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Seyfert Galaxies

✤ most AGN display narrow 
optical lines"

✤ Type 1: also display strong 
broad optical emission lines"

✤ Type 2: broad component 
obscured by the dusty torus 
(unification model, 
Antonucci 1993)"
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FIG. 1.ÈX-ray reÑection from an illuminated slab. Dashed line shows
the incident continuum, and solid line shows the reÑected spectrum
(integrated over all angles). Monte Carlo simulation from Reynolds (1996).

multiple inverse Compton scattering by hot thermal elec-
trons ; Zdziarski et al. 1994) of soft optical/UV disk photons
by the corona naturally gives rise to a power-law X-ray
spectrum. The Ñares irradiate the accretion disk, which is
relatively cold, resulting in the formation of a ““ reÑection ÏÏ
component within the X-ray spectrum (Guilbert & Rees
1988 ; Lightman & White 1988). A similar component is
produced in the solar spectrum by Ñares on the solar photo-
sphere (Bai & Ramaty 1978), in X-ray binaries by irradia-
tion of the stellar companion (Basko 1978), and in accreting
white dwarfs.

The basic physics of X-ray reÑection and iron line Ñuores-
cence can be understood by considering a hard X-ray
(power law) continuum illuminating a semi-inÐnite slab of
cold gas. When a hard X-ray photon enters the slab, it is
subject to a number of possible interactions : Compton scat-
tering by free or bound electrons,5 photoelectric absorption
followed by Ñuorescent line emission, or photoelectric
absorption followed by Auger de-excitation. A given inci-
dent photon is either destroyed by Auger de-excitation,
scattered out of the slab, or reprocessed into a Ñuorescent
line photon which escapes the slab.

Figure 1 shows the results of a Monte Carlo calculation
which includes all of the above processes (Reynolds 1996 ;
based on similar calculations by George & Fabian 1991 ;

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
5 Whether the electrons are bound or free is of little consequence for

X-rays above 1 keV incident on gas mostly composed of hydrogen
(Vainshtein, Sunyaev, & Churazov 1998).

Matt, Perola, & Piro 1991). Because of the energy depen-
dence of photoelectric absorption, incident soft X-rays are
mostly absorbed, whereas hard photons are rarely absorbed
and tend to Compton scatter back out of the slab. The
reÑected continuum is therefore a factor of about pT/ppebelow the incident one. Above energies of several tens of
kilovolts, Compton recoil reduces the backscattered photon
Ñux. These e†ects give the reÑection spectrum a broad
humplike shape. In addition, there is an emission line spec-
trum resulting primarily from Ñuorescent Ka lines of the
most abundant metals. The iron Ka line at 6.4 keV is the
strongest of these lines. For most geometries relevant to this
discussion, the observer will see this reÑection component
superposed on the direct (power law) primary continuum.
Under such circumstances, the main observables of the
reÑection are a Ñattening of the spectrum above approx-
imately 10 keV (as the reÑection hump starts to emerge) and
an iron line at 6.4 keV.

The Ñuorescent iron line is produced when one of the two
K-shell (i.e., n \ 1) electrons of an iron atom (or ion) is
ejected following photoelectric absorption of an X-ray. The
threshold for the absorption by neutral iron is 7.1 keV.
Following the photoelectric event, the resulting excited
state can decay in one of two ways. An L-shell (n \ 2) elec-
tron can then drop into the K shell, releasing 6.4 keV of
energy as either an emission-line photon (34% probability)
or an Auger electron (66% probability). (This latter case is
equivalent to the photon produced by the n \ 2 ] n \ 1
transition being internally absorbed by another electron
which is consequently ejected from the ion.) In detail there
are two components to the Ka line, at 6.404 and atKa1 Ka26.391 keV, which are not separately distinguished in our
discussion here. There is also a Kb line at 7.06 keV, and a
nickel Ka line at 7.5 keV is expected.

For ionized iron, the outer electrons are less e†ective at
screening the inner K shell from the nuclear charge, and the
energy of both the photoelectric threshold and the Ka line
are increased. (The line energy is only signiÐcantly above 6.4
keV when the M shell is lost, i.e., Fe XVII and higher states.)
The Ñuorescent yield (i.e., the probability that a photoelec-
tric absorption event is followed by Ñuorescent line emis-
sion rather than the Auger e†ect) is also a weak function of
the ionization state from neutral iron (Fe I) up to Fe XXIII.
For lithium-like iron (Fe XXIV) through to hydrogen-like
iron (Fe XXVI), the lack of at least two electrons in the
L-shell means that the Auger e†ect cannot occur. For He-
and H-like iron ions, the line is produced by the capture of
free electrons, i.e., recombination. The equivalent Ñuores-
cent yield is high and depends on the conditions (see Matt,
Fabian, & Reynolds 1997).

The Ñuorescent yield for neutral matter varies as the
fourth power of atomic number Z4, for example, being less
than 0.5% for oxygen. Predicted equivalent widths for low
Z lines are given in Matt et al. (1997). Fluorescent X-ray
spectroscopy is a well-known, noninvasive way to deter-
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Relativistic Effects

Fabian et al. (2000)
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FIG. 3.ÈThe proÐle of the broad iron line is caused by the interplay of Doppler and transverse Doppler shifts, relativistic beaming, and gravitational redshifting. The upper panel shows
the symmetric double-peaked proÐles from two narrow annuli on a nonrelativistic disk. In the second panel the e†ects of transverse Doppler shifting and relativistic beaming have been
included, and in the third panel gravitational redshifting has been included. These give rise to a broad, skewed line proÐle, such as that shown in the lower panel. A more detailed discussion
of this Ðgure is given in ° 2.2.
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Broad Fe Kα Line

✤ Broad iron line first 
discovered in ASCA 
observation of Type I 
AGN MCG-6-30-15 

✤ Found in both AGN and 
stellar-mass black holes"

✤ Line profile can be used 
to measure the black hole 
spin

Tanaka et al. (1995)
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2920 A. C. Fabian et al.

Figure 5. Ratio of observed spectrum to a model spectrum. The model
consists of a power law, blackbody and two Laor broad lines which have
been fitted to the data. The normalizations of the Laor lines have been set to
zero before displaying.

blackbody model and then show the residuals to that model over
the full 0.3–9 keV band (Fig. 5). Clear, broad emission residuals
corresponding to the iron K and L bands are apparent. A good fit
(χ2/dof = 881/884) can be made over this range with that simple
model plus two relativistically blurred lines, at 0.91 ± 0.01 and
7.2 ± 0.12 keV (rest-frame energies) using the Laor model. The
blurring parameters are tied between the two lines, yielding an
inclination of 62.3◦ ± 1.3◦ and an emissivity index of 8 ± 0.4. The
equivalent width of the lines are 106 eV and 2.4 keV.

In practice, we do not expect that the emission peaks are due
to single lines but to line and absorption edge complexes in the
reflection spectrum. This is evident from the rest-frame energy of
the Fe − K line reported above, which exceeds that of Fe XXVI
at 6.97 keV. We have therefore fitted the data with a physical
model consisting of blackbody, power law and two reflection
components, one of high and the other of low ionization, similar
to the best-fitting model for 1H 0707−495. The motivation for
the two ionization components is to model better a turbulent
accretion disc. The model used is phabs*(blackbody+po+
relconv*(atable{extendx.mod}+atable{extendx.mod})
+zgauss, where the relativistic-blurring convolution model REL-
CONV (Dauser et al. 2010) acts on the ionized reflection model
EXTENDX, which is an extended version of the REFLIONX grid
reflection model of Ross & Fabian (2005). Components PHABS
and ZGAUSS represent absorption in our galaxy and a narrow
Fe − K line from distant material in the AGN at 6.4 keV. The
results of this fit are shown inTable 1 and Figs 6 and 7.

Inspection of Fig. 6 suggests the need for a possible absorption
edge just above 1 keV. It is however exactly where the Fe − L
emission complex meets the power-law continuum (see Fig. 5).
The best spectral fit is obtained if the higher ionization component
is replaced by a Gaussian line at (rest-frame energy) 0.86 keV of
width 0.07 keV (which is then relativistically blurred along with the
lowly ionized component). The need for any absorption edge now
disappears. This indicates that the spectral model we are using is
incomplete. The photon energy of the required line is consistent with
intermediate ionization stages of iron (XX to XVII). Generating the
appropriate grids of models to explore the Fe − L emission further
is beyond the scope of this work.

The Reflection Grating Spectrometer data are reasonably well
fitted by the above spectral model, with no obvious additional

Table 1. Values of variable model parameters used in the emisivity profile
determination. The absorption component is fixed at the Galactic value.

Component Parameter Value

Absorption Galactic NH( cm−2 ) 5.3 × 1020

Power law Photon index, " 2.700+0.007
−0.01

Norm 3.86 × 10−4

RELCONV Inclination, i (deg) 63.8 ± 0.4
Rbr rg 2.1 ± 0.3
Inner index, q1 >9
Outer index, q2 3.42+0.05

0.1
Spin, a 0.9888 ± 0.001

Blackbody Temperature, kT (keV) 0.1025 ± 0.0007
Norm 3.65 × 10−5

EXTENDX Iron abundance / solar >16
Ionization parameter, ξ1 20.7 ± 0.4
Ionization parameter, ξ2 325+38

−11
Norm1 3.0 × 10−8

Norm2 5.0 × 10−6

χ2/dof 955/889

Figure 6. Full band pn spectrum fitted with double reflectors and a black-
body component.

Figure 7. Components of the best-fitting model shown in Fig. 6.

emission or absorption components. More detailed analysis will
follow in later work.

4.1 The spin of the black hole

The spectral fit shown in Fig. 6 requires a steep emissivity profile
from ∼1.35rg which, if identified as the innermost stable circular
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IRAS13224-3809

✤ strong Fe K & Fe L lines,"

✤ sharp edge at ~8 keV"

✤ large variability"

✤ small central black holes, 
high accreting rates"

✤ high iron abundance



Time-averaged Spectra

Galactic absorption * (powerlaw + blackbody + blurred reflection)
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Figure 1. The figure shows the 0.3-10 keV EPIC PN light curves with a time bin of 200s. The dash lines in the figures show the count rate that we used to

define different flux states (see section 3.2 for details).
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Figure 2. The figure shows the EPIC and RGS spectra fitted with the best-

fitting relativistic reflection model. These spectra have been heavily re-

binned for clarity. As shown in the figure, PN, MOS1, MOS2, RGS data

are presented using black, red, blue, and green points, respectively.

From each flux interval we obtained a flux-resolved spectrum. We

first examined the difference spectrum, which is the resulting spec-

trum of subtracting the low-flux (F3+F4) spectrum from the high-

flux (F1+F2) spectrum. We fitted the difference spectrum with an

absorbed powerlaw and found soft excess below ∼ 1.5 keV (see

Fig. 3). The disc blackbody component of IRAS 13224-3809 ap-

peared in the X-ray band may vary and cause the difference in the

soft band between high-flux states and low-flux states. Change of

the ionization state of the blurred reflection component may also

result in difference in the low-energy band. We found that the soft

excess in the difference spectrum can be fitted either by including a

blackbody component or a reflection component, and further anal-

ysis is required to probe the real origin.

We fitted the four flux-resolved spectra with the same model

which was used to model the time-averaged spectra in section 3.1.

Since the exposure each flux-resolved spectrum is not as long as

those of the time-averaged spectra, we set a simpler emissivity pro-

file to improve the efficiency of fitting and better constrain the pa-

Table 1. The table lists parameters of the best-fitting reflection model of

EPIC and RGS spectra, in which NH is given in 1020 cm−2, and ξ in erg

cm s−1.

Component Parameter Value

TBNEW Absorption column, NH 6.1+0.3
−0.1

BBODY Temperature, kT (keV) 9.3+0.1
−0.2

Norm 3.6+0.3
−0.2 × 10−5

POWERLAW Photon index, Γ 2.71 ± 0.02
Norm (3.8± 0.1) × 10−4

RELCONV Inner emissivity index, q1 > 9
Outer emissivity index, q2 3.4+0.3

−0.2

Spin parameter, a∗ 0.990+0.001
−0.003

Rbreak (Rg) 2.1± 0.1
Inclination, i (deg) 64.6+0.6

−0.7

EXTENDX Iron abundance /solar, AFe > 18.1
Ionization parameter, ξ1 498+4

−38

Norm1 2.2+0.1
−0.3 × 10−8

Ionization parameter, ξ2 20.5+0.3
−1.1

Norm2 5.9+0.3
−0.9 × 10−6

χ2/d.o.f. 3633/2892
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Figure 3. The figure shows the EPIC PN difference spectrum fitted with an

absorbed powerlaw. A soft excess can be seen below ∼ 1 keV

c⃝ 2013 RAS, MNRAS 000, 1–9

Chiang et al. (2014)



Model

Galactic absorption * (powerlaw + blackbody + blurred reflection)

Chiang et al. (2014)
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Emissivity Profile
✤ illumination pattern of accretion disc!

✤ reveals the reflected power per unit area!

!

✤ q = 3 if relativistic effects are not included

ε(r) = r-q

1288 D. R. Wilkins and A. C. Fabian

Figure 2. The effective area of successive annuli in the accretion disc,
which is the total value (per dr) by which the photon count in the radial bin
from the ray-tracing simulation is divided in order to obtain the emissivity
profile in equation (11). The classical area, r dr of the annulus is compared
with that in the Kerr space–time for a stationary area element as well as an
orbiting element, multiplying by the Lorentz factor, γ , to take into account
Lorentz contraction as observed by a stationary observer. Finally, the effect
of redshift on the rays is accounted for. It is noted that the relativistic effects
on the area of the disc element exactly cancel one factor of the redshift, g,
such that the fully relativistic result is equal to r dr/g.

Figure 3. The geometry of an isotropic point source located on the rotation
axis above the black hole for which theoretical emissivity profiles are initially
computed.

one factor of redshift, so in practice the effective area of the annulus
is given by dividing the classical area (r dr) by one factor of the
redshift. This function is also plotted for comparison.

3.2 Axial X-ray sources

The simplest, idealized case is that of an isotropic point source, sta-
tionary upon the rotation axis (Fig. 3). This will allow us to explore
the effects of ray propagation in the Kerr space–time on the emis-
sivity profile of the accretion disc, with the fewest free parameters
and assumptions about the nature of the source itself. A localized
source, however, may be expected if the X-ray emission results from
magnetic reconnection events within the corona (Galeev, Rosner &
Vaiana 1979; Merloni & Fabian 2001).

Theoretical emissivity profiles for isotropic point sources, sta-
tionary upon the rotation axis, at varying heights above the black
hole are shown in Fig. 4.

In all cases, the profile tends to a power law with an index slightly
steeper than 3 over the outer regions of the disc (from 3.1 for a source

at height of 10rg to a steeper index of 3.3 for a source height of 3rg),
with the power-law indices steepening as high as 6 ∼ 7 over the
innermost parts.

It can be seen that as the source is moved higher up the rota-
tion axis, further from the black hole, the region over which the
emissivity profile is flattened increases (the region where r ≪ h).
The outer break point in the power-law form of the profile moves
to coincide approximately in radius with the height of the source
(Fig. 5) for sources at heights greater than 12rg with the outer break
at a radius slightly greater than the height of the source for lower
sources (due to the requirement for the break being r ≫ h which
requires a greater increment in r for smaller h).

As the source is moved closer to the black hole, the steepening
over the inner regions is greatly enhanced as more photons are
focused on to the inner regions of the disc while rays are bent
towards the central black hole, until the source is as low as 3rg

at which point the steepening is so significant that it masks the
classically predicted flattened region of the profile (now constrained
to a much smaller region of the disc where r ≪ h). The emissivity
profile more closely resembles a once-broken power law which in
the extreme case of a source at only 1.235rg above the black hole
has a very steep power-law index of around 8 out as far as a radius
of 5rg before tending towards an index around 3.5 over the outer
regions of the disc.

3.3 Orbiting sources

While it is conceivable that X-rays originate from a stationary point
source close to the rotation axis, one might also consider the case of
a point source located elsewhere in the corona. The concept of a sta-
tionary object in the corona (if not on the rotation axis) is somewhat
unphysical, given that the AGN is considered to have formed from
the gravitational collapse of material towards the galactic centre, a
process in which it is likely to rotate, conserving angular momen-
tum. Furthermore, without rotation, the material will just fall into
the black hole and will not survive for long as a corona (unless it
is replenished). Due to the axisymmetry of the Kerr space–time, a
point source in orbit at a given radius is equivalent to a continuous
ring source of that radius (which may be relevant when considering
the total emission from many localized flaring events when looking
at time-averaged X-ray spectra).

We again consider the idealized case of an isotropic point source
to explore the observed effects in the emissivity profile due to ray
propagation to the accretion disc in general relativity with the min-
imum number of free parameters. Orbiting point sources at various
locations in the corona will be the building blocks for extended
X-ray sources.

Theoretical emissivity profiles for isotropic point sources as
shown in Fig. 6, orbiting the rotation axis at varying radii at a
height h = 5rg above the disc plane, are shown in Fig. 7. The
sources are ‘corotating’ with the element of the accretion disc at the
same radius, i.e. a source at a distance x from the rotation axis as
measured along a plane parallel to the accretion disc below is taken
to be orbiting at the same velocity as the element of the disc in a
(relativistic) Keplerian orbit at radius x. Where the orbiting source
is close to the disc, this serves as an approximation to the orbital
velocity; however, if the X-ray source originates from flaring due to
magnetic reconnection in poloidal field lines anchored to the ion-
ized accretion disc, it may also be expected that the coronal material
will move along with the orbiting disc.

As for the case of an axial source, the profiles are steepened from
the classical case due to gravitational light bending, focusing more

C⃝ 2012 The Authors, MNRAS 424, 1284–1296
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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X-ray reflection emissivity profiles in AGN 1291

point in the power-law form is determined by the outer extent of
the source, while the existence of X-ray sources within this radius
causes the profile to be flattened off within this part before steepen-
ing, once again, over the inner regions of the disc.

3.5 Jet sources

X-ray-emitting jets of collimated particles accelerated to relativistic
velocities are observed in a number of galactic black hole binaries
such as Cygnus X-1. It is conceivable that it is the X-rays from this
jet that illuminate the accretion disc giving rise to the reflection-
dominated component of the spectrum. A vertically collimated
X-ray source could also represent, for example, the X-ray emission
from a vertically collimated jet of particles accelerated up along the
rotation axis of the black hole in a radio galaxy.

Fig. 11 shows the accretion disc emissivity profiles due to illu-
mination by point sources moving radially at a constant velocity
up the rotation axis (the point sources are assumed to be isotropic
in their instantaneous rest frames) compared to a stationary source.
The emissivity profiles are computed, as before, by constructing
the tetrad basis vectors in the instantaneous rest frame of the X-ray
source, now moving radially.

Gravitational light bending and blueshifting of rays still enhance
the emission reaching the very inner part of the disc; however, the
highly relativistic radial motion of the sources causes the emission
to be beamed in front of the motion, greatly reducing the emission
behind the jet that reaches the middle region of the accretion disc
(Fig. 12). The emission reaching the accretion disc drops dramati-
cally by 1.5−2 orders of magnitude on the middle parts.

The very steep fall-off in the emissivity profile, the form of the
profile greatly differing from observed emissivity profiles and the
low fraction of the initial radiation that is reflected suggest that rela-
tivistically moving jet sources are not responsible for the significant
reflection components observed in AGN and galactic black hole

Figure 11. Theoretical accretion disc emissivity profiles due to a ‘jet’ com-
ponent moving radially up the rotation axis. The moving point source is
taken to be at a height of 5rg and is assumed to be isotropic in its in-
stantaneous rest frame. Velocities are quoted in the global Boyer–Lindquist
coordinates (dr/dt) as well as those measured by a stationary observer at
the same location (V). The rays propagating backwards, towards the black
hole, are still focused on to the inner parts of the accretion disc, however as
the relativistic motion of the source outwards causes emission to be beamed
away from the accretion disc causing a sudden drop in the emission reaching
the disc over the middle region.

Figure 12. Relativistic motion of the jet source causes the emission to be
beamed into the forward direction of motion. The black hole still focuses
the backward emission on to the innermost regions of the accretion disc;
however, X-rays are now beamed away from the accretion disc, reducing
reflection from the middle region.

binaries, rather these more likely occur from a more slowly moving
corona.

Accelerating jets of particles do, however, raise the possibility
that the observed X-ray continuum and reflected component could
be disconnected, with a fairly constant reflection component from a
steady base of a jet or extended corona, while the observed variable
continuum radiation is dominated by fast moving particles in the
jet accelerated by a variable mechanism. Weaker variation of the
reflection component that is uncorrelated with the variation in
the primary continuum was observed by Vaughan & Edelson (2001)
and Fabian & Vaughan (2003) in MCG–6-30-15. Such disconnec-
tion of the observed continuum and reflection also relaxes the con-
straint on the relative fluxes observed in the continuum and reflection
components of the spectrum if they are no longer dominated by the
same component.

3.6 Black hole spin

The most significant effect of varying the spin of the black hole is
to change the location of the innermost stable circular orbit (ISCO).
For a maximally rotating black hole (a = 0.998) in the Kerr space–
time, the ISCO lies at a radial coordinate of 1.235rg while for a
non-rotating, Schwarzschild black hole, the ISCO moves out to
6rg. The accretion disc cannot exist stably within the ISCO since
material is unable to maintain a stable orbit here and will plunge
into the black hole, reducing the density in this region causing little
or no reflection to be seen within the ISCO.

Fig. 13 shows theoretical emissivity profiles for the accretion disc
around black holes with varying (dimensionless) spin parameter, a,
for both an axial and orbiting ring sources. It can be seen that the
spin parameter has little effect on the emissivity at specific locations
upon the disc, with the only notable change in the profiles being the
truncation of the disc at greater radii as the spin parameter decreases.
As such, the steepening over the inner part of the accretion disc is
only seen for rapidly spinning black holes, with no steepened inner
part seen for a ≤ 0.8, though this is due to the lack of reflector at
small radius where the spin is low rather than an intrinsic effect of
the black hole spin. In the case of the source orbiting with the same
angular velocity as the disc element below, reflection is slightly
enhanced from the innermost regions for lower values of the spin
owing to the angular velocity of a circular orbit being greater for
smaller values of the spin parameter, increasing relativistic beaming.

This is, of course, only accounting for the propagation of
X-rays around the black hole and assuming ‘idealized’ reflection
off of a razor thin accretion disc extending as close to the black
hole as it is able to as defined by the innermost stable orbit. It may
be that the accretion disc does not extend this far inwards, in the
case of a truncated accretion disc with an advection-dominated hot

C⃝ 2012 The Authors, MNRAS 424, 1284–1296
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Emissivity Profile4 D. R. Wilkins & A. C. Fabian

with dϕ
dt

= ω. Solving the geodesic equations for a massive
particle in a circular orbit (ṙ = 0) in the equatorial plane,
the 4-velocity of the disc element is

vd = (ṫ, 0, 0, ϕ̇) = ṫ(1, 0, 0,Ω)

Ω =
dϕ

dt
=
(

a± r
3

2

)−1

(with the + and − signs in the denominator correspond-
ing to prograde and retrograde orbits respectively). This is
then projected into the frame of the observer (whose tetrad
basis is constructed as for the X-ray source) by taking the
appropriate scalar products.

v(a) = v · e′
(a) = gµνv

µeν(a)

The Lorentz factor is then calculated from the 3-velocity,
−→v = (v(1), v(2), v(3)) and its squared magnitude, v2 =
(v(1))2 + (v(2))2 + (v(3))2.

γ =
1

√

1− v2

c2

In addition to the relativistic effects on the areas of
the radial bins, the energy of individual rays will be red or
blueshifted as rays travel further from or closer to the black
hole due to the variation in the rates at which the proper
times of observers elapse. Since the emissivity is defined as
the flux emitted from the disc (proportional to the flux re-
ceived for reflection) and the flux is the power per unit area,
it is proportional to the product of the photon arrival rate
and the energy of each photon. The emissivity is enhanced
by a factor of g−2, where g ≡ νE

νO
is the ratio of the emitted

and observed photon energies. The first factor of g arises
from the shifts in the energy of individual photons, while
the second is due to the photon arrival rate along each ray.
The redshift is calculated by the projection of the photon
4-momentum on its geodesic on to the observers’ timelike
axes since the photon energy is the p0 component of the
4-momentum.

g−1 ≡
νO
νE

=
vO · p(O)
vE · p(E)

=
gµνv

µ
Opν(O)

gρσv
ρ
Ep

σ(E)
(10)

where vO and vE are, respectively, the 4-velocities of the
observer (the disc element) and emitter (the primary X-ray
source), while p(x) is the photon 4-momentum as a function
of position along the geodesic, here taken at observation and
emission.

Putting this together, if the photon count in a radial
bin at co-ordinate radius r and of thickness dr is N(r, dr),
the emissivity profile is given by

ϵ(r) =
N(r, dr)
g2A(r, dr)

(11)

2.4 Implementation

The above algorithm is coded to run on Graphics Processing
Units (GPUs) using the nvidia cuda programming architec-
ture. A typical GPU at the time of writing has between 256
and 512 processing cores, each capable of running an inde-
pendent computing thread, meaning that parallelised com-
putations can often be sped up by factors of several hundred
or more. In the cuda programming model, threads are con-
ceptualised on a two-dimensional grid, meaning each thread
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Figure 1. Theoretical accretion disc emissivity profile due to a
stationary isotropic point source located at a height of 10 rg on
the rotation axis.

can be readily mapped on to a point in the source-frame
trajectory (cosα,β) parameter space.

In order to compute emissivity profiles due to an X-
ray source from a given set of rays, each ray is traced by an
independent computing thread on the GPU. The parameters
(starting co-ordinates and constant of motion) are computed
by the conventional CPU and set up in the memory on board
the GPU, with memory addresses allocated to each thread
(e.g. for an isotropic point source, all the rays are started
at the same spacetime location and the constants of motion
are incremented according to equal steps in cosα and β).
The computing threads are then executed, moving each ray
as the affine parameter advances according to the equations
of motion, until they reach their limits on the disc, at the
event horizon or at a maximum allowed radius or number of
steps. Once each thread has finished, the final positions of
the rays are read back from the GPU memory and binned
into locations on the accretion disc allowing the emissivity
profile to computed.

3 THEORETICAL EMISSIVITY PROFILES

3.1 Relativistic Effects

Computing the emissivity profile resulting from an isotropic
point source at a height of 10 rg on the rotation axis above
the plane of the accretion disc (Fig. 1) illustrates the key
effects that influence the form of the emissivity profile that
will enable observed forms to be explained in terms of the
properties of the X-ray source.

In a flat, Euclidean spacetime the flux received from
the source at each point on the disc and thus the reflected
flux (emissivity) from that point will vary simply as the
inverse square of the distance from the primary X-ray source,
projected into the direction normal to the disc plane. If the
source is at a height h above r = 0 in the disc, the emissivity
profile will go as (r2+h2)−1 cos ϑ, with cos ϑ = h√

r2+h2
, the

angle from the normal at which the ray hits the disc. This
will be constant (a flat profile) in the limit r ≪ h (the inner

c⃝ 2012 RAS, MNRAS 000, 1–14

source at h = 10 RG, Wilkins & Fabian (2012)
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Figure 2. Hard band (1.2–5 keV) and soft band (0.3–1 keV) light curves for the four orbits in 500 s bins. The green regions denote high-flux segments and
the red regions denote low-flux segments. These high- and low-flux segments will be used for the lag analysis shown in Fig. 3.

Figure 3. Lag–frequency spectrum for the low-flux (red) and high-flux
(green) segments shown in Fig. 2. The most negative lag for the high-flux
intervals is −660 ± 280 s at ν = 1.8 × 10−4 Hz, and the most negative lag
for the low flux is higher: −230 ± 31 s at ν = 7 × 10−4 Hz. Again, note that
the most negative lag for the total observation (Fig. 1) occurs at ν = 4.1 ×
10−4 Hz.

This means that the variability associated with the soft lag occurs on
longer time-scales during the flaring period. Also, the amplitude of
the lag is greater. Now looking at the red low flux points, we see that
the soft lag occurs at higher frequencies than the total, indicating
the source variability is occurring on shorter time-scales.

As a check, we compute flux-dependent lags using orbit 4 alone,
which shows distinct low- and high-flux segments (as designated in
green and red in the rightmost panel of Fig. 2). The lag is computed
for these two sets of continuous light curves, and shown in Fig. 4.
We find that for continuous segments (i.e. for one realization of
some underlying process), the same flux-dependent behaviour of
the lag is clear, just with a lower signal-to-noise ratio. The analysis
that follows has been performed with low- and high-flux segments
from the total 500 ks observation.

3.2.2 The lag–energy spectrum

We also examine how the flux-dependent lag evolves with energy
at the frequencies of the negative lag (i.e. [5.8–10.5] × 10−4 Hz
for the low flux, and [1.4–2.8] × 10−4 Hz for high fluxes). In this
analysis, we measure the time lag of light curves in relatively narrow
energy bins with respect to the light curve of a broader reference

Figure 4. Lag–frequency spectrum of the fourth orbit alone, for the low-flux
(red) and high-flux (green) segments shown in Fig. 2. The most negative
lag for the high-flux interval is −350 ± 130 s at ν = 2.2 × 10−4 Hz,
and the most negative lag for the low flux is higher: −118 ± 42 s at
ν = 6.5 × 10−4 Hz.

band from 0.3–0.8 keV (see Kara et al. 2013 for further details). We
use the convention that a positive lag means that the light curve in
that energy bin lags behind the reference band, while a negative lag
means that the light curve in that energy bin leads the reference.

Fig. 5 shows the high-frequency lag–energy spectrum for the
low- and high-flux segments. The low-flux segments show a much
clearer signal than the high flux, likely due to poor statistics and
lower coherence in the high flux. The general trends of the two
lag–energy spectra are similar, except that the amplitude of the lag
between 1 and 4 keV is greater for the high flux. The low-flux lag–
energy spectrum shows a clear peak at ∼6.5 keV, the energy of the
Fe Kα line. There does not appear to be a corresponding peak at
high fluxes, but as the error bars are so large, it cannot be ruled out.

3.2.3 The time-integrated energy spectrum

We complement the lag analysis presented above with a brief inves-
tigation of the spectral properties in the low- and high-flux segments.
We applied the best-fitting spectral model from Fabian et al. (2012b)
to the low- and high-flux spectra, freezing all physical parameters
that are not likely to change between states (i.e. inclination, galac-
tic absorption, Fe abundance). The results are shown in panels (a)
and (b) of Fig. 6 for the high- and low-flux segments, respectively.
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Figure 2. Hard band (1.2–5 keV) and soft band (0.3–1 keV) light curves for the four orbits in 500 s bins. The green regions denote high-flux segments and
the red regions denote low-flux segments. These high- and low-flux segments will be used for the lag analysis shown in Fig. 3.
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intervals is −660 ± 280 s at ν = 1.8 × 10−4 Hz, and the most negative lag
for the low flux is higher: −230 ± 31 s at ν = 7 × 10−4 Hz. Again, note that
the most negative lag for the total observation (Fig. 1) occurs at ν = 4.1 ×
10−4 Hz.

This means that the variability associated with the soft lag occurs on
longer time-scales during the flaring period. Also, the amplitude of
the lag is greater. Now looking at the red low flux points, we see that
the soft lag occurs at higher frequencies than the total, indicating
the source variability is occurring on shorter time-scales.

As a check, we compute flux-dependent lags using orbit 4 alone,
which shows distinct low- and high-flux segments (as designated in
green and red in the rightmost panel of Fig. 2). The lag is computed
for these two sets of continuous light curves, and shown in Fig. 4.
We find that for continuous segments (i.e. for one realization of
some underlying process), the same flux-dependent behaviour of
the lag is clear, just with a lower signal-to-noise ratio. The analysis
that follows has been performed with low- and high-flux segments
from the total 500 ks observation.

3.2.2 The lag–energy spectrum

We also examine how the flux-dependent lag evolves with energy
at the frequencies of the negative lag (i.e. [5.8–10.5] × 10−4 Hz
for the low flux, and [1.4–2.8] × 10−4 Hz for high fluxes). In this
analysis, we measure the time lag of light curves in relatively narrow
energy bins with respect to the light curve of a broader reference

Figure 4. Lag–frequency spectrum of the fourth orbit alone, for the low-flux
(red) and high-flux (green) segments shown in Fig. 2. The most negative
lag for the high-flux interval is −350 ± 130 s at ν = 2.2 × 10−4 Hz,
and the most negative lag for the low flux is higher: −118 ± 42 s at
ν = 6.5 × 10−4 Hz.

band from 0.3–0.8 keV (see Kara et al. 2013 for further details). We
use the convention that a positive lag means that the light curve in
that energy bin lags behind the reference band, while a negative lag
means that the light curve in that energy bin leads the reference.

Fig. 5 shows the high-frequency lag–energy spectrum for the
low- and high-flux segments. The low-flux segments show a much
clearer signal than the high flux, likely due to poor statistics and
lower coherence in the high flux. The general trends of the two
lag–energy spectra are similar, except that the amplitude of the lag
between 1 and 4 keV is greater for the high flux. The low-flux lag–
energy spectrum shows a clear peak at ∼6.5 keV, the energy of the
Fe Kα line. There does not appear to be a corresponding peak at
high fluxes, but as the error bars are so large, it cannot be ruled out.

3.2.3 The time-integrated energy spectrum

We complement the lag analysis presented above with a brief inves-
tigation of the spectral properties in the low- and high-flux segments.
We applied the best-fitting spectral model from Fabian et al. (2012b)
to the low- and high-flux spectra, freezing all physical parameters
that are not likely to change between states (i.e. inclination, galac-
tic absorption, Fe abundance). The results are shown in panels (a)
and (b) of Fig. 6 for the high- and low-flux segments, respectively.
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✤ hard (1.2-5.0 keV); soft 
(0.3-1.0 keV)!

✤ soft lag of hard band 
occurs on longer time 
scales!

✤ corona more vertically 
extended during high-
flux states



Summary

✤ Relativistic reflection model can explain the X-ray spectra 
of most AGN, including extreme sources."

✤ source geometry can be probed by combining results of 
timing and spectral analyses



Thank you very much 
for your attention!
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