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restricted values.
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1. Introduction

Quasars and AGN contain supermassive black holes, about 10 HMKRicastellar mass
black holes - microquasars. Jets are observed in objects with black bolisated ejection from
accretion disks.

Early work on disk accretion to a black hole argued that a large-scaleatiadield of, for
example, the interstellar medium would be dragged inward and greatly cosegregthe accreting
plasma [b[B[]9]. Subsequently, analytic models of the field advection afudidif in a turbulent
disk suggested, that the large-scale field diffuses outward rapidliff12and prevents a significant
amplification of the external poloidal field by electrical current in the demmedisk. This has
led to the suggestion that special conditions (non-axisymmetry) are rddoir¢he field to be
advected inward[[34]. The question of the advection/diffusion of a taogée magnetic field in a
turbulent plasma accretion disk was reconsideref] in [4], taking into at@éswonuniform vertical
structure. The high electrical conductivity of the surface layers of isie Where the turbulence is
suppressed by the radiation flux and the relatively high magnetic fieldemieoutward diffusion
of the magnetic field. This leads to a strong magnetic field in the inner parts @tiaccdisks
around black holes.

2. Thefully turbulent model

There are two limiting accretion disk models which have analytic solutions folga-srale
magnetic field structure. The first was constructed]if][5, 6] for a statjamam-rotating accretion
disk. A stationary state in this disk (with a constant mass flux onto a black hotgirgained by
the balance between magnetic and gravitational forces, and thermaldélacal) is maintained
by Ohmic heating and radiative conductivity for an optically thick conditionee Tass flux to
the black hole in the accretion disk is determined by the finite conductivity ofitkendatter and
the diffusion of matter across the large-scale magnetic field as sketchedin Fige value of the
large-scale magnetic field in stationary conditions is determined by the acadetiomass, which
in turn is determined by the magnetic diffusivity of the matter. It is widely accetpigithe laminar
disk is unstable to different hydrodynamic, magnetohydrodynamic, asdalanstabilities which
implies that the disk is turbulent. In X-ray binary systems the assumption alsbutdnt accretion
disk is necessary for construction of a realistic modelk [13]. The turbatametion disks had been
constructed also for non-rotating models with a large-scale magnetic fielwtnfufa for turbulent
magnetic diffusivity was derived if][6]. similar to the scaling of the sheeafiscosity in turbulent
accretion disk in binarieg [1.3], where the viscous stress tensor comigtppe- aP, witha <1a
dimensionless constant aRdthe pressure in the disk midplane. disk. Using this representation,
the expression for the turbulent electrical conductiatys written as

C2
O = —————.
""" Ganhy/P/p

Here,d = aia,. The characteristic turbulence scalefis- a1h, whereh is the half-thickness
of the disk, the characteristic turbulent velocityjs= a,+/P/p. The large-scale magnetic field
threading a turbulent Keplerian disk arises from external electricaboty and currents in the
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Figure 1: Sketch of the poloidal magnetic field threading an accretiisk. The field strength increases
with decreasing radius owing to flux freezing in the accgetirsk matter, from|]6].

accretion disk. The field generated by the currents in the disk can be mgeh than that due
to the external currents. The magnetic field may become dynamically importangriaiihg the
accretion disk structure and leading to powerful jet formation, if it is stypamplified during the
radial inflow of the disk matter. It is possible only when the radial accrep@ed of matter in the
disk is larger than the outward diffusion speed of the poloidal magnetic fieddalthe turbulent
diffusivity ny = ¢?/(4mo). Estimates in[[12] have shown that for a turbulent conductijity] (2.1),
the outward diffusion speed is larger than the accretion speed. Thupdapthat there is no
large-scale magnetic field amplification during Keplerian disk accretion. Noatealculations in
[LF] are reproduced analytically for the standard accretion disk steugthich can be written as

(e.q.[TD

- v [P 2 o w39k _ 2aT“c
M_47Tpvrrh,h_QK ,vs_\/g,4nr haP = M(] j,n),z . , aPrh= 3Kph (2.2)

Far from the inner disk boundary the specific angular momentynsisi,. The characteristic time

tvisc Of the matter advection due to the shear viscosityids= er = ﬁ . The time of the magnetic
S
field diffusion istgiss = rnj?%z , = % = ahw. In the stationary state, the large-scale magnetic

field in the accretion disk is determined by the equality= tyi¢ s, what determines the ratio

B avs ah

—=—==-<1. 2.3

B, aw ar < (2:3)
Here,vx = rQx andj = rvk for a Keplerian disk. In a fully turbulent disk a matter is penetrating
through magnetic field lines, almost without a field amplification. Note, that theifidlaced by
the azimuthal disk currents hBsq ~ Brg [fl].
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Figure2: Sketch of the large-scale poloidal magnetic field threadingtating turbulent accretion disk with
a radiative outer boundary layer. The toroidal current flavesnly in the highly conductive radiative layers.
The large-scale (average) field in the turbulent regionrisoat vertical.

3. Turbulent disk with radiative outer zones

Near the surface of the disk, in the region of low optical depth, the turbubetion is sup-
pressed by the radiative flux, similar to the suppression of the conveat@milee photospheres
of stars with outer convective zones. The presence of the outer vadiayier does not affect the
estimate of the characteristic timg. of the matter advection in the accretion disk because it
determined by the main turbulent part of the disk. The time of the field diffusiothe contrary, is
significantly changed, because the electrical current is concentratteel iadiative highly conduc-
tive regions, which generate the main part of the magnetic field. The steudittlie magnetic field
with outer radiative layers is shown schematically in Fig.2. Inside the turbdiskthe electrical
current is negligibly small so that the magnetic field there is almost fully vertiagh, By < B,
according to[(2]3). In the outer radiative layer, the field diffusion is \gemgall, so that matter ad-
vection is leading to strong magnetic field amplification. We suppose, that in tiensty state
the magnetic forces could support the optically thin regions against gradhen the magnetic
force balances the gravitational force in the outer optically thin part of idleal surface density
% on one finds the following relation takes plagé [6]

2~ 2c  4m’ 31

The surface density over the photosphere corresponds to a layerfigittive optical depth close
to 2/3 (e.g. [1]). We estimate the lower limit of the magnetic field strength, takigginstead of
the effective opacitket = \/KesKa). Writing Kes ph = 2/3 , we obtainky, = 5/3 (g/cn?) for the
opacity of the Thomson scatterings = 0.4 cn?/g. The absorption opacity, is much less than
Kesin the inner regions of a luminous accretion disk. Thus using in equdtidn {Belpboves ,,
we estimate the lower bound on the large-scale magnetic field of a Kepleriatiacdisk as

5m ¢ 1 1 r M
B,=1\/— — —, X=—, m=_—.

3 VGM; xy/m Xy/M rg Mg
The maximum magnetic field is reached when the outward magnetic force baldrecgravi-
tational force on the disk of surface mass dengity. In equilibrium, B; ~ /2pn. We find
that B, in a Keplerian accretion disk is about 20 times less than its maximum possible falue,

x=10, a = 0.1, andm= 10.

(3.2)
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4. Self-consistent numerical model

Self-consistent models of the rotating accretion disks with a large-scalestiafield requires
solution the equations of magnetohydrodynamics. In presence of thévadéger the strength of
the magnetic field is large, and it may greatly exceed the strength of the skeledrfie solution
with a small field will not be stationary, and a transition to the strong field solutibtiake place.
Therefore the strong field solution is the only stable stationary solution fiiating accretion disk.
The vertical structure of the disk with a large scale poloidal magnetic fielccalaslated in [[2]1],
taking into account the turbulent viscosity and diffusivity, and the fadttti@turbulence vanishes
at the surface of the disk. The full system of equations was reduceateteastical equation for the
non-dimensional radial velocity, in the form

L2 [ 0 (. 9 (13 (. 0u
a’p 052<905< P93¢ (ﬁ0< ))))
92 0o (. 0 Ur 02 /190 /. ou;
~ BT 5 (gaz< z( >>> B 572 (ﬁﬂ(pgaz»

92 0 u

2n2 ~ 2 2 YUr
+aﬁazz<pg(urguo)>+a@ 052( >+ 3B g: 4.1)
Here{ = z/his a dimensionless height; = — v; /(acy), Up is a non-dimensional radial velocity

in the non-magnetized disk [[L3]. Coefficients of the turbulent viscasignd magnetic diffusivity

n are connected by the magnetic Prandtl numér1, v = #n = «a Qii 9(2) , wherea is a
constant, determining the turbulent viscos[tyl [18]i= ¢%/Va,, Wherevag = Bo/ (47100)Y2 is the
midplane Alfvén velocityp = %. The functiong(z) accounts for the absence of turbulence in the
surface layer of the disk][4]. In the body of the digk= 1, whereas at the surface of the disk, at
sayzs, g tends over a short distance to a very small value, effectively zero.sitoath function

with a similar behavior is takerf [[L1] in the forgi{) = ( - 2—2)6 with & < 1. In the stationary
state the boundary condition on the disk surfaag is: 0, and’ only one free parameter - magnetic
Prandtl number” remains in the problem. In a stationary disk vertical magnetic field has a unique
value. The example of the radial velocity distribution fg#=1 is shown in Fig.3.

5. Jet collimation

Magnetic collimation is connected with torsional oscillations of a cylinder with elted)
magnetic field, see Fig.4. The stabilizing azimuthal magnetic field is created lgn@irescilla-
tions. Approximate simplified model is developdfl [2]. Ordinary differentiplation is derived,
and solved numerically, what gives a possibility to estimate quantitatively tiye @irparameters
where jets may be stabilized by torsional oscillations.

In non-dimensional variables= wt, y = %, Z= %, ag = % =w, Ry = % differential
equations have a form

dy _ dz

1 .
E_z,E:9(1—Dsmzr),y(0)_l,z_Oatr_O. (5.1)
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Figure 3: Distribution of the radial velocity over the thickness iretbtationary accretion disk with a large
scale poloidal magnetic field
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Figure 4: Jet confinement by magneto-torsional oscillations (cai@l picture)

2
The system[(5]1) has two non-dimensional parame[@;s:zmicm % , andy(0), and the sec-

ond one is taken equal to unity . Solution changes qualitatively with chandiihg parametebD.

At D < 2 there is no confinement, radius grows to infinity after several low-amplitaddations.

At D = 2.1 radius is not growing to infinity, but is oscillating around some averagesyfduming
complicated curves (Fig. 5).Ad > 2.28 the radius goes to zero. On the edge of the cylinder the
rotational velocity cannot exceed the light velocity. The analysis haversff that for the sound
velocity not exceeding/2, the jet should contain baryons, dengityexceeding about 30% of the
total density of the jet. Development of chaos in this system, by constructiBnintare sections
was investigated in]8].

6. Conclusions

1. Disk field is amplified during disk accretion due to high conductivity in oudeliative
layers. Stationary solution correspondgte- 240 for Pr=1.

2. Jets from accretion disk are magnetically collimated by large scale poloidgletiafield
by torsion oscillations, which may be regular or chaotic.
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Figure 5: Time dependence of non-dimensional radyu@ipper curve), and non-dimensional velocity
(lower curve), forD = 2.11 (left); for D = 2.25 (right), from [12].
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