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I INTRODUCTION. OBSCURING TORUS IN AGN

Active galactic nuclei (AGNs, see reviews [1 ,2] ), responsible for the phenomenon of quasars and radio
galaxies (RGs), as well as less powerful but more numerous Seyfert galaxies (Sy I and Sy II ), apparently
have a universal structure [3,4] and contain a supermassive black hole (SMBH, Lynden-Bell, 1969; see
revs[5-7]), an accretion disk [8-9], outflowing plasma flows in the form of jets [10-12] and wind [13],
and obscuring (shading) tori (ST, [3]). The latter serve as accumulators and regulators of the accreting
matter and, most likely, represent grandiose self-gravitating vortices with peculiar dynamics [14]. The
observed pattern of AGN depends on the orientation of the line of sight relative to the axis of the torus.
When the axes are oriented close to parallel, the inner part of the AGN with broad emission lines (Sy I,
quasars) is visible. If the axes are not substantially parallel and the torus obscures the central region of
the nucleus, broad lines are not visible in direct radiation (Sy II, RG), but may appear in polarized light
scattered by the corona [3] (see also Urry & Padovani 1995 for RGs).

It is significant that AGN together with ST represent a self-consistent system where strong gravitation,
powerful radiation at a level close to the Eddington limit [15], and a peculiar vortex dynamics of ST,
which is responsible for the self-consistency of the accretion and emission processes, as well as for a
number of observables interacting effects in AGN. These include, in particular, bursts of radiation,
correlating with emissions of superluminal components of radio jets [16].

ll.  ORIGIN AND PROPERTIES OF ST

The gas and dust torus is a component and result of the power accretion of matter onto the SMBH. The
accretion flow itself, apparently, arises as a result of a collision or merger of galaxies [17,18]. The latter
are the main reason for the emergence of massive galaxies and SMBHs at their centers '. Mass growth
as a result of mergers formally to infinite mass is explosive [19-20] , and according to the solutions of
the kinetic coagulation equation (Smoluchowski's equation) [18], is formed in a finite time. This

! In the Early Universe, with a deficit of heavy elements, other scenarios for the formation of massive objects are
possible, related to the features of star formation under these conditions.
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requires that the merger probability grows faster than the first power of the mass, which is exactly what
happens in the case of gravitational interactions.>

The accretion disk, which is an extremely efficient converter of gravitational energy into radiation
(Ya.B. Zeldovich, E. Salpeter), is formed in close proximity to the BH, starting from the boundary of
stable orbits, and extends to scales of 0.01-0.1 ps [9]. The disk heats up due to the friction of
neighboring layers and its thermal radiation, which is proportional to the BH mass growth rate, is
limited by the Eddington limit [15], at which the radiation pressure makes it impossible for the
substance to fall further onto the center. Due to the fact that the disk radiation, according to Lambert's
law [21,22], is non-isotropic and mainly directed along the normal to the disk plane, where it can
exceed the Eddington limit, a hollow cone free of resting matter is formed above the disk. Outside this
cone, the disk radiation intensity is less than the Eddington one, as a result of which STs are formed
(Fig. 1). But there is also no direct fall of matter on the center outside the cone. A torus is a
(gravitational) attractor [23], around the central generatrix of which matter moves in closed orbits,
forming a toroidal vortex [14]. And only a small part of this matter rotating around the toroidal
attractor gets to the center and “feeds” the accretion disk [14, 24-25].

Fig.1. Diagram explaining the AGN
model used. The SMBH is shown at
the center of symmetry, the accretion
disk in the (x-y) plane, the cone of
wind and radiation from the accretion
disk, the obscuring torus twisted by
wind and radiation, and the
streamlines inside the ST [14,
Bannikova, Kontorovich, 2007].

Not shown: jets, scattering corona,
accretion disk wind.

The plane of the accretion disk is a mirror plane of symmetry for the torus, resulting in a characteristic
"dipole" structure of streamlines, where the "top" and "bottom" parts of the vortex rotate in opposite
directions. The simplest example of such a topology can be the streamlines in the flow around a liquid
cylinder [26], where the “twisting” of the substance inside the cylinder is carried out by the flow around
(Fig. 2). The same topological pattern of streamlines is realized in the meridional section of the Hill
vortex [27], in the Larichev-Reznik soliton [28], and other similar examples. In AGN, the
corresponding “twisting” is carried out by the radiation flux from the accretion disk [14], partially
“flowing around” the torus, and partially absorbed by the surface of the torus.

2 The accelerated expansion of the Universe could put an end to this process and thus determine both the
maximum mass of galaxies and the SMBH at their centers.
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Fig.2: Topological structure of streamlines of matter and radiation similar to ones in the shading torus
near AGN center: right side is the x-z section by a plane of symmetry orthogonal to the disk (left, not
shown); z-axis is the axis of symmetry. The arrows show possible motions of matter in the torus and in
flow around it, corresponding to the solution of the flat problem of a flow around a cylinder [14,25].

We simplify the description by replacing a small part of the torus with a large radius R with a circular
cylinder of the same cross section with radius a. The angular dependence of the radiation intensity on

the polar angle 3 (with the polar axis orthogonal to the plane of the accretion disk) will be chosen in

accordance with the Lambert law [22-23] in the form [(9)=1__ cos9 . In this case, the total

/2
luminosity L=2-27n I d9-1(9)=4nl,, _The power of the direct radiation of the disk %, which is not
0

0
covered by the torus, is equal to W =4n -JdS-I (9) =L-sin6 , where on the beam tangent to the
0

surface of the torus 9 =0, the intensity is locally equal to the Eddington intensity:
Ipg =Ly /4m = 1(9) Ly ~1,5-10° M,/ M, erg/sec. Here M, is the mass of the SMBH and M,

is the mass of the Sun. The foregoing requires reservations and clarifications, some of which will be
explained below. The terminology used implies that the size of the disk is much smaller than the larger
radius of the torus R, due to which the disk can be considered as a point emitter coinciding with the
center of symmetry of the system, but non isotropic (according to Lambert's law) emitter.

The opening angle of the hollow cone is determined by the excess of the maximum intensity over the
Eddington one:

I
cosO = —Ldd (2.1)

max

Accordingly, with an increase in the AGN power (with some reservations), the degree of coverage of the
emitting region of the ST should decrease, which, apparently, is observed according to [29] regardless
of the internal structure of the torus (clamps or a continuous medium).

® Torus, whose temperature is much lower than the temperature of the disk, re-radiates the absorbed energy of
hard radiation of the disk in the low-frequency (IR) range, which we do not take into account in these
considerations. We also do not take into account the polarized radiation scattered by the AGN "corona”.
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. VORTEX DYNAMICS OF AN OBSCURING TORUS

As is known [26-27, 30], the equation for the stream function v Ay = f (1//) where the components
of the plane flow velocity are: ’ ’

v _ov v __ov (3-1)

oz’ T o

b

for f(y)=—k’ inpolar coordinates x=r-cosf3, z=1-sin 8 becomes [25]:

2 2
0 1/2/ 1oV +i2a l/: +ky =0
o~ ror rop (3-2)

Its solution inside the circle W =CJ,(kr)sinf at J,(ka)=0, where J, is the first-order Bessel
function, a is the radius of the cylinder in a stream, is conjugated with the solution outside the circle

2
a :
y=U '[’" _TJ'SIH B, because the values of the stream function and the tangential velocity on both

sides of the boundary =, coincide. This can be easily verified using the relationship of the velocity

dp dr
components *—— =V, — =V, with the current function y (r, B ) which in polar coordinates takes
b

the form: dt ) dt

yoo_ v Vr:la_‘/’
P or | rop

It is easy to verify the latter by making the change of variables in expressions (3.1) with the help of the

(3.3)

Jacobians

d(z,x) o(v,x) _18(1//,)6) o(v,z

:—r, = . = —

o(zx)  ro(rnp) o(xz) ro(rp)
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(3.4)

2U 2U

C=—- _
As a result, [25] we get the value for the constant le( ka) kJo( ka)’ where the value

ka ~1,2r corresponds to the smallest root of the Bessel function |

V. RADIATION FLOW AROUND

The picture of the "flow around" the radiation flux differs significantly due to the absorption of the ST
radiation and its separation on the streamline corresponding to the Eddington intensity. But inside the
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torus, the topology of streamlines remains the same as in the problem of flow around a cylinder
(Fig. 3).

Fig.3. Scheme of "twisting" the 5T by
eve? the wind and AGN radiation. External
Q wﬁv}’f,‘;‘?:—f;’ff:;’ ;| and internal critical power lines are
P 2 | not Shown to highlight the dipole
@ N M ' ‘\ structure torus, consisting of two
JIMCK counter rotating ring vortices [14,25,].
Fig. 3

The beam of field lines corresponding to the Eddington radiation intensity transmits the tangential

momentum of the torus surface at the point of contact at 3 =6 Let us find the speed of the matter of
the torus at this point, using the law of conservation of momentum, which takes the form of continuity
of the momentum flux when radiation is absorbed by the shading torus. The flux density of the
radiation pulse on the beam of rays of interest to us, corresponding to the Eddington intensity, is equal
to

LEdd

/(9) = (4.1)
c 471(:(R2 —az)sine ’

Here, the distance to the point of contact of the beam is » =+ R* —a’ , where R is the large radius of
the torus - the distance to the central generatrix of the torus, counted from the center of the AGN (i.e.,
from the SMBH), a is the small radius of the torus.

The flux density of the tangential component of the momentum in the torus at the point of contact is
[30]

M, =pV +p (4.2)
where P is the density of the torus, V, is the tangential velocity, and the contribution of pressure in
a relatively cold torus can be neglected.

Equating (4.1) and (4.2), we find for the tangential velocity component

V = LEdd
t 47rpc(R2 —az)sinQ (4.3)

We do not take into account the influence of the wind, but since the wind itself is a product of the
radiation flux, this should not significantly affect the estimates obtained. However, the pattern of the
wind streamlines near the torus should differ from rectilinear rays (Fig. 3) and, rather, will approach
the pattern of flow around the material cylinder (Fig. 2). At the same time, from the condition of

continuity of the tangential velocity at the point of contact of the rays 7 — 8 =6 (the equality of angles
with mutually orthogonal sides was used), we find:
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U= fEdd — (4.4)
167zpc(R —a )sm 0

After that, you can use the solution formulas for the flow around the cylinder.

Thus, the radiation and the wind carry a “twist” transforming ST to a vortex. Another limiting case
when the vortex is formed by initial conditions, as for example colligion or merging galaxies, see in

connection of Hoag’s object theory in [31].

V. INSTABILITY OF THE ACCRETION DISK PERIPHERY AND BLR IN AGN

The presence of massive STs leads to competition between two gravitational attractors: SMBH and ST.
At least in the plane of the disk, this leads to the appearance of an instability region near the so-called
Lagrange rings (LR) [32,33]. LR is a generalization of the interior Lagrange point for a test particle in
the restricted three-body problem for the case when, along with the SMBH, the second body is a
massive self-gravitating body — a torus or a massive ring. If we confine ourselves to the potential of a
thin torus, it is not difficult to obtain a relationship between the mass ratio of the torus and the BH and
the position of the Lagrange ring. In this consideration, we will assume that the region of broad BLR
emission lines near the LR is a manifestation of the instability region. This idea is supported by the flat
structure of this region observed in some cases [1, 2] and the appearance of double lines, which may be
a consequence of the Keplerian rotation [4]. This representation is only an assumption “ that needs
additional observational justification. However, some conclusions that are important for the method of
determining the SMBH masses by the widely used reverberation method [1, 2, 34] can follow from this.

At present, even the largest optical and IR interferometers do not have enough spatial resolution to
observe (with few exceptions in the nearby Seyfert galaxies) a region of broad emission lines. But the
temporal resolution turns out to be sufficient (J.Bacal) to determine the distance to the manifestation
of this burst in the BLR lines [34-37] from the delay of the moment of the burst of fluctuations in the
continuous spectrum of the disk emission. In this case, using the virial relations in the gravitational
field of the SMBH and the measured linewidths, the BH masses at the AGN centers are determined

according to M, =ct -(AV)2 -G™", where the virial coefficient of the order of one-two [1,2] also
appears, determined from statistical considerations. The influence of the gravitational field of the ST
can significantly affect the form of this relation and, thus, the mass of the black hole determined with
its help °. Note that for a thin torus, the position of the Lagrange Ring, near which BLR can be expected,
is determined by the ratio of the masses of the SMBH and ST according to [32, 33]

M

c _ q 1 .
M,ing_ﬂ(l—qz)[(1+q)E(k) a q)K(k)] k2=4q/((1+q) +z) (5.1)

) 2

¢ Another popular assumption is that BLRs are a system of clouds falling on the center or dispersed by light
pressure and wind from the center encounters the difficulty consisting in the absence of an observed analogue of
the shot effect.

*> The Influence of attraction to the torus on the tangential component of the velocity near the point of tangency of
the beam in this consideration can be neglected, since this force is directed approximately along the normal.
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where F (k) and K( k) are complete elliptic integrals, k is their index, and the dimensionless

lengths are measured in units of the large torus radius R.

In the general case, the virial relation for determining the mass of the SMBH should also include the
mass of the ST and its geometric parameters. For a real “thick” torus of an arbitrarily smaller radius,
the equation for the Lagrange ring takes the form of an integral relation, which includes the expression
for the torus potential .

L2y Fig.4. Dependence of the
1 SMEH and the ST mass ratio
soal ] on the relative position of the
= ] Lagrange ring q/R [33,34]
0.6
=
0.4 F
0.2
Ok n K . .
0 o2 0.4 0.6 0.8
q R
Fig. 4

If we use a convenient representation of the potential of a circular torus as a set of thin rings, it will take
the form
va WR-a ' '
&N =G[ dn'[ o dE"p-pEmE N

r
K

(5.2)

where £-7n are Cartesian coordinates x-z, counted from the center of the torus cross-section x-z,

¢(S.m:6n) is the potential created at a point & ,n by a thinring £'n' of unit density (see, for
example, [37-39]).

For a homogeneous torus with constant density

cD_ Mring ~
" 27°Ra’ (5:3)

where ~(1)( x,z) Is the specific torus potential per density unit.

The external and internal potentials of the torus were estimated in [39] using these relations. They can
be used in numerical-analytical calculations of the effect of ST on the SMBH mass, determined by the
reverberation method (Bacal, detailed theory developed by R.Blandford and McKee) [34-36] by the

measured delay €7 , which appears in the virial relation of the type ( the region of instability is
assumed for simplicity to lie in the plane z=0)

GM M .
AV 2 — ¢ + ring
@r) ct  2n°Ra’

~CI)(x—cr,Z) (5.4)
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Let us illustrate this with a simplified example, when we replace the actual (from the point of view of
the influence of gravity) part of the torus by a cylinder of the same (small) radius a, located at a
distance of a large torus radius R from the AGN center. In the model we will assume that the position of
the Lagrange ring coincides with the inner boundary of the torus, i.e. has coordinate (R-a). Then the

force of attraction to the cylinder at its boundary is equal to 27Gap Equating its force of attraction to
the black hole, we obtain

oM, = =21G - ——=
( R— a) 27°Ra
Or in our model example
(R-a)’ M,
27Ra M, (5.5)
whence follows
2

a M M

—_= 1 + 7T £ — 1 +7T < - l

R Mring Mring (56)

>>1) a/R~=M, /2xM, ; otherwise a massive

With a large mass of black holes (e =nM_ /M, ring

obscuring torus (& <<1) a/R~1-+2g =1-27M /M,

Thus, the position of LRs and, accordingly, the region of broad lines c¢7 in the reverberation method,
which coincides with the region of instability near the LR (up to the distance to the stable orbits closest
to the LR), is affected by a correction determined by the ratio of the masses of the ST and SMBH.
Returning to the torus potential and using the virial theorem, as is done in the cited papers, we can
estimate it more accurately.

Note, that the dynamical model of a clumpy torus in the gravitational field of a supermassive black hole
(based on ALMA observations of the velocity field of the obscuring torus NGC1068 [42]) without taking
into account the pressure of radiation of accretion disk is discussed by Bannikova, et al, in [43] in the
frame of N-body simulations.

APPENDIX A. PARTICLE-TO-TORUS ATTRACTION [23]

Using the simple reasoning may show that a test particle near the inner side of a self-gravitating torus
is subjected to the force attracting it to a torus. First, let us consider a thin torus which extreme case is a
cylinder. In fact, the test particle will be attracted to the cylinder. This alone means that the test particle
inside a torus is subjected to the force directed to this latter, or to put it more precisely — to the torus
part nearest to the particle.

Let us represent a torus as a system of concentric rings. Consider the elementary case, i.e. attraction of
a test particle to diametrically opposite ring areas. Select two “sectors”, with their vertices at the test
particle and with a small angular span, symmetric with respect to diameter of the ring passing through
the test particle. Let us consider the forces of particle attraction to the opposite arcs of a ring inside
sectors. If a particle is at the center of the ring, they balance each other (Fig.Aa). When decentering the
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particle (along the chosen diameter), we may see that the arc mass increases (or decreases) linearly
with distance from the particle, while the force changes inversely as square of distance (Fig.Ab).
Therefore, the attraction force from a “distant” arc decreases, though the arc length increases, while the
force of attraction to the nearest arc increases, though the arc length decreases with the particle
approaching it.

a) b
: _F, T:(r}
i . 0

Fig. A1 Scheme of a test particle-to-ring attraction. Fragment of Fig. from the work of the BBK [23]. In
the collection "Nonlinear Waves 2004"

An uncompensated force of particle-to-ring attraction and, accordingly, that of particle-to-torus
appear. Expanding the span angle we are compelled to proceed from elementary formulas to integrals,
though this does not change anyhow the fact of the matter and the result. It will be noted that in the
case of a sphere (with the similar reasoning) the mass attracting a particle is proportional to the area on
a sphere cut by a solid angle. Therefore, decentering the particle saves the exact compensation of
forces: the mass is changed quadratic with the distance and is compensated by inverse dependence of
the force vs. square distance. Therefore, as is notorious, a test particle inside a sphere (as against a
torus) is subjected to no gravitational force.

The previous reasoning is sustained by the calculation of trajectories of test particles (Fig.A2a).
Examples of trajectories for the “vertical” symmetry plane motion are shown in FigA2 [23, 44]. As can
be seen from Fig.A2a and Fig. A2b, at small energies, the particle travels around a circle with minor
radius, coiling around a ring (Fig.A2a shows the particle's planar motion, Fig.A2b shows the presence
of orbital motion). Such motions correspond to a thin vortex (the first stage of evolution possible). With
larger particle energy, different complicated trajectories appear (see, e.g. [45]).
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