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ABSTRACT
One of the most promising methods to measure the spin of an accreting black hole
is fitting the broad iron Kα line in the X-ray spectrum. The line profile also depends
on the geometry of the hard X-ray emitting corona. To put constraints on the black
hole spin and corona geometry, it is essential to understand how do they affect the
iron Kα line emissivity profile, i.e., the local emissivity of the iron Kα emission
as a function of the radius on the accretion disc. In this work, we present calculations of the illumination and the iron Kα emissivity profiles performed with the
GR radiative transfer code Monk that employs the Monte Carlo method. In most
previous studies the distinction between the illumination and emissivity profiles was
not clearly made. For AGN discs, the emissivity profile has a similar shape with the
illumination profile, but in the innermost region the former is steeper than the latter; whereas for accretion discs in black hole X-ray binaries, the distinction between
the two profiles is more dramatic. We find out that the different behavior between
AGN and black hole X-ray binary discs is due to the different energy spectra of the
illuminating radiation. This suggests that the emissivity profile of the iron Kα line
cannot be determined by black hole spin and corona geometry alone and the energy
spectrum of the illuminating radiation has to be taken into account. We also study
the dependence of the emissivity profile on the geometry of the corona.

1

INTRODUCTION

X-ray spectra of Active Galactic Nuclei (AGNs) and X-ray binaries (XRBs) exhibit signatures of X-ray reflection, including iron K fluorescent lines and the Compton hump (see the
review of Miller, 2007). It is generally believed that they are due to the hard X-ray radiation of the corona illuminating the underlying accretion disc (see Fabian and Ross, 2010
and references therein). The iron line is intrinsically narrow, but the observer at infinity
sees broad and asymmetric line profile, due to the gravitational redshift by the strong gravitational field of the black hole and Doppler broadening of the accretion disc (Fabian et al.,
1989; Laor, 1991). The shape of the broad iron line depends on the black hole spin, and
thus fitting the iron line profile is one of the most promising methods of measuring the spin
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of accreting black holes (e.g., Miller et al., 2009). For Sgr A*, constraints on the black hole
spin can also be put by analyzing the polarization and/or variability of its emission (e.g.,
Eckart et al., 2006; Trippe et al., 2007; Shcherbakov et al., 2012; Karssen et al., 2017).
To put a constraint on the black hole spin it is important to know the radial emissivity
profile of the iron fluorescent lines and the effect of altering black hole spin on the emissivity profile. Martocchia et al. (2000) and Miniutti et al. (2003) studied the emissivity profile
of an accretion disc illuminated by a point-like source above the disc and found the profile
to be a three-segment broken power-law. Dovciak et al. (2014) investigated in detail the
dependence of the emissivity profile on the black hole spin and corona height assuming
the lamp-post geometry. Analysis of the emissivity profile of accretion discs irradiated by
extended coronae was performed by Wilkins and Fabian (2012) and Gonzalez et al. (2017).
In most of the previous studies, the authors made no clear distinction between the illumination profile (the total energy of illuminating radiation per unit time per unit area)
and the emissivity profile of a particular radiative process (the number of photons emitted
per unit time per unit area). Also, simple assumptions were made for the spectrum of the
illuminating radiation. For example, when calculating the iron Kα emissivity profile the
spectrum was usually assumed to have power-law shape in the energy band most relevant
for iron K fluorescent lines. Unlike the illumination profile, the emissivity profile also depends on the specific radiative process and is thus sensitive to the local energy spectrum of
the illuminating radiation. In this work, we present the illumination and iron Kα emissivity profiles obtained with the general relativistic (GR) Monte Carlo radiative transfer code
Monk (Zhang et al., 2019). Thanks to its Monte Carlo nature we are able to calculate not
only the flux but also the spectrum of the illuminating radiation as measured in the rest
frame of the disc fluid for accretion discs illuminated by extended coronae. As a result, we
are able to calculate both the illumination and the emissivity profiles.

2
2.1

PROCEDURE
Calculating the illumination and emissivity profiles

We calculate the illumination and emissivity profiles of a thin Keplerian disc illuminated
by an optically-thin extended corona. The thin disc extends down to the innermost circular stable orbit (ISCO). We assume that the thin disc follows Novikov-Thorne temperature
profile and there is zero torque at the inner boundary. Following the “superphoton scheme”
(Dolence et al., 2009), we sample seed superphotons from the thin disc and propagate
the superphotons along null geodesics in the Kerr spacetime (for details see Zhang et al.
2019, submitted). Each superphoton is characterised by its energy at infinity E∞ , weight
w, initial position x0µ , and initial wave vector k0µ . Its weight w has the physical meaning of
superphoton generation rate per unit time in a distant observer’s frame. If the superphoton is traveling inside the extended corona, we set the step of raytracing to be much less
than the scattering mean free path and for each step, we evaluate the Compton scattering
optical depth. If the superphoton is scattered, we sample the energy and momentum of the
scattered superphoton assuming Klein-Nishina differential cross-section. Finally, we collect superphotons that arrive at the thin disc. For each superphoton, we have the following
information: E∞ , w, and its position xµ and wave-vector kµ while hitting the disc.
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We divide the accretion disc into several radial bins, from ISCO to 100 GM/c2 . The
proper area of the i-th bin is
s
Z ri+1
2a2 r
2πργ
Si =
r2 + a2 + 2 dr,
(1)
√
ρ
ri
∆
where ρ2 ≡ r2 + a2 cos2 θ, and ∆ ≡ r2 − 2r + a2 , γ is the Lorentzian factor of the disc fluid
as measured by a stationary observer, and ri , ri+1 are the lower and upper boundaries of the
i-th radial bin. To translate the time from a distant observer’s frame to the local frame, we
calculate ut ≡ dt/dτ:
ut = p

1
1 − 2/r + 4Ωa/r − Ω2 (r2 + a2 + 2a2 /r)

,

(2)

where Ω is the angular velocity of the disc fluid. In the i-th radial bin, the flux of the
illuminating radiation in the unit of energy per unit time per unit area as measured by the
disc fluid is
P
wEdisc uti
i =
,
(3)
Si
where the sum is over all Comptonised photons that strike the thin disc between ri and ri+1 ,
and Edisc is the photon energy measured by the disc fluid. Denoting the four-velocity of the
disc fluid U µ , we have Edisc = −kµ Uµ E∞ .
The probability for a hard X-ray photon to produce an iron Kα photon while striking the
neutral disc (e.g., George and Fabian, 1991):
P(E) ∝ P

nFe σFe (E)
,
n j σj,abs (E) + ne σsca (E)

(4)

if the energy of the hard X-ray photon is above neutral iron K edge E K ∼ 7.12 keV, where
nFe is the number density of neutral iron, n j is the number density of the j-th ion species, ne
is the number density of electron, σFe is the photon-ionisation cross section of neutral iron,
σ j,abs is the photon-ionisation cross section of the j-th ion species, and σsca is the Compton
scattering cross section. As σFe , σsca ∝ E −3 while σsca is varying slowly with energy, P(E)
decreases with energy rapidly and the photons with energy just above the iron K edge are
most essential for the production of iron Kα photons (George and Fabian, 1991).
In the i-th radial bin, the emissivity of iron Kα photon, i.e., the number of iron Kα
photons produced per unit area per unit time in the local frame is
P
wP(Edisc )uti
.
(5)
εi =
Si
where the sum is over all superphotons with ri ≤ r ≤ ri+1 and Edisc ≥ E K .
In this paper we assume that the elements in the disc atmosphere are neutral and have
solar abundance (Grevesse and Sauval, 1998). The photon ionisation cross sections are
calculated with analytical formula by Verner and Yakovlev (1995). For Compton scattering
we assume Klein-Nishina scattering cross section.
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Relation between the illumination and emissivity profiles

Let us assume that the spectra of the illuminating radiation at different radii on the disc is
different only by different normalisations and redshift (which is the case for an isotropic,
lamp-post corona). In this case, we can write the count spectrum of the illuminating radiation as observed by the disc fluid located at radius r as
!
1
E
,
(6)
N(E, r) = F(r) f
g(r) g(r)
where g(r) is the dependence of redshift factor g ≡ Edisc /E∞ on radius. Then
Z ∞
(r) =
EN(E, r)dE = F(r)g(r),

(7)

0

whatever shape the spectrum has. The iron Kα emissivity profile
!
Z
Z ∞
E
F(r) ∞
ε(r) =
P(E) f
dE.
N(E, r)P(E)dE =
g(r) E K
g(r)
EK

(8)

For Comptonised spectrum the high energy spectrum can usually be described by a cutoff power-law function. In this case f (E) = E −Γ e−E/Ecut for E ≥ E0 , where Γ is the photon
index, Ecut is the high-energy cut-off energy, and E0 is the energy of the low-energy cut-off.
If E0 ≤ E K /max(g(r)), then
Z ∞
ε(r) = F(r)gΓ−1 (r)
P(E)E −Γ e−E/g(r)Ecut dE.
(9)
EK

For the iron Kα emissivity profile, as P(E) decrease rapidly with energy, the integral is not
sensitive to g(r), therefore
ε(r) ∝ F(r)gΓ−1 (r),

(10)

and
ε(r)
∝ gΓ−2 (r).
(r)

(11)

We can see that whether the emissivity profile is steeper than the illumination profile depends on the value of Γ and the slope of g(r).

3
3.1

RESULTS
Stationary spherical corona in AGNs

In this section, we present the illumination and emissivity profiles of accretion discs illuminated by a spherical corona above the disc. We assume a maximally rotating black hole
(a = 0.998), to investigate the profiles around a rotating black hole. The effect of the black
hole spin will be carried out in a future work. The black hole has a mass of 107 M and is
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accreting with a mass accretion rate of 4.32 × 1023 g s−1 . Assuming the radiative efficiency
to be 0.354 for a a = 0.998 black hole, the bolometric luminosity is expected to be ∼ 10%
the Eddington luminosity, more or less the median Eddington rate of X-ray selected AGNs
(Lusso et al., 2012). The spherical corona is stationary, i.e., the fluid has the same angular
velocity with a zero angular momentum observer. Although the assumption of a stationary
corona is somewhat unphysical, it has been taken in many previous studies where the observations were successfully described. Since in this work we are mainly investigating the
effect of the corona geometry on the illumination and emissivity profiles, we still take this
assumption, but calculations with more realistic assumptions of the coronae will be carried
out in a future work. The temperature of the corona is 100 keV, and the Thomson optical
depth of the corona τT ≡ σT ne Rc = 0.2, where σT is the Thomson scattering cross section,
and Rc is the radius of the corona.
3.1.1

Dependence on corona size

In Fig. 1 we present the illumination and emissivity profiles for spherical coronae of different sizes. The center of the corona is located on the black hole rotation axis, 10 GM/c2
above the equatorial plane. For all corona sizes the emissivity profile seems to be quite
steep at the innermost region of the accretion disc (below ∼ 2 − 3 GM/c2 ), and becomes
shallower as the radius increases. Then beyond ∼ 10 GM/c2 , it becomes steeper again. We
fit the emissivity profile in different regions on the accretion disc with a power-law model
(i.e., ε(r) ∝ r−q ) using the least squared method, and summarize the results in Table 1. In
the innermost region of the accretion disc (r ≤ 2 GM/c2 ), the emissivity profile becomes
steeper as the corona radius decreases. Far away from the black hole (r ≥ 20 GM/c2 ), the
indices are roughly consistent with the Newtonian value of 3.
Table 1. Measurements of emissivity and illumination indices for spherical coronae of different sizes

Corona radius
[GM/c2 ]

1

2

4

8

Emissivity profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

6.55
2.97

6.49
3.00

6.32
2.98

5.67
3.02

Illumination profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

2.92
3.06

2.92
3.06

2.96
3.07

3.27
3.09

The illumination profile has a similar three-segment broken power-law profile but in the
innermost region it is shallower than the emissivity profile. We also fit the profiles with
a power-law model and present the results in Table 1. We measure the photon index of
the illuminating radiation in the energy band of 20–100 keV and find it to be ∼ 3, greater
than 2. According to Dovciak et al. (2014), in the innermost region of the accretion disc
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Figure 1. The illumination (solid lines) and emissivity (dashed lines) profiles of accretion discs illuminated by stationary spherical coronae of different sizes.

g(r) increases with decreasing radius. Therefore the result that the emissivity profile is
steeper than the illumination profile is consistent with the conclusion drawn in Sec. 2.2.
3.1.2

Dependence on corona height

In Fig. 2 we present the illumination and emissivity profiles for spherical coronae located
at different heights above the equatorial plane. The radius of the coronae is 1 GM/c2 .
We fit the emissivity and illumination profiles in different regions with a power-law model
and summarise the results in Table 2. In the innermost region, as the height increases, the
emissivity profile becomes steeper. The illumination profile is shallower than the emissivity
profile.
3.2

Co-rotating slab corona in AGNs

In this section we present the results for accretion discs irradiated by slab coronae above the
disc. The slab coronae are co-rotating with the underlying accretion disc. The thickness
of the slab is 2 GM/c2 . The optical depth of the corona along the vertical direction is
τT ≡ ne σT h/2 = 0.2, and the temperature of the corona is 100 keV. The black hole and
thin disc have the same properties as in the previous subsection.
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Figure 2. The illumination (solid lines) and emissivity (dashed lines) profiles of accretion discs illuminated by stationary spherical coronae located at different heights above the accretion disc.

Table 2. Measurements of emissivity and illumination indices for spherical coronae of different
heights

Corona height
[GM/c2 ]

3.2.1

3

5

10

Emissivity profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

5.80
3.15

5.90
3.13

6.55
2.97

Illumination profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

3.52
3.13

3.01
3.12

2.92
3.06

Dependence on corona size

In Fig. 3 we present the illumination and emissivity profiles for accretion discs irradiated
by slab coronae of different sizes. We measure the emissivity and illumination indices and
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Figure 3. The illumination and emissivity profiles of accretion discs illuminated by co-rotating slab
coronae of different sizes.

summarise the results in Table 3. Compared with the spherical coronae, the emissivity
profile is more sensitive to the corona size, with shallower emissivity from more extended
corona. Similarly with spherical coronae, the illumination profile is shallower than the
emissivity profile given the same corona size.
Table 3. Measurements of emissivity and illumination indices for slab coronae of different sizes

Corona radius
[GM/c2 ]

1

2

4

8

Emissivity profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

6.09
2.95

4.82
2.97

4.42
3.00

4.09
3.26

Illumination profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

2.84
3.06

2.84
3.05

2.92
3.08

3.00
3.31
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Dependence on corona height

In Fig. 4 we present the illumination and emissivity profiles for accretion discs irradiated by
slab coronae located at different heights above the accretion disc. As the height increases,
both the emissivity and the illumination profiles become steeper in the innermost region.
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Radial Profiles [Arbitrary unit]
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Figure 4. The illumination and emissivity profiles for accretion discs illuminated by co-rotating slab
coronae located at different heights above the accretion discs. In the upper and lower panels we
present the profiles for corona radii of 1 and 8 GM/c2 , respectively.
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Table 4. Measurements of emissivity and illumination indices for slab coronae of different heights

Corona height
[GM/c2 ]

3.3

3

5

10

Rc = 1 GM/c2
Emissivity profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

4.72
3.28

5.60
3.11

6.09
2.95

Illumination profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

2.30
3.19

2.78
3.17

2.84
3.06

Rc = 8 GM/c2
Emissivity profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

3.19
2.97

3.74
3.02

4.09
3.26

Illumination profile
q (r ≤ 2 GM/c2 )
q (r ≥ 20 GM/c2 )

2.77
2.98

3.15
3.02

3.00
3.31

Stationary spherical coronae in XRBs

In the upper panel of Fig. 5 we present the illumination and emissivity profiles of accretion
discs in XRBs illuminated by spherical coronae. The parameters are the same with Sec. 3.1,
but for a M = 10 M black hole accretion at a rate of 4.32 × 1017 g s−1 (corresponding to
10% Eddington luminosity). The emissivity profile is distinct compared with the emissivity
profile of AGNs (Fig. 1) in that the profile is shallower than the Newtonian case below
∼ 10 GM/c2 , and the emissivity even decreases towards lower radius below ∼ 1.6 GM/c2 .
To highlight the distinction in the emissivity profile, in the lower panel of Fig. 5 we
compare the profiles of accretion discs around 10 M and 107 M black holes. The illumination profiles are identical while the difference in the emissivity profile is obvious. To
understand the difference, we calculate the spectra of the illuminating radiation as observed
by the disc fluid at radii of 1.27, 1.58, and 2.67 GM/c2 , respectively, and present the results
in Fig. 6. For M = 107 M , the low-energy cut-off is much lower than E K , as a result
a higher redshift simply leads to more X-ray photons above E K ; whereas for the 10 M
case, the low-energy cut-off of the count spectra is in the range of 2 − 10 keV, resulting in a
distinct emissivity profile. This indicates that the energy spectra of the hard X-ray radiation
could substantially affect the emissivity profile.
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Figure 5. Upper panel: the illumination (dashed lines) and emissivity (solid lines) profiles of accretion discs illuminated by spherical coronae of different sizes. The accretion disc is rotating about
a 10 M black hole. Lower panel: comparison of the profiles between accretion discs around a 10
black hole (black) and a 107 M black hole (blue). The violet, green, and brown vertical bars indicate
the locations the spectra of which are plotted in Fig. 6.
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Figure 6. The energy spectra of the illuminating radiation observed by disc fluid located at different
radii. The spherical corona is located 10 GM/c2 above the accretion disc and has radius of 1 GM/c2 .
The spectra at different radii are plotted in different colors, while the locations are indicated by the
vertical bars in Fig. 5. The vertical dashed line indicates the location of neutral iron K edge at 7.12
keV. In the upper and lower panels we present the spectra for accretion discs around 10 and 107 M ,
respectively.

yä ä ä äy

å å ?

o n 6

Iron Kα line emissivity with GR radiative transfer code
4

395

SUMMARY

In this work we present the illumination and neutral iron Kα emissivity profiles of accretion discs irradiated by extended coronae. With our GR Monte Carlo radiative transfer code
Monk, we can calculate the energy spectrum of the illuminating radiation in the rest frame
of the accretion disc. As a result, we are able to calculate both the illumination and emissivity profiles while in most previous studies the authors did not make a clear distinction
between the two. For AGN discs, the emissivity profiles are in general steeper than the illumination profiles for the parameters taken in the calculations; whereas for accretion discs
in black hole X-ray binaries, the distinction is more dramatic: the emissivity even decreases
with decreasing radius in the innermost region of the disc. We find out that the different
behaviors in AGNs and black hole X-ray binaries are due to the difference in energy spectra
of the illuminating radiation as seen by the disc. This suggests that the emissivity profile
of the iron Kα line cannot be determined by black hole spin and corona geometry alone,
and the energy spectrum of the illuminating radiation has to be taken into account. We also
study the dependence of the emissivity profile on the geometry of the corona and find the
emissivity in the innermost region of the disc steepens as the corona becomes less extended
or as the corona has a larger height.
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