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Δt ~ tens of seconds for 1e6 Msun
Δt ~ < milliseconds for 10 Msun
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 Discovery of X-ray Reverberation

   

Uttley et al., 2014 for review



Fabian et al. 2009

Discovery of X-ray Reverberation

Hard lag

Soft lag

Figure by Abdu Zoghbi
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Slide from Giovanni Miniutti’s review on Type 1 AGN :



H
ar

d
 (

ct
 s

-1
)

0
0.2

0.4

0.6

0.8

1

S
o

ft
 (

ct
 s

-1
)

0

2

4

6

8

0 5 ×104 105 0 5 ×104 105 5 ×104

Time (s)
0 5 ×104 105

6 A.C. Fabian et al

1 2 3 4 51
.5

2
2

.5
3

S
o

u
rc

e 
H

ei
g

h
t

Source Radius

+

Figure 10. 68, 90 and 99 per cent confidence contours for the radius and

height (lower edge) of a slab source of thickness 0.5rg.

larger source likely being associated with the brighter phases. This

will be investigated in later work.

5 RAPID VARIABILITY AND THE SOFT LAG

The fractional RMS variability spectrum, computed according to

the prescription of Edelson et al (2002), is shown in Fig. 11. It re-

sembles that of many other sources in which reflection is present,

resembling a combination of variable power-law and reflection

components. The amplitude of the variability of the power-law

component needs to be greater than that of the reflection in order

that the broad Fe-K line appears inerted in this Figure.

Using the light curves of the four orbits, we compute the

Fourier phase lag between the hard and soft energy bands, fol-

lowing the technique described in (Nowak 1999). The background-

subtracted light curve segments range in length from 8.34× 105 s

to 1.24× 105 s with 10 s bins. The soft band is defined from 0.3

– 1 keV, where the soft-excess dominates the spectrum. The hard

band, 1.2 – 5 keV, is dominated by emission from the power law

continuum. From the Fourier transforms of the hard and soft band

light curves, S̃ and H̃ respectively, we compute their phase differ-

ence, φ( f ) = arg[⟨H̃∗S̃⟩], where ∗ denotes complex conjugate. We

convert this to a frequency-dependent time lag, τ( f )≡ φ( f )/2π f .

Using this sign convention, a negative lag means that the soft band

light curve lags behind the hard band.

The results are show in the lag-frequency spectrum in Fig. 12.

The hard flux lags behind the soft by hundreds of seconds at fre-

quencies less than ∼ 2× 10−4 Hz. At frequencies ν ∼ [3− 5]×
100 s. The light-crossing time of 2rg for a mass of 5× 106 M⊙ is

∼ 50 s, so a total lag of 100 s or so is reasonable.

6 DISCUSSION

IRAS 13224-3809 is remarkably similar in overall X-ray behaviour

to 1H 0707-495. The variability of IRAS 13224-3809 may be the

most extreme. We shall explore the behaviour of the source as a

function of time and flux in more detail in later work.

The X-ray spectra of both sources require high iron abundance

(AFe ∼ 10−20). In recent work, Wang et al. (2012) have presented

a strong correlation between metallicity, as measured by the Si IV

O IV ] / C IV ratio, and outflow strength in quasars, as obtained

via the blueshift and asymmetry index (BAI) of the C IV emission
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Figure 11. Fractional RMS variability spectrum using 500 s bins. .

L
ag

 (
s)

−200

0

200

400

Temporal Frequency (Hz)

10−4 10−3

Figure 12. Lag-frequency spectrum for this 500 ks observation. The lag is

calculated between the soft energy band (0.3 – 1. keV) and the hard band

(1.2 – 4. keV). We adopt the convention that negative lag mean the soft

band lags behind the hard band. The most negative lag (at 3.4× 10−4 Hz)

is −92.1±30.7 s.

line. Their results indicate highly significant super–solar metallic-

ity (Z/Z⊙ ≥ 5) for quasars with BAI≥ 0.7. This results indicates

that metallicity likely plays an important role in the formation and

acceleration of quasar outflows as expected, for instance, if quasar

outflows are predominantly line–driven.

As mentioned above, both IRAS 13224–3809 and 1H 0707–

495 are characterised by extremely blueshifted C IV emission lines

with almost no contribution at rest wavelength. Their UV spec-

tra indicate that BAI≥ 0.9 in both sources, as shown in Fig. 13.

If the metallicity–BAI correlation of Wang et al. (2012) extends

or saturates above their largest observed BAI (∼ 0.76), one in-

fers that IRAS 13224–3809 and 1H 0707–495 are characterised by

Z/Z⊙ ≥ 8. A strong indication for super–solar metallicity in both

sources is consistent with the strong FeII lines in the optical spectra

and was also inferred by Leighly (2004) via photoionisation mod-

elling of the UV spectra.

A ∼ 100 s soft lag is detected, which is a direct prediction of

the reflection modelling used for the source. With the many other
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Figure 3. Hard (1–4 keV) and soft band (0.3–1 keV) light curves (top two panels), softness ratio and log (total background rate) (lower two panels). Bins are
1000 s.
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Figure 4. Softness ratio plotted versus Soft count rate.

which have yet to be determined. The most important is perhaps the
implicit identification of the innermost radius of the reflector with
the ISCO. Computations suggest that the uncertainty here is small
and could be less than 0.5rg (Reynolds & Fabian 2008; Shafee et
al 2008). The work of Schnittmann et al (2012) emphasises that
emission from matter on plunge orbits is beamed mostly into the
black hole. We note that the requirement for a low ionization com-
ponent emphasises that the disc remains dense and thus thin within
the final gravitational radius.

4.2 Inferring the position and size of the power-law source

The break in the emissivity profile at only ∼ 2.1rg indicates that the
power-law source is close to the black hole, within a few gravita-
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Figure 5. Ratio of observed spectrum to a model spectrum. The model con-
sists of a power-law, blackbody and two Laor broad lines which have been
are fitted to the data. The normalizations of the Laor lines have been set to
zero before displaying.

tional radii, and thus must be small and confined within that radius
(e.g. Wilkins & Fabian 2011, 2012).

Confirmation that the source is very close to the black hole
comes from the reflection fraction. This is the ratio of the reflection
components to the power-law component, normalized so that unity
corresponds to a reflector subtending 2π sr. This is not straightfor-
ward to calculate for a high Γ source since the REFLIONX model
does not tabulate the total flux, but only that above 0.1 keV (the
flux at lower energies is of course included in the computations).
We assess the reflection fraction by comparing the ratio of the am-
plitude of the Compton hump around 30 keV of the low ioniza-
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Fabian, EK, et al., 2012

Probing the dynamics of the corona
IRAS 13224-3809: 500ks



Low flux

Kara et al., 2013

IRAS 13224-3809
Probing the dynamics of the corona



High flux

EK+13b

IRAS 13224-3809
Probing the dynamics of the corona
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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
frequency band covering 6 × 10−6 − 6 × 10−4 Hz. Right: Lag-energy spectra at two frequency bands. Blue circles are for the same
frequency band as the left panel. The orange squares are for frequencies 3× 10−5 − 6× 10−4 Hz. The central frequencies for the two bins
are: 6× 10−5 (blue circles) and 10−4 Hz (orange squares) respectively.

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

Swift J2127.4+5654

Zoghbi et al., 2014

Kara et al., 2015

2012: NuSTAR launches

Zoghbi et al., 2013 - Lags can be 
measured through time domain 

techniques, allowing for reverberation 
measurements even from data with gaps



Black hole transients: analogous to AGN? 

Zdziarski+94 

e.g. Fender+04 

Equivalent duty cycle in AGN is millions++ of years



Studying the inner accretion flow in  
 BHBs with XMM-Newton

De Marco & Ponti 2017
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Uttley et al., 2011

Reverberation lags due to thermal reprocessing



The NICER  
Observatory

Highest ever soft band effective area (2x XMM or 20x Swift XRT) 
Highest time resolution: >100 ns time resolution (25x RXTE) 
~100 eV resolution at 6 keV



March 2018: MAXI J1820+070 emerges

MAXI NICER



NICER observations of MAXIJ1820+070



NICER measures short reverberation lags

Lags between  
0.5-1 keV and 1-10 keV

Signature of light echoes

(Temporal Frequency —

how rapidly light curve varies)

Reverberation in XRBs: Uttley et al., 2011, De Marco et al., 2017



Lags between  
0.5-1 keV and 1-10 keV

Lags evolve to higher frequencies

Reverberation in XRBs: Uttley et al., 2011, De Marco et al., 2017

NICER measures short reverberation lags



relativistic reflection and reverberation

Broad line is constant over time

Lags between  
0.5-1 keV and 1-10 keV

Lags evolve to higher frequencies

Kara et al., Nature, 2019



Consistent picture between spectra and timing analyses!
spectralag-freq



Miller et al., 2018

HETG observations of NGC 4151


6.4 keV Fe I is not gaussian

Using the narrow core of the line to measure kinematics at large scales 
Compare to inner disc

Flared accretion disc? 
(don’t look too hard—that’s a 

schematic of a protoplanetary disc)

Tilted discs? 
Liska+19



But is there relativistic reflection in NGC 4151?
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Zoghbi, Miller & Cackett 2019

Spectra is complex,  
doesn’t require broad line No signatures of reverberation

High mass black hole, short observations → Are we probing long enough timescales?



MCG-5-23-16

Zoghbi et al., 2013


Using the narrow core of the line to measure kinematics at large scales 



MCG-5-23-16

100 ks XRISM  

100 ks Chandra HETG

Where will we be at the next  
X-ray Astronomy Conference in Bologna?

To launch early 2022!



Conclusions

NASA/GSFC Press Office. Image Credit: Aurore Simonnet

Spectral-timing techniques provide 
a new probe of accretion physics in 
compact objects 

 

We are at the dawn of an 
era with new and future 
time domain and 
timing instruments 
across the EM spectrum

X-ray reverberation mapping 
maps out compact corona and 
accretion disc and their 
evolution


