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Observations of Seyfert galaxies in X-ray region reveal the wide emissive lines in their spectra, which can
arise in inner parts of accretion disks, where the effects of General Relativity (GR) must be counted. A
spectrum of a solitary emission line of a hot spot in Kerr accretion disk is simulated, depending on the
radial coordinate r and the angular momentum a = J/M of a black hole, under the assumption of equatorial
circular motion of a hot spot. It is shown that the characteristic two-peak line profile with the sharp edges
arises at a large distance, (about r ~ (3 — 10) r,). The inner regions emit the line, which is observed with
one maximum and extremely wide red wing. High accuracy future spectral observations, being carried out,
could detect the angular momentum a of the black hole.

1 Introduction

The general status of black holes described in a number of papers (see, for example [1, 2, 3] and
references therein). As it was emphasized in these reviews the most solid evidence for an existence of
black holes comes from observations of some Seyfert galaxies because we need a strong gravitational
field approximation to interpret these observational data, so probably we observe manifestations
radiation processes from the vicinity of the black hole horizon (these regions are located inside the
Schwarzschild black hole horizon, but outside the Kerr black hole horizon, thus we should conclude
that we have manifestations of rotational black holes).

Recent observations of Seyfert galaxies in X-ray band [4, 5, 6, 7, 8, 9] reveal the existence of
wide iron K, line (6.4 keV) in their spectra along with a number of other weaker lines (Ne X,
Si XIILXIV, S XIV-XVI, Ar XVILXVIII, Ca XIX, etc.). The line width corresponds to the velocity
of the matter motion of tens of thousands kilometers per second, reaching the maximum value
v =~ 80000 — 100000 km/s [5] for the galaxy MCG-6-30-15 and v ~ 48000 km/s [10] for MCG-5-23-
16. In some cases the line has characteristic two-peak profile [5, 11] with a high “blue” maximum
and the low “red” one and the long red wing, which gradually drops to the background level.

For individual objects, where the existence of the black holes is assumed, a strong variability
of X-ray brightness was registered [12], as well as the rapid changes of the line profile (Yaqoob et
al. [11], NGC 7413) and the quasiperiodic oscillations ([13], GRC 1915+105).

The large amount of observational data requires its comprehension, theoretical simulation and
interpretation. The numerical simulations of the accretion disk spectrum under GR assumptions
has been reported in the paper [14]. In the paper [15] the observational manifestations of GR effects
are considered in X-ray binaries. Different physical models of the origin of a wide emissive iron
K, line in the nuclei of Seyfert galaxies are analyzed in the paper [16]. Non-geodesic motion of
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the emitting hot spot, representing the magnetic field loop, is simulated in the paper [17] in the
framework of the magnetohydrodynamics approach.

The numerical approach, applied here based on the method, described earlier in papers [18, 19,
20, 21].

2 The particles motion in a Kerr metric

Many astrophysical processes, where the great energy release is observed, are assumed to be con-
nected with the black holes. Because the main part of the astronomical objects, such as the stars
and galaxies, possesses the proper rotation, then there are no doubts that the black holes, both
stellar and supermassive, possess the intrinsic proper rotation too.

The stationary black holes are described by the Kerr metric [22]:
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where F};l are the Christoffel symbols. The equations however can be simplified if we will use the
complete set of the first integrals which were found by Carter [23]: E = p; is the particle energy at

infinity, L, = pg is z-component of its angular momentum, m = pip® is the particle mass and Q is
the Carter’s separation constant [23]:
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As shown by Zakharov [24, 18], the equations of photon motion can be reduced to
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where n = Q/M?E? and ¢ = L,/ME are the Chandrasekhar’s constants [25], which should be
derived from the initial conditions in the disk plane; r and a are the appropriate dimensionless
variables. The system (6)-(11) has also two integrals,
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which can be used for the precision control. This method differs from the approach which was
developed in papers [26, 27, 28, 29].

3 Numerical method

We assume that the hot spot emits isotropically distributed quanta in the local frame. First, one
should define the Chandrasekhar’s constants for each quantum and then integrate the system (6)-
(11) to either the infinity or the events horizon, depending on the constants values.

The trajectories classification, depending on the Chandrasekhar’s constants can be found in the
papers [30, 31]. The integration procedure was made using the combination of 5-order Gear [32] and
12-order Adams methods, realized by Hiebert and Shampine [33]; Hindmarsh [34]; Petzold [35] for
single precision and freely distributed in Internet. The original program has however been adapted
for a double Pentium precision. The details of simulation and initial conditions can be found in
papers [18, 21].

4 Simulation results

The simulated spectrum of a hot spot for a = 0.9, § = 60° and different radius values is shown in
Fig. 1. The proper quantum energy (in co-moving frame) is set to unity. The observer at infinity
registers then the characteristic two-peak profile, where the “blue” peak is higher than the “red”
one and the center is shifted to the left. Some spectrum jugging near its minimum is explained by
pure statistical reasons and has no the physical nature.

As far as the radius diminishes the spectrum is enhanced, i.e. increases the residual between
the maximum and minimum quanta energy, registered by far observer. For example, for a = 0.9,
r = 1.2r, and @ = 60°, where r, has its standard form r, = 2kM/c?, i.e. in the vicinity of the
marginally stable orbit, the quanta, flown out to the distant observer, may differ 5 times in their
energy. The red maximum decreases its height with diminishing the radius and at r < 2r,; becomes
almost undistinguishable. It is interesting to note that the spectrum has very sharp edges, both
red and blue. Thus, for a = 0.9, r = 3r,y, 6 = 60° the distant observer has registered 1433 quanta
of 20417 isotropically emitted; 127 of them (~ 9%) drop to the interval 1.184 < E < 1.202 (blue
maximum) and 43 quanta drop to 0.525 < E < 0.533 (red maximum), whereas no one quantum has
the energy E' < 0.518 or E > 1.236.

A spectrum of a hot spot for a = 0.9, r = 1.5r4 and different ¢ values is shown on Fig. 2. The
spectrum for § = 60° and the same a and r values is included in Fig. 1 and should be added to
the current figure too. As it follows from the figure, the spectrum critically depends on the disk
inclination angle. For large 6 values, when the line of sight slips almost along the disk plane, the
spectrum is strongly stretched, its red maximum is essentially absent, but the blue one appears
narrow and very high. The red wing is strongly stretched because of the Doppler effect, so that the
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observer registers the quanta with 5 times energy difference. As far as the 6 angle diminishes the
spectrum grows narrow and changes the shape: its red maximum first appears and then gradually
increases its height. At § = 0° both maxima merge to each other and the spectrum looks like the
d-function. It is evident since all the points of the emitting ring are equal in their conditions with
respect to the observer. The frequency of registered quanta in that case is 2 time lower than the
frequency of the emitted ones. A fall in frequency consists here in two effects, acting in the same
direction: the transversal Doppler effect and the gravitational red shift.

Fig. 1.
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Fig. 3. Spectrum of a hot spot for a = 0.99, r = 0.8r, and 6 = 60°.

Spectrum of a hot spot for a = 0.99, r = 0.8ry, & = 60° is shown on Fig. 3. The existence of a
deep stable orbit (rmin = 0.727r,) leads to some new spectrum features. Thus, at r < 7,4 the red
maximum totally vanishes and the blue one is so shifted to red direction, that its frequency becomes
less that unity. It is a pure manifestation of a GR gravitational red shift. The spot has a sharp blue
edge (Fmax = 0.69, 45 quanta with 0.681 < E < 0.736 and no one quantum with £ > 0.77) and
strongly loses its lustre (154 quanta total), because the main part of emitted quanta is captured by
a black hole and only a small part, strongly red shifted, flies out to the observer. It is also noticeable
that at r = 0.8r, the spectrum is heavily grown narrow. Indeed, it should be that, because for the
orbit, laying nearby the horizon, there is quite a narrow cone in which the quanta can fly out to
infinity.

5 Discussion and conclusions

The strong variability of Seyfert galaxies in X-ray does not contradict the assumption, that we
observe the emission of the hot spots from the inner region of accretion disk, which can decay or grow
dim, going towards a horizon as time passes. The spectrum dynamics is understood qualitatively
by reference to Fig. 1,3, considered sequentially from top to bottom. The exact time characteristics
of this process depend critically on the disk model [36, 37] and on the physical nature of a hot spot
and are not discussed here.

The assumption can be checked out in long-term systematic X-ray observations with high time
resolution of such Seyfert galaxies as NGC 1068, NCG 2110, MCG-6-30-15, NGC 4507, etc., where
K, line is sharply defined. The observations could confirm the existence of multiple spots, which
motion and dynamics lead to X-ray variability in intensity and spectrum.
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