravity causes causes primary emission
from the corona to be bent down onto the disc. Backscattered and fluorescent and other secondary emission caused by irradiation of the
disc forms the reflection spectrum.

Fig. 2. The intrinsic reflection spectrum (dashed) is observed to be relativistically blurred (continuous line) by GR effects (from Ross & Fabian
2005).

Fig. 3. XMM-NuSTAR spectrum of SWIFT J2127 (Marinucci et al 2013) shown as a ratio to a power-law. Note that all aspects of the
reflection spectrum; the soft excess, the broad iron line and the Compton hump are seen here.Marinucci+14

XMM-Newton NuSTAR
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Swift J2127.4+5654

See Andrea Marinucci’s talk tomorrow
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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,

High frequency iron K lags
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 adapted from EK+14
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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,
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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

Low-frequency lags

between 0.3-1 keV and 1-4 keV

EK+13
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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

Low-frequency lags

➊ 

➋ 

Reverberation
between 0.3-1 keV and 1-4 keV

EK+13

Fabian+09



X-ray reverberation around accreting black holes 27

[0.6-1.6] × 10-4 Hz

L
ag

 (
s)

−250

0

250

500

750

1000

1250

1500

Energy (keV)

1 5 10

[3.2-5.2] × 10-3 Hz

L
ag

 (
s)

−200

0

100

Energy (keV)

1 5 10

L
ag

 (
s)

−200

0

200

400

600

Frequency (Hz)

10−4 5×10−4 10−3

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
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more extended corona, and the amplitude of the lag is greater because of the
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Fig. 8 Top: A sample of 15 Seyfert galaxies with significant soft lag measurements. The
amplitude of the lag was found to scale with black hole mass, and suggested that the X-
ray emitting region was very close (within 10 rg) to the central black hole. Figure adapted
from De Marco et al. (2013). Bottom: The current sample of iron K lags plotted with the
corresponding black hole mass. The short amplitude lag found for both the iron K and soft
lags suggest that they originate from the same small emitting region.

The iron K lag is a powerful tool for understanding the geometry and
kinematics of the inner accretion flow, as it encodes spectral and timing in-
formation about the reflected emission (See Section 4 for more on modeling
the Fe K lags). Since the initial discovery in NGC 4151, iron K lags have been
found in eight sources, including the original reverberating source, 1H0707-
495 Kara et al. (2013c). Fig. 10 shows five of those sources, overplotted on the
same axis. As they all have different black hole masses (and therefore different
Fe K lag amplitudes), the lags have been scaled such that the lag between

EK+13
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Figure 4. Negative lag frequency (νlag) vs MBH (left panel) and absolute amplitude (| τ |) vs MBH (right panel) trends (error bars represent the 1-σ confidence

interval). The lag frequencies and amplitudes are redshift-corrected. The best fit linear models (in log-log space) and the combined 1-σ error on the slope and

normalization are overplotted as continuous and dotted lines. The dashed lines in the right panel represent (from bottom to top) the light crossing time at 1rg,

2rg, and 6rg as a function of mass.

source has been estimated by rescaling the break frequency of

1H0707-495 (Zoghbi et al 2010) for the mass of the source,

according to the scaling relationship provided by McHardy et al

(2006), using the BH masses listed in Table 1, and discarding

the dependence on the mass accretion rate2. For the sources in

common, the estimated values are in agreement with results by

González-Martı́n & Vaughan (2012), and in most of the cases

the PSD high frequency break lies below the analysed frequency

range. It is worth noting that considering slightly different values

for the PSD parameters (e.g. a steeper high frequency PSD slope,

e.g. Vaughan et al 2011) does not change the results here.

Poisson noise contribution has been accounted for by adding

Gaussians to each simulated light curves, with variance equal to

the standard deviation of the mean count rate (the latter being

estimated from the best fit constant level of Poisson noise in the

PSDs). A zero-phase lag was imposed on each pair of simulated

light curves, meaning that every fluctuation in the resulting lag

frequency spectrum above and below the zero-lag level is due to

statistical noise. As previously mentioned, the effect of counting

noise is to produce a deviation of the coherence function from 1,

resulting in a drop to zero-value at high frequencies, where the

Poisson noise variability power dominates. This effect is repro-

duced in the simulated data by adding the proper level of Poisson

noise. However, the low-frequency modes can still be affected by

an extra intrinsic fraction of incoherent signal (e.g. in 1H0707-495,

Zoghbi et al 2010, and in REJ1034+396, Zoghbi & Fabian 2011,

this drop in coherence has been attributed to the transition between

two different variability processes). We accounted for it by adding

a fraction 1−γ2
I (ν) of uncorrelated signal to every pair of simulated

light curves, where γ2
I
(ν) represents the frequency-dependent

fraction of intrinsic coherence as measured from the data.

2 Assuming a linear scaling of the break frequency with the mass accretion

rate (McHardy et al 2006), and using values tabulated in Ponti et al (2012)

for the bolometric luminosity, this approximation introduces a negligible

uncertainty, of a factor ∼ 2 − 3, on the estimated break frequency. The

latter uncertainty is even more negligible if the dependence of the break

frequency on the mass accretion rate is weaker, as argued by González-

Martı́n & Vaughan (2012).

The resulting simulated light curves were used to compute lag

frequency spectra, adopting the same sampling (e.g. duration

of each light curve segment, time resolution) and rebinning

(e.g. logarithmic rebinning factor of the lag spectrum, minimum

number of counts per bin) as in the real data. We then defined a

sliding-frequency window, containing the same number, Nw, of

consecutive frequency bins as those forming the observed negative

lag profile in the data (i.e. typically Nw=3). The figure of merit

χ =
!

"

(τ/σtau)2 within the sliding window is computed at each

step and the maximum value recorded for all the simulated lag

frequency spectra. In this procedure the full-range of sampled

frequencies is swept, with the exception of those where the

measured coherence drops to zero as a consequence of Poisson

noise (this cut-off being around 10−3 − 10−2 Hz, see following

section). Since our aim is to estimate the probability of recovering

the observed lag profile only by chance, we registered the number

of times Nw-consecutive negative lag points are observed in the

simulated data with a figure of merit χ exceeding the real one. The

estimated significances for the 15 detected soft lags are reported (in

parentheses) in Table 1. In most of the sources we registered a mild

decrease of the inferred significances with respect to those obtained

with the standard statistical tests. Specifically, probabilities should

be multiplied by a factor ∼ 0.97 − 0.99, depending on the quality

of the data. However, the corrected values are still consistent with

lying above the adopted 2σ detection threshold.

3.3.2 Poisson noise

Counting noise gives an important contribution at high frequencies,

where the intrinsic variability power of the source decreases to

values comparable to the Poisson noise component. Poisson noise

adds to the signal as an incoherent component, whose phase (i.e.

the argument of the cross spectrum) is uniformly and randomly

distributed in the range [−π,+π]. When combined with the intrinsic

cross spectrum vector, this component increases the spread in

the phase. Fourier phase lags are limited to the range of values

[−π,+π], corresponding to the condition |τ| ! 1/2ν on the time

lag amplitude. The latter limits on τ have been marked in Fig. 1 as

De Marco et al, 2013
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The iron K lag is a powerful tool for understanding the geometry and
kinematics of the inner accretion flow, as it encodes spectral and timing in-
formation about the reflected emission (See Section 4 for more on modeling
the Fe K lags). Since the initial discovery in NGC 4151, iron K lags have been
found in eight sources, including the original reverberating source, 1H0707-
495 Kara et al. (2013c). Fig. 10 shows five of those sources, overplotted on the
same axis. As they all have different black hole masses (and therefore different
Fe K lag amplitudes), the lags have been scaled such that the lag between
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normalization are overplotted as continuous and dotted lines. The dashed lines in the right panel represent (from bottom to top) the light crossing time at 1rg,

2rg, and 6rg as a function of mass.

source has been estimated by rescaling the break frequency of

1H0707-495 (Zoghbi et al 2010) for the mass of the source,

according to the scaling relationship provided by McHardy et al

(2006), using the BH masses listed in Table 1, and discarding

the dependence on the mass accretion rate2. For the sources in

common, the estimated values are in agreement with results by

González-Martı́n & Vaughan (2012), and in most of the cases

the PSD high frequency break lies below the analysed frequency

range. It is worth noting that considering slightly different values

for the PSD parameters (e.g. a steeper high frequency PSD slope,

e.g. Vaughan et al 2011) does not change the results here.

Poisson noise contribution has been accounted for by adding

Gaussians to each simulated light curves, with variance equal to

the standard deviation of the mean count rate (the latter being

estimated from the best fit constant level of Poisson noise in the

PSDs). A zero-phase lag was imposed on each pair of simulated

light curves, meaning that every fluctuation in the resulting lag

frequency spectrum above and below the zero-lag level is due to

statistical noise. As previously mentioned, the effect of counting

noise is to produce a deviation of the coherence function from 1,

resulting in a drop to zero-value at high frequencies, where the

Poisson noise variability power dominates. This effect is repro-

duced in the simulated data by adding the proper level of Poisson

noise. However, the low-frequency modes can still be affected by

an extra intrinsic fraction of incoherent signal (e.g. in 1H0707-495,

Zoghbi et al 2010, and in REJ1034+396, Zoghbi & Fabian 2011,

this drop in coherence has been attributed to the transition between

two different variability processes). We accounted for it by adding

a fraction 1−γ2
I (ν) of uncorrelated signal to every pair of simulated

light curves, where γ2
I
(ν) represents the frequency-dependent

fraction of intrinsic coherence as measured from the data.

2 Assuming a linear scaling of the break frequency with the mass accretion

rate (McHardy et al 2006), and using values tabulated in Ponti et al (2012)

for the bolometric luminosity, this approximation introduces a negligible

uncertainty, of a factor ∼ 2 − 3, on the estimated break frequency. The

latter uncertainty is even more negligible if the dependence of the break

frequency on the mass accretion rate is weaker, as argued by González-

Martı́n & Vaughan (2012).

The resulting simulated light curves were used to compute lag

frequency spectra, adopting the same sampling (e.g. duration

of each light curve segment, time resolution) and rebinning

(e.g. logarithmic rebinning factor of the lag spectrum, minimum

number of counts per bin) as in the real data. We then defined a

sliding-frequency window, containing the same number, Nw, of

consecutive frequency bins as those forming the observed negative

lag profile in the data (i.e. typically Nw=3). The figure of merit

χ =
!

"

(τ/σtau)2 within the sliding window is computed at each

step and the maximum value recorded for all the simulated lag

frequency spectra. In this procedure the full-range of sampled

frequencies is swept, with the exception of those where the

measured coherence drops to zero as a consequence of Poisson

noise (this cut-off being around 10−3 − 10−2 Hz, see following

section). Since our aim is to estimate the probability of recovering

the observed lag profile only by chance, we registered the number

of times Nw-consecutive negative lag points are observed in the

simulated data with a figure of merit χ exceeding the real one. The

estimated significances for the 15 detected soft lags are reported (in

parentheses) in Table 1. In most of the sources we registered a mild

decrease of the inferred significances with respect to those obtained

with the standard statistical tests. Specifically, probabilities should

be multiplied by a factor ∼ 0.97 − 0.99, depending on the quality

of the data. However, the corrected values are still consistent with

lying above the adopted 2σ detection threshold.

3.3.2 Poisson noise

Counting noise gives an important contribution at high frequencies,

where the intrinsic variability power of the source decreases to

values comparable to the Poisson noise component. Poisson noise

adds to the signal as an incoherent component, whose phase (i.e.

the argument of the cross spectrum) is uniformly and randomly

distributed in the range [−π,+π]. When combined with the intrinsic

cross spectrum vector, this component increases the spread in

the phase. Fourier phase lags are limited to the range of values

[−π,+π], corresponding to the condition |τ| ! 1/2ν on the time

lag amplitude. The latter limits on τ have been marked in Fig. 1 as

De Marco et al, 2013
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Fig. 8 Top: A sample of 15 Seyfert galaxies with significant soft lag measurements. The
amplitude of the lag was found to scale with black hole mass, and suggested that the X-
ray emitting region was very close (within 10 rg) to the central black hole. Figure adapted
from De Marco et al. (2013). Bottom: The current sample of iron K lags plotted with the
corresponding black hole mass. The short amplitude lag found for both the iron K and soft
lags suggest that they originate from the same small emitting region.

The iron K lag is a powerful tool for understanding the geometry and
kinematics of the inner accretion flow, as it encodes spectral and timing in-
formation about the reflected emission (See Section 4 for more on modeling
the Fe K lags). Since the initial discovery in NGC 4151, iron K lags have been
found in eight sources, including the original reverberating source, 1H0707-
495 Kara et al. (2013c). Fig. 10 shows five of those sources, overplotted on the
same axis. As they all have different black hole masses (and therefore different
Fe K lag amplitudes), the lags have been scaled such that the lag between
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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,

High frequency iron K lags

Uttley, Cackett, Fabian, EK,  Wilkins 14 	
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Fig. 1. Cartoon respresentation of the accretion disc and black hole with the corona above. The strong gravity causes causes primary emission
from the corona to be bent down onto the disc. Backscattered and fluorescent and other secondary emission caused by irradiation of the
disc forms the reflection spectrum.

Fig. 2. The intrinsic reflection spectrum (dashed) is observed to be relativistically blurred (continuous line) by GR effects (from Ross & Fabian
2005).

Fig. 3. XMM-NuSTAR spectrum of SWIFT J2127 (Marinucci et al 2013) shown as a ratio to a power-law. Note that all aspects of the
reflection spectrum; the soft excess, the broad iron line and the Compton hump are seen here.
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ABSTRACT

We present a broad band spectral analysis of the joint XMM-Newton and NuSTAR ob-
servational campaign of the Narrow Line Seyfert 1 SWIFT J2127.4+5654, consisting of
300 ks performed during three XMM-Newton orbits. We detect a relativistic broadened
iron Kα line originating from the innermost regions of the accretion disc surrounding
the central black hole, from which we infer an intermediate spin of a=0.58+0.11

−0.17. The
intrinsic spectrum is steep (Γ = 2.08±0.01) as commonly found in Narrow Line Seyfert
1 galaxies, while the cutoff energy (Ec = 108+11

−10 keV) falls within the range observed
in Broad Line Seyfert 1 Galaxies. A hard lag is measured between the 3–5 keV and
5–8 keV bands, and if associated with reverberation off the inner accretion disc, the
lag amplitude suggests a source height within ∼ 10 rg. Such reverberation lags in
SWIFT J2127.4+5654 independently support an intermediate black hole spin and a
compact corona.
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1 INTRODUCTION

According to the commonly accepted paradigm, luminous
Active Galactic Nuclei (AGN) are believed to host a super-
massive black hole at their center, surrounded by a geomet-
rically thin accretion disc. The nuclear hard power law con-
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(The red hash shows the frequency range for the lag-energy spectrum in the right panel of Fig. 7).
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at > 5 keV.

4 XMM-NEWTON LAGS

Finally, in addition to this broad-band spectral analysis, we
looked for time lags using the XMM-Newton observations.
The lags were computed using the standard Fourier tech-

nique, described in Nowak et al. (1999), where the phase lag
is found between the Fourier transform of two light curves.
The phase lag is converted into a frequency-dependent time
lag by dividing by 2πf , where f is the temporal frequency.

This technique has been used for many years to look at
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Figure 3. The high-frequency lag-energy spectra for SWIFT J2127.4+5654 using XMM-Newton (left) and NuSTAR (right). The lag
is calculated in the frequency range, ν = [0.4 − 4.5] × 10−4 Hz. The XMM-Newton lag-energy spectrum shows a sharp increase above
5 keV. The NuSTAR lag shows the same peak at 5–7 keV, and another peak at ∼ 20 keV, the energy of the Compton hump. To make
the comparison easier to see, both the XMM-Newton and NuSTAR lags have been scaled so that the lag at 4–5 keV is zero. While this
helps for a rough comparison, we note that the reference bands for the lags are not the same, and therefore a strict comparison of their
lag amplitudes cannot be made. See Section 3.3 for further discussion on the comparison of the XMM and NuSTAR lags.
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Figure 4. The low-frequency lag-energy spectra for SWIFT J2127.4+5654 using XMM-Newton (left) and NuSTAR (right). The lag is
calculated in the frequency range ν < 0.4 × 10−4 Hz. The lag appears to increase with energy in both the XMM and NuSTAR bands,
however, the NuSTAR low-frequency lag shows a peak at 7–8 keV. Again, the XMM and NuSTAR lags have been scaled so that the lag
at 4–5 keV is zero.

lag is defined such that the hard band light curve is delayed
with respect to the soft band. There is a clear positive 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 of
this lag.

At low 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
behavior 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 taken 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 degree
one light curve is a simple linear transformation of the other
(Vaughan & Nowak 1997). A coherence of 1 indicates that
they are complete linear transforms of each other. The co-
herence must be high (though not necessarily 1) in order to
reliably measure the lag (Kara et al. 2013a). The coherence

c⃝ 2014 RAS, MNRAS 000, 1–11

EK+14, submitted
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servational campaign of the Narrow Line Seyfert 1 SWIFT J2127.4+5654, consisting of
300 ks performed during three XMM-Newton orbits. We detect a relativistic broadened
iron Kα line originating from the innermost regions of the accretion disc surrounding
the central black hole, from which we infer an intermediate spin of a=0.58+0.11

−0.17. The
intrinsic spectrum is steep (Γ = 2.08±0.01) as commonly found in Narrow Line Seyfert
1 galaxies, while the cutoff energy (Ec = 108+11

−10 keV) falls within the range observed
in Broad Line Seyfert 1 Galaxies. A hard lag is measured between the 3–5 keV and
5–8 keV bands, and if associated with reverberation off the inner accretion disc, the
lag amplitude suggests a source height within ∼ 10 rg. Such reverberation lags in
SWIFT J2127.4+5654 independently support an intermediate black hole spin and a
compact corona.

Key words: Galaxies: active - Galaxies: Seyfert - Galaxies: accretion - Individual:
SWIFT J2127.4+5654

⋆ E-mail: marinucci@fis.uniroma3.it (AM)

1 INTRODUCTION

According to the commonly accepted paradigm, luminous
Active Galactic Nuclei (AGN) are believed to host a super-
massive black hole at their center, surrounded by a geomet-
rically thin accretion disc. The nuclear hard power law con-

NuSTAR Lags (using code from A. Zoghbi)

Propagation lag appears to increase above 10 keV

Swift J2127.4+5654

4 Kara et al.
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Figure 3. The high-frequency lag-energy spectra for SWIFT J2127.4+5654 using XMM-Newton (left) and NuSTAR (right). The lag
is calculated in the frequency range, ν = [0.4 − 4.5] × 10−4 Hz. The XMM-Newton lag-energy spectrum shows a sharp increase above
5 keV. The NuSTAR lag shows the same peak at 5–7 keV, and another peak at ∼ 20 keV, the energy of the Compton hump. To make
the comparison easier to see, both the XMM-Newton and NuSTAR lags have been scaled so that the lag at 4–5 keV is zero. Due to lower
statistics at the highest energies in XMM-Newton, we cannot disentangle the lag at the blue wing of the line from the start of the rise
of the Compton hump, as is evident in NuSTAR. However, the lag results between the two instruments are consistent within error. See
Fig. 9 for further comparison of the XMM-Newton and NuSTAR lag-energy spectrum.
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Figure 4. The low-frequency lag-energy spectra for SWIFT J2127.4+5654 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 < 0.4 × 10−4 Hz. The lag appears to
increase with energy in both the XMM-Newton and NuSTAR bands, though the NuSTAR low-frequency lag shows a peak at 7–8 keV.
Again, the XMM-Newton and NuSTAR lags have been scaled so that the lag at 4–5 keV is zero.

detailed description of the XMM-Newton and NuSTAR data
reduction for SWIFT J2127.4+5654 can be found in Marin-
ucci et al. (2014), and for NGC 1365 in Walton et al. (2014).

2.2 Time lag measurements

The X-ray signals from accreting black holes are highly vari-
able (as seen in Figs. 1 and 2, which show the light curves of
SWIFT J2127.4+5654 and NGC 1365 in XMM-Newton and
NuSTAR). In AGN, the variability is observed on a range
of timescales from hours to days, and this fact allows us to

measure time delays between light curves of different ener-
gies. There are several approaches to measuring these time
delays, depending on the timescale one wants to probe and
the type of time signal available.

In this section we describe the two different techniques
implemented here for measuring time lags: the Fourier
technique and the maximum-likelihood technique. XMM-
Newton is in an elliptical orbit with a 48-hour orbital period.
This gives long, uninterrupted exposures, which are ideal
for the traditional Fourier techniques, where the lowest fre-
quency probed is the orbital frequency (1/orbital period).
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NGC 1365

Figure&1&The!broadband!3!–!79!keV!XMray!spectrum!of!NGC!1365.!!!An!absorbed!

power!law!has!been!fit!to!the!usually!featureless!continuum!intervals!3M4!keV,!7M10!

keV,!and!50M80!keV.!!!The!residuals!relative!to!this!fit!are!shown!for!NuSTAR!

modules!A!and!B!(black!and!red!data!in!main!panel),!and!for!the!XMM!PN!(inset!

panel).!!!Three!prominent!features!are!apparent:!an!asymmetric!excess!between!5!

and!7!keV,!a!broad!prominent!excess!between!10!and!79!keV,!and!a!series!of!

absorption!lines!between!6.7M8.3!keV.!The!latter!are!due!to!absorption!by!a!highly!

ionized!plasma19,!which!we!include!in!all!the!spectral!models!discussed!below.&&The!

two!former!are!typical!signatures!of!relativistically!blurred!emission.!Quoted!errors!

refer!to!a!90%!confidence!level.!

!

&
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Risaliti et al., 2013	

Walton et al., 2014
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First clear NuSTAR detection of Compton Hump
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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 and NuSTAR
lags shows the same peak at the energy of the Fe K line. Unfortunately, we cannot constrain the lag much above 10 keV. 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). 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 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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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 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.

c⃝ 2014 RAS, MNRAS 000, 1–13

Page 11 of 13

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Low-frequency soft lag due to nH decreasing during observation 

Absorption lag can be disentangled 	

from inner disc reverberation lag



Conclusions

• SWIFT J2127.4+5654 (a=0.5 with iron line fitting method)   
shows narrower Fe K lag	


!

• Clear indication of Compton Hump lag in SWIFT J2127.4+5654, 
and hints in NGC 1365	


!

• Eclipsing clouds moving into and out of our line of sight will 
cause lags (i.e. low-frequency soft lag in NGC 1365)	


!

• NuSTAR is probing a new energy band, revealing the 
reverberation lags associated with the Compton Hump	


!

• Future work modelling the lags will help put constraints on the 
geometry and kinematics of the accretion flow                      
(see poster of M. Dovciak)	



