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Astronomical Institute, Academy of Sciences, Prague, Czech Republic
Giorgio Matt
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We discuss the effects of strong gravity on the polarization properties of a black hole accretion disc. The

intrinsic polarization is computed taking into account light scattered on the disc surface and using different

approximations. The gravitational field of a black hole influences the Stokes parameters of reflected radiation

propagating to a distant observer. The lamp-post model is explored as an example of a specific geometrical

arrangement relevant for AGNs. The degree and the angle of polarization are computed as functions of the

observer inclination angle, of the inner radius of the disc emitting region, and of other parameters of the model.

The expected polarization should be detectable by new generation polarimeters.

1. INTRODUCTION

Accretion discs in central regions of active galactic
nuclei are subject to strong external illumination origi-
nating from some kind of corona and giving rise to spe-
cific spectral features in the X-ray band. In particu-
lar, the K-shell lines of iron are found to be prominent
around 6–7 keV. It has been shown that the shape of
the intrinsic spectra must be further modified by the
strong gravitational field of the central mass, and so
X-ray spectroscopy could allow us to explore the in-
nermost regions of accretion flows near supermassive
black holes [10, 21]. Similar mechanisms operate also
in some Galactic black-hole candidates.

Recent XMM-Newton observations indicate the
rather surprising result that relativistic iron lines are
not as common as previously believed; see Bianchi et
al. [3] and Yaqoob et al. [24] fort further references.
This does not necessarily mean that the iron line is
not produced in the innermost regions of accretion
discs but the situation is likely to be more complex
than in simple, steady scenarios. Some evidence for
the line emission arising from orbiting spots is present
in the time-resolved spectra of a few AGNs [9]. Even
when clearly observed, relativistic lines behave differ-
ently than expected. The best example is the puzzling
lack of correlation between the line and continuum
emission in MCG–6-30-15 [11], unexpected because
the very broad line profile clearly indicates that the
line originates in the innermost regions of the accre-
tion disc, hence very close to the illuminating source.
Miniutti et al. [15] have proposed a solution to this
problem in terms of an illuminating source moving
along the black-hole rotation axis or very close to it.

Polarimetric studies along with time-resolved spec-
troscopy could provide additional information about
accretion discs in the strong gravity regime, and this
may be essential to discriminate between different pos-
sible geometries of the source. The idea of using po-

larimetry to gain additional information about accret-
ing compact objects is not a new one.

In this context it was proposed by Rees [20] that
polarized X-rays are of high relevance. Pozdnyakov
et al. [19] studied spectral profiles of iron X-ray lines
that result from multiple Compton scattering. Vari-
ous influences affecting polarization (due to magnetic
fields, absorption as well as strong gravity) were ex-
amined for black-hole accretion discs [1]. Temporal
variations of polarization were also discussed, in par-
ticular the case of orbiting spots near a black hole
[2, 4]. Furthermore, within general relativity frame-
work the polarization has been studied by various au-
thors: see Portsmouth & Bertschinger [18] for a very
recent discussion. With the promise of new polarimet-
ric detectors [5], quantitative examination of specific
models becomes timely.

2. THE MODEL AND COMPUTATIONS

We have developed a new code for time-dependent
analysis of relativistic spectral features originating in
black-hole accretion discs [7–9]. Detailed tracking of
time-dependent spectral features (time-scale of sev-
eral kiloseconds) would be particularly relevant for
the modelling and interpretation of variable X-ray fea-
tures. These have been reported in a growing number
of active galactic nuclei and tentatively interpreted in
terms of reflection iron lines due to flares and spots
[7, 12, 22–24]. Narrow fluctuating profiles are often
redshifted with respect to the rest energy and they
may provide a powerful tool to measure the mass of
central black holes in AGNs and Galactic black hole
candidates [6, 16].

Since the reflecting medium has a disc-like geome-
try, a substantial amount of linear polarization is ex-
pected in the resulting spectrum because of Comp-
ton scattering. Polarization properties of the disc
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Figure 1: The energy dependence of polarization angle (top panels) and polarization degree (middle panels) due to
reflected radiation for different observer’s inclination angles (θo = 30◦, 60◦ and 80◦) and for different heights of the
primary source (h = 2, 6, 15 and 100). Polarization degree for reflected plus direct radiation is also plotted (bottom
panels). The emission comes from a disc within rin = 6 and rout = 400. Isotropic primary radiation with photon index
Γ = 2 and angular momentum of the central black hole a = 0.9987 were assumed.

emission are modified by the photon propagation in
a gravitational field, providing additional information
on its structure. Here we calculate the observed polar-
ization of the reflected radiation assuming the lamp-
post model for the stationary power-law illuminating
source [14, 17]. We assumed a rotating (Kerr) black
hole as the only source of the gravitational field, hav-
ing a common symmetry axis with an accretion disc.
The disc was also assumed to be stationary and we
restricted ourselves to the time-averaged analysis (we
assumed processes that vary at a much slower pace
than the light-crossing time at the corresponding ra-
dius). The intrinsic polarization of emerging light was
computed locally, assuming a plane-parallel scattering

layer which was illuminated by light radiated from the
primary source.

3. RESULTS

The reflection component has been computed by a
Monte-Carlo code. The number of reflected photons
is proportional to the incident flux NS

i (Ep) arriving
from the primary source,

NS

i (Ei) = NΩ
p (Ep)

dΩp

dSloc

, (1)
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Figure 2: Same as in the previous figure but for disc starting at rin = 1.20 .

where NΩ
p (Ep) = N0p E−Γ

p represents an isotropic and
steady power-law primary emission that is emitted
into the solid angle dΩp and eventually illuminates
the local area element dSloc on the disc (see refs. [7–9]
for a more detailed description of computations and
for notation). Four Stokes parameters, Iν , Qν , Uν

and Vν , entirely describe polarization properties of the
scattered light. One has to distinguish the quantities
that are determined locally at the point of emission
on the disc surface (index ‘loc’) and those relevant to
a distant observer (‘o’). We introduce specific Stokes
parameters,

iν ≡

Iν

E
, qν ≡

Qν

E
, uν ≡

Uν

E
, vν ≡

Vν

E
, (2)

and then specific Stokes parameters per energy bin,
i.e. ∆io, ∆qo, ∆uo and ∆vo. The latter quantities are
directly measurable, specifying the fluxes of photons

with a given polarization. One can write

∆io(E, ∆E) = N0

∫

dS

∫

dEloc iloc(Eloc) F , (3)

∆qo(E, ∆E) = N0

∫

dS

∫

dEloc

[

qloc(Eloc) cos 2Ψ

−uloc(Eloc) sin 2Ψ
]

F , (4)

∆uo(E, ∆E) = N0

∫

dS

∫

dEloc

[

qloc(Eloc) sin 2Ψ

+uloc(Eloc) cos 2Ψ
]

F , (5)

∆vo(E, ∆E) = N0

∫

dS

∫

dEloc vloc(Eloc) F , (6)

where F ≡ F (r, ϕ) = g2 l µe r is the transfer function,
g being the total energy shift between observed and
emitted photons, l the lensing effect, µe the cosine of
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Figure 3: Polarization degree and angle due to reflected radiation integrated over the whole surface of the disc and
propagated to the point of observation. Dependence on height h is plotted. Left panel: rin = 6; right panel: rin = 1.20.
In both the panels the energy range was assumed 9 − 12 keV, the photon index of incident radiation Γ = 2, the angular
momentum a = 0.9987.
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Figure 4: Polarization degree and angle as functions of µo (cosine of observer inclination, µo = 0 corresponds to the
edge-on view of the disc). The same model is shown as in the previous figure.

the emission angle, and Ψ the angle by which a vector
rotates while it is parallelly transported along the light
geodesic.

In Figures 1 and 2 we show, respectively, the energy
dependence of polarization angle and polarization de-
gree due to reflected and reflected plus direct radia-
tion. One can see that the polarization of reflected
radiation can be as high as thirty percent for small

inclinations and small heights of the primary source.
Polarization of the reflected radiation depends only
weakly on energy, except for the region close to the
iron edge at ∼ 7.2 keV. In order to compute observ-
able characteristics one has to combine the primary
power-law continuum with the reflected component.
The polarization degree of the resulting signal depends
on the ratio between the two components and also on
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Figure 5: Net polarization degree of the total (primary plus reflected) signal as a function of h. Left panel: rin = 6;
right panel: rin = 1.20. The curves are parametrized by the corresponding energy range.

the energy range of an observation. The overall degree
of polarization increases with energy (see bottom pan-
els in Figs. 1–2) due to the fact that the intensity of
radiation from the primary source diminishes, the in-
tensity of the reflected radiation increases with energy
(in the energy range 3 − 15 keV) and the polarization
of the reflected light alone stays roughly constant.

In our computations we assumed that the irradi-
ating source emits isotropically and its light is af-
fected only by gravitational redshift and lensing, ac-
cording to the source location at z = h on axis.
This results in a dilution of primary light by factor
∼g2

h(h, θo) lh(h, θo), where g2
h = 1 − 2h/(a2 + h2) is

square of the redshift of primary photons reaching
directly the observer, lh is the corresponding lensing
factor. Here, the redshift is the dominant relativistic
term, while lensing of primary photons is a few per-
cent at most and can be safely ignored. Anisotropy of
primary radiation may further attenuate or amplify
the polarization degree of the final signal, while the
polarization angle is almost independent of this influ-
ence as long as the primary light is itself unpolarized.

The polarization of scattered light is also shown in
Fig. 3, where we plot the polarization degree and the
change of the polarization angle as functions of h. No-
tice that in the Newtonian case only polarization an-
gles of 0◦ or 90◦ would be expected for reasons of sym-
metry. The change in angle is due to gravitation for
which we assumed a rapidly rotating black hole. The
two panels of this figure correspond to different loca-
tions of the inner disc edge: rin = 6 and rin = 1.20,

respectively. The curves are strongly sensitive to rin

and h, while the dependence on rout is weak for a
large disc (here rout = 400). Sensitivity to rin is par-
ticularly appealing if one remembers practical difficul-
ties in estimating rin by fitting spectra. The effect is
clearly visible even for h ∼ 20. Graphs corresponding
to rin = 6 and a = 0.9987 resemble the non-rotating
case (a = 0) quite closely because dragging effects are
most prominent near horizon.

Figure 4 shows the polarization degree and angle
as functions of the observer’s inclination. Again, by
comparing the two cases of different rin one can clearly
recognize that the polarization is sensitive to details of
the flow near the inner disc boundary. Finally, depen-
dence of the polarization degree of overall radiation
(primary plus reflected) on the height of the primary
source and the observer inclination in different energy
ranges is shown in Figures 5–6.

4. CONCLUSIONS

We examined strong-gravity polarization features
in X-rays reflected from accretion discs. In order to
compute directly observable characteristics one has
to combine the primary continuum with the reflected
component. Polarization degree of the resulting sig-
nal depends on mutual proportion of the two com-
ponents and the energy range of observation. Po-
larization properties represent the scattering mech-
anism, source geometry as well as the gravitational
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Figure 6: Net polarization degree of the total (primary plus reflected) signal as a function of µo. The same model is
shown as in the previous figure.

field structure acting on reflected photons. New gen-
eration photoelectric polarimeters in the focal plane of
large area optics, such as those foreseen for Xeus, can
probe polarization degree of the order of one percent
in bright AGN, making polarimetry, along with timing
and spectroscopy, a tool for exploring the properties
of the accretion flows in the vicinity of black holes.
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