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[. Introduction

During the past 20 years there has been an apparent
interest in some complex phenomena in physics and other natural sciences such
as the formation of spatial structures in hydrodynamical lows {Bernard’s cells
in thermoconvection, Taylor vortices between rotaling cylinders), distribu-
tions of populations in ecological systems, nonequilibrium chemical reaclions
and many others. Although various in their nature, all of them can be descri-
bed by means of similar models and equations in the framework of the so-cal-
led self-organization or synergetic theory [1-4]. As a rule, self-organization can
be regarded as an appearence of spatial (generally, evolving with time) struc-
tures in a dissipative, nonequilibrium medium. Moreover, the parameters,
characterizing these structures are determined by the properties of the medium
itsell and not by the spatial structure of the nonequilibrium source (energy,
mass and etc.) [5]. : e

The present paper has the purpose to present the basic theoretical princip-
les, on which a consistent self-organization theory of magnetohydrodynamical
accretion discs around compact astrophysical objects (black holes and neutron
stars) can be created. Such a theory requires to regard accretion discs as open,
nonequilibrium and dissipative systems. The main reasons for such a treat-
ment are obvious. For example, an accretion disc is an open system due to the
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following reasons: 1) there is an input of accreting matter {rom the outside
companion compact object {a massive star} with an accretion rate M, which is
an important parameter in view of observable effects such as spectra, bursts
and etc. 2) the gravitational field ol the compact object sels up the vertical
density distribution in ihe accretion disc in dependence ol the varialions of
the gravitational potential [6]. 3) {the magnetic field of a neutron star strongly
influences the movement of matier, especially in the boundary layer of the ac-
cretion disc around the neuiron star.

Since in accretion discs processes of substantial encrgy release occur due
1o viscous dissipation, reconnection of magnetic field lines and radiation trans-
fer, accrction discs can also be regarded as typical dissipative systems. Also,
since the unsieady accretion rate A .is connected with the complex iime va-
riations in the X-ray specira of accretion discs, they can be considered as non-
equilibrivim systems.

In the next chapter the specilic process of lurbulent magnelohydrodyna-
mical helicity structures formation will be investigated in the framework of
self-organization theory.

I1. Basic principles of the self-organization ap-
proach in magnetohydrodynamical accretion disc
theory

The first important principle is that of hierarchy, which
means that lhe initially formed turbulent structures (in the case-vortices) can
interact between each other fo form a new, hicrarchical system of siructures-
large-scale helicity structures. Such a process, occuring in the boundary layers
of acretion discs around neuiren stars, has already been investigated in referen-
ce |7]. However, the interaction and the exchange of energy betwcen the vor-
tices and the subsequent deviation from isofropic turbulence give some reasons
to assert in this paper that this process of anisotropization of turbulence shoutd
be accounted by additional terms in the speciral energy iransier equation:

() %z—zvm (b, H+T (& ),

where I (k, 1) is the nonstationary energy function in % representation (k-wave
number), T (&, 1} is the spectral transfer function in the inertial range and v is
the furbulent viscosify. The additional terms in (1) due to the interaction bet-
ween lhe vortices depend more especially on the interaction function [8], which
can account for the process of “energy accumulation” in the small wave num-
bers, characteristic for the case of two-dimensional turbulence, Moreover, since
in accretion discs around ncutron stars the twisting and the reconnection of
magnetic field lines limits the energy cascade towards larget space scales (. e.
small k), the energy cascade in two opposite directions should be taken into
consideration:
a) in the direction of small k, accounting for the orientation of two-dimensio-
nal vortices in the direction of the magnetic field;
b} in the direction of large &, thus accounting for the disorientating (chaotical)
action of three-dimensional turbulence [9]. ;

The second important principle of the self-organization approach concerns
the nonequitibrium energy exchange in accretion discs. The process of siatio-
nary energy transfer from gaseous turbulence to the magnetic field has already
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been investigated in references [10-12]. However, in view of the basic prin-
ciples of structure formation in self-organization theory it is natural fo expect
that the entropy of the open dissipative system “gaseous turbulence-magnetic
field” will decrease in the process of helicity structure formation. In other
words, this means that the assumption about isotropic magnetic diffusion and
reconnection should break down and therefore, the system of equations, des-
cribing the magnetic field generation in a geometrically thin disc will no lon-
ger be valid,

The third important principle is aboutf the osiablishment or breaking of
a given type of symmetry of the magnetic field. On the base of the invariance
of the system of equations (describing the magnetic field generation} under the
transformation z—>-z it has been proved in rel. [13] that two types of solutions
of this system can be distinguished, corresponding to two diilerent modes and
symmetries of the magnetic field:

Ist type of symmetry is

@) B (2)==B: (=2); By ()=—By (~2); B: (=B, (~2)

for the dipole mode and
(3) B: (()=B:(—2); By (2)=Bo {(—2); B: ()=~B,(-2)

for the quadrupole mode. However, when anisotropic diffusion sets in and un-
der the assumption that the fluctuating field’s scale is less than the characte-
risctic scale of the mean field, the fluctuating component of the expression

gi==v'x6’ in the above system of equations should be taken of the kind:

culinhs = P
(4) g,==u'xb =08 4By ox;

i, j, k=r, @, 2.; oy is the helicity tensor, Bijxis the anisotropic tensor of magnetic
diffusion, B, is the mean magnetic field and v’ and b’ are the fluctuating com-
ponents of the turbulent velocity and of the magnetic field correspondingly.
It is evident that the symmetry in this case will be different and more complex
and will not be connected only with the z coordinate. It should be noted that
it is not clear what type will be the symmetry at the final stage of the develop-
ment of the helicity structure, when the scales of the fluctuating and of the mean
field become comparable and equation (4) is inapplicable.

The Tourth important principle concerns the connection between the he-
licity structure formation and the changes in the turbulent viscosity as a para-
meter, characterizing the turbulent medium, in accordance with what has been
mentioned in the Introduction of this paper. In reference [10] the total visco-
sity had been presented as a sum of the viscosity when k< k; and of the “ano-
malous” viscosity (when k>k,), where k&, is the wave number when anomalous
viscosity sets in. At the same time the spectral function F (k) in the right-hand
side of the correlation equation:

= 1 1 kY-
(5) 5 @ B ol—k)=- T8
(the brackets ¢ . . . )denote spatial or time averaging) is typical for the isotropic

turbulence. At this important point. the following remark is.made in this pa-
per: the clear distinction in ref. [10] between . the two types of wiscosities
(when k<<ky and k>>k;) is physically inacceptible -and ideatized assumption.
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The reason is that “anomalous”vortices “overiap” the isofropical turbulénce
and hence a correlation in the helicity due to the prescnce of the term

(6) o= f (@(f) a(t+s)) ds; «—helicity
i}
in the diffusion term in the system of equations, describing the generation of

magnetic field. That is why it is proposed in this paper that another, antisym-
metrical term should be added to the correlation function Fylk, f):

Etk.B
4x k*

| K (ki
(k%8;j — Roky) + Jg—mﬁf—)' &1 R

a9 Fyj (k)=
where the spectral functions E {&, #} and K (&, [} are connected with the tur-
bulent velocity by the following formulae:

(8) % ) = j E (k1) dk; (v, rot v)=f K (&1} dk.
u U

it should be noted also that no explanation has yet been proposed of the
following facts, connected with anomalous diffusion:

a} what is the physical meaning of the change of sign in the dipole {oscilla-
ting) mode of the magnetic field and is this change related with the exitence of
anomalous diffusion?

by it is known that anomalous diffusion is connected with the appearence
of large-scale, long-lived vortices. However, it is not known presently whether
large-scale helicity structures should always be caused by anomalous diffusion?

The fifth important principle of the self-organization approach concerns
the application of the methods of nonlinear physics. In fact the assumption
about nonlinearity is in full accordance with the previous assumption about
the occurence of dissipative processes. To prove the last statement let us assume
the contrary. But then from Liuvile’ theorem about the constancy of phase
volume for ergodic systems (i. e. for systems without dissipation) it will follow
that when {—co the correlation Tunction

(9) (v (B, 0} vp (B 0y £ O
and also
(10) W (k8 v (p, 8 v, {—k—p, 1) =0, [14].

The last equality in practice excludes the three-mode interactions, which
is highly improbable, especially at the later-time process of interaction between
the vortices. Moreover, in a turbulent medium with nonlinearity and dispersion
(Jue to the viscosity) a nonlinear interaction between the perturbations along
{he r, 9, and z directions will take ptace, resulting in either competition or syn-
chronizalion befween the different modes and also processes of seli-focusing or
modulations, similarly to many known processes in radiophysics and nonli-
near wave propagation theory [15]. Therefore, the application of such nonli-
niear -approaches suggesis that the existing linear theory of disc instabilities
should be seriously revisited. In the framework of a new nonlinear disc insta-
bilities theory, the siretching of convective cells along the 2 direction, also
the growth of nonaxisymmetrical azimutal perturbations, discussed in ref.
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[16], probably would be explained with the effect of competition between the
modes.

The above proposed five guiding principles allow one to make the conclu-
sion that the variations of density, turbulent velocity, magnetic field, inten-
sity of radiation and ete. would depend on the concrete physical parameters,
characterizing the accretion disc such as the accretion rate M, the parameter
B=pr/(pe+py) (pr — radiation pressure, pe — gas pressure), the magnetic
Reynold’s number R ,=uvl/v (I — characteristic length of the magnetic field,
Ve — the magnetic viscosity), the dynamo number Dz{R%)uozgf\’il(R-
disc radius, w — angular rotational velocity, / — characteristic length along
z direction) and also the parameter 3, defined by the formulae:

rs 2 HE
(11) P = 2 D e,

From (11) it is evident that § characterizes the rate of pulsational kinetic
(i. e. turbulent) and magnetic energy and therefore the degree of nonequilib-
ricity of the system “gaseous turbulence — magnetic field”. One of the most
important consequences of the a oplication of the self-organization approach in
this paper is that this “nonequiliib'ricity“ can be quantitatively characterized
in terms of the other parameters of the accretion disc. This is natural to be ex-
pected since in self-organization theory it is important to determine which are
the “governing” and the “submitted” parameters [3,4]. This is not an easy
task and is not always possible, However, a more valuable idea can be sugges-
ted — the stohastic analyses of the intensity fluctuations of radiation and the
quantitative characterization of the level of stohasticity through the dimen-
sions of the stohastic attractor [17], can give valuable information about the
magnitude of the magnetic Reynold’s number and many other parameters.

The next chapter will be dévoted to some observational facts from black
hole and neutron star physics, which also suggest the idea about structure for-
mation in accretion discs.

III. Observational facts in support of the large-
scale turbulent helicity structure formation in
accretion discs

The profound analyses of the X-ray spectra shows that
although they are varied, they are also in a certain sense “symmetric” and “de-
terministic” on a macro and on a “micro” scale as well. Some observational data
in support of this hypothesis and reflecting also the process of accretion are the
following:

1. The existance of a “white noise” (i. e. correlation in the impulses) in
the X-ray spectrum of Her X-1 due to the influence of the accretion disc.

2. In some X-ray sources (such as Her X-1 and Cen X-3) the main profile
of the impulses does not change for a great range of energies, while for other
sources (441626-67) this profile depends on energy.

3. Age decrease of the period of repetition of the impulses and therefore
age increase of the rotation [requency of neutron stars in binary systems.

4. The great variety of the impulse forms (from symmetrical to highly
asymmetrical).

3 AepoxocMuuecky Macelsaips B Brarapusa, 11 33



If the “macro” spectrum reflects physical processes under the influence of
outer factors (for example the accretion rate), then the “miero” spectrum ref-
iects the ability of the system (in the case — the accretion disc) to create ils
“own signals” as a response to the action of the outer factors. That is why a
conclusion is made in this paper that the “micro” spectrum should reflect a
more complex dependence of the physical phenomena and parameters.

In this chapter two important and yet unresolved problems will be consi-
dered, which are based on observational data and are supposed fo be related
to the process of large-scale helicity structure formation.

The first problem is connected with the decrease and the subsequent in-
crease of the period of pulsations in some X-ray sources for a given period of
time (source 440900-40 for periods of 4 and 2 years respectively). A possible
explanation for this is the change of the direction of rotation of the acereting
matter near the magnetosphere, proposed in ref. {18].. Besides, in certain X-
ray sources this change of period (transition “spin up” — “spin down™) takes
place for short times, while for others (Vela X-1} it occurs for longer periods
(50 years). It can naturally be assumed that the reason for such a transition is
connected with the structurization of the accretion flow.

The second problem concerns the existence of a “soft” (with small energy)
and of a “hard” {with greater cnergy} components in the X-ray radiation from
neutron stars in binary systems and also from “possible” candidates for black
holes (CYG X-1, CIR X-1 and others). In the second case of a black hole the
existence of a “high” state (“soft” componeni with energy E< 10 keV} is ex-
plained by means of the theoretical assumption about a higher accretion raie

(M=>M.), while the “low state” (with a “hard” component ol radiation} is
connected with the decrease of {he accretion ratc below a certain critical value
Mo, i. e M<M,,. I is supposed also that the observed low temperature
specltum during the “low” state is connected with the existence of a corona¢
around the disk and with the increased activity of the magnetic field. The fol-
lowing observational fact is very important: the increase of the intensity of
radiation (approximately several times, without any change in the spectrum)
at the cnd of the “high” state. This clearly suggests that the transition “high-
low” state takes place gradually and the prerequisites for the transition to the
“low” state for example appear yet during the “high” state. Evidently there is
4 “transition time”, during which structural changes in the accretion disc may
“take place, including the formation of helicity structures,

As far as accrction discs around neutron stars are concerned, ihe “soft”
component of radiation is relatively stable in intensily and is identified with
the radiation from the oplically thick parts of the accretion disc, while the
“hard” component of radiation is identified with {he radiation irom the neutron
star's surface and mostly from the inner parts of the disc, most closely 1o the
magnetosphere of the neutron star, The “hard” component varies considerab-
ly with time and therefore quite probably may account for the process of for-
mation and destruction of large-sclale helicity structures in the boundary layer
of the disc.

Both in the cases of aceretion dises around black holes and around neut-
ron stars one and the same problem arises: is the transition from “high” to “low”
slate {or vice versa) connected with a transilion from chaotical to structurized
turbulent motion? Unforiunalely this problem in astrophysics has not yet
been resolved due lo serious obstacles and inadequate basic assumplions in
the theory. However, if thesc assumptions are properly corrected and various
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nhew mathematical methods are implied, it will be possible fo give a consis-
tent explanation o this interesting phenomena within the framework of self-
organization theory.
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CaMoopranusalloHEa TCOPHA ¥ CAMOOPraHu3alinoN-
uu npoGJemMu Ha TeopuaTa na MarsuTOXHAPOLu-
HAMWYHNTE AKPEIMOHHH JAHCKOBC 10 OTHOHICHHE
Ha fIpoleca ua gopMupaiie na eapomaliabun 1yp-
SVACHTHH BUXPOBH C1PYKTYPH B AKPEUUOHHH

JHCKOBE OKOJO Yepnu IyNKH W ICYyTPOHHH 3Be3AH

Boedan Jumunipos

{(Peaiowne)

Hacrosiata paGora umad 3a LeJ na GopMyJ/idpa OCIOBHH-
Te NPHINAHY 38 NPUJOKENHC HAa HOBWs CaMOOPTANM3ALMOINCH (CHHEpreTnuen)
HOAXOA B TEOPHATA HA MATHUTOX HAPORMHAMHUHNTE aKPEHHOHHY AHCKOBC B aCTPO-
duaurara. Ha ociosara fla KpuTHUEH aHAJH3 OT JIEAHA TOUKA Ha CaMOOprani-
3aNUOHHATA TEOPHUS B HAcTosliiaTa padoTa € NOKasaino, ue NO-HATAThUIHOTO TEo-
DOTHUNO H3CACABAHE Ha NpoHEca Ha efpOMAllabHO BHXPOBO cTpyKTYpOoGpa-
3yBaHe Ce HYXK/Iae OT 3HAUHTE/IHO MOAUDULHPAHE HA NOBLYETO OT OCHOBHATE NIpEA-
NOMOKEHNA B TEOPHATA HA MATHUTOXMAPOAMHAMMUHKTE AKDELHOHHY AUCKOBE.
TIpoacTaBenu ca u isKOM Habaiofate/inu GakTH OT acypoQU3NKaTa HA uCp-
HUTE AYNKH M HEYTPORHWTE 3BE3/M B MOTBLPXKAEHHE HA Te3aTa 32 Npeanonarae-
MOTO ChIeCTBYBaHe Ha TAKHMBA CTPYKTYPH B AKPELUHOHHHM AHCKOBE OKOJO CHO-
MEHATHTE KOMNAKTHH acTpodu3uyHu OUEKTH.
Hacronwara paSora 64 MOrsia Aa NMOCAYXKH KaTe OTHpaBHA TO4YKA 3a OF-
WHPHO TCOPETHUHO WBC/CABaHe na TypOYyNeHTHOTC MATHHTOXHADOAHHAMHEHO
BHXDOBO CTPYKTYpooOpasysatie.
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