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Abstract. We develop a model of thin turbulent accretion discs supported by magnetic pressure of turbulent magnetic fields.
This applies when the turbulent kinetic and magnetic energy densities are greater than the thermal energy density in the disc.
Whether such discs survive in nature or not remains to be determined, but here we simply demonstrate that self-consistent
solutions exist when the-prescription for the viscous stress, similar to that of the original Shakura—Sunyaev model, is used.
We show thate ~ 1 for the strongly magnetized case and we calculate the radial structure and emission spectra from the
disc in the regime when it is optically thick. Strongly magnetized optically thick discs can apply to the full range of disc radii

for objectss1072 of the Eddington luminosity or for the outer parts of discs in higher luminosity sources. In the limit that

the magnetic pressure is equal to the thermal or radiation pressure, our strongly magnetized disc model transforms into the
Shakura—Sunyaev model with= 1. Our model produces spectra quite similar to those of standard Shakura—Sunyaev models.

In our comparative study, we also discovered a small discrepancy in the spectral calculations of Shakura & Sunyaev (1973).
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1. Introduction part of the disc. Attempts to expand the computational domain
) to include a wider area of radii and azimuthal angle (Hawley
The well known and most widely used model of the accrg; rolik 2001; Hawley 2001: Armitage et al. 2001) are under-

tion disc was proposed and elaborated by Shakura (1972) i, However, even before the recent focus on the MRI Shibata
Shakura & Sunyaev (1973). In this model the disc is vertically 5, (1990) observed the formation of transient fpatate in

supported by the thermal pressure (Shakura & Sunyaev 19%3kne64ring box simulations of the non-linear Parker instability
Turbulent viscosity is invoked in the Shakura—Sunyaev modgl,n accretion disc.

to explain the angular momentum transfer required by the ac-
cretion flow. As originally pointed out in Lynden-Bell (1969) Vertical stratification has been considered in the shearing
and Shakura & Sunyaev (1973) a magnetic field can also c&x approximation (Brandenburg et al. 1995; Miller & Stone
tribute to the angular momentum transport. A robust mech2000). In particular, Miller & Stone (2000) investigated discs
nism of the excitation of magnetohydrodynamical (MHD) tumwith initial Gaussian density profiles supported by thermal
bulence was shown to operate in accretion discs due to thessure. The initial seed magnetic field grows and starts to
magneto-rotational (MRI) instability (Balbus & Hawley 1998)contribute to the vertical pressure balance. The computational
The growth of the MRI leads to the excitation of turbulent maglomain extends over enough vertical scale heights to enable
netic fields and self-sustained MHD turbulence. The contribMiller & Stone (2000) to simulate the development of a mag-
tion of Maxwell stresses to the transport of angular momentumatically dominated corona above the disc surface. In the case
is usually larger than Reynolds stresses. However, the magnefian initial axial magnetic field, Miller & Stone (2000) ob-
energy observed in many numerical experiments was smaterved that the saturated magnetic pressure dominates thermal
than the thermal energy of the gas in the disc (Brandenbymgssure not only in the corona but everywhere in the disc. As a
1998). Simulations of the non-linear stage of MRI are typicallgonsequence, the thickness of the disc increases until it reaches
local simulations in a shearing box of an initially uniform smaltihe axial boundaries of the computational box. The formation
of low g filaments in magnetized tori was also observed in

Send gfprint requests toV. I. Pariev, global MHD simulatiqns by_Machida e_t al. (2000_)._ Although
e-mail:vpariev@pas.rochester.edu further global MHD simulations of vertically stratified accre-

* Appendices are only available in electronic form at tion discs are needed, this numerical evidence suggests that
http://www.edpsciences.org magnetically dominated thin discs may exist.
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Previously, analytic models of thin accretion discs with arsources show both thermal and non-thermal (power law) com-
gular momentum transfer due to magnetic stresses were goorents, with the ratio of non-thermal to total luminosity of
sidered by Eardley & Lightman (1975) and Field & Roger20-40 per cent (Nowak 1995). Reconnection events and parti-
(1993a,b). Both these works included magnetic loops with sigke acceleration should also happen in rarefied strongly magne-
of the order of the disc thickness. In Eardley & Lightmatized corona of the disc in our model and could cause observed
(1975), the magnetic loops were confined to the disc. Loofpray flaring events. However, we do not consider the coronal
stretching by dierential rotation was balanced by reconnedynamics here, and instead just focus on the structure and the
tion. The reconnection speed was a fraction of the étfv'emission spectrum of the disc itself.
speed. Radial magnetic flux was considered as a free func-Models of magnetized accretion discs with externally im-
tion of the radius. Vertical equilibrium and heat transfer wengosed large scale vertical magnetic field and anomalous mag-
treated as in Shakura & Sunyaev (1973), with the addition pétic field difusion due to enhanced turbulenfidsion have
the magnetic pressure in the vertical support. No self-consistafsto been considered (Shalybkov &dger 2000; Campbell
magnetically dominated solutions were found in model &000; Ogilvie & Livio 2001). The magnetic field in these mod-
Eardley & Lightman (1975). els was strong enough to be dynamically important. But those

In contrast, dominance of the magnetic pressure over tm@dels are limited to the subsonic turbulence in the disc and the
thermal and radiation pressure was postulated from the begiiscosity and magnetic fiusivity are due to hydrodynamic tur-
ning by Field & Rogers (1993a,b) and verified at the end d@iulence. Angular momentum transport in those models are due
their work. These authors assumed that the ordered magngtithe large scale global magnetic fields. Both small scale and
field in the disc, amplified by dierential rotation, emerges adarge scale magnetic fields should be present in real accretion
loops above the surface of the disc due to Parker instabilitiiscs. Here we consider the possibility that the magnetic field
Because the radial magnetic field in the disc has an intially séas dominant small scale component, that is magnetic field in-
torial structure, the loops above the disc come to close caide the disc consists mostly of loops with size less than or
tact and reconnect. All dissipation of magnetic field occurs gomparable to the thickness of the disc.
the corona in the model of Field & Rogers (1993a,b). Such a We consider vertically integrated equations describing the
corona was assumed to be consisting of electrons and saewial structure of the magnetically dominated turbulent accre-
fraction of positrons and no outflow from the disc is presertion disc and provide the solutions for the radial dependences of
Electrons and positrons are accelerated to relativistic energi@s averaged quantities in Sect. 2. In Sect. 3 we analyse the con-
at the reconnection sites in the disc corona and subsequedilions for a magnetically supported disc to be self-consistent.
emit synchrotron and inverse Compton photons. Because IreSect. 4 we calculate thermal emission spectra of magneti-
connection was assumed to occur at loop tops, Field & Rogeedly supported disc taking into account scattering by free elec-
(1993a,b) found that up to 70 per cent of the energy releagashs.
in reconnection events in the corona will be deposited back to
the surface of the disc in the form of relativistic particles an
radiation. Only thin surface of optically thick disc is heated al

cools by the thermal emission, which is the primary source gere we neglectféects of general relativity and do not con-
soft photons for the inverse Compton scattering by relativiséigder the behaviour of the material closer than the radius of the
particles in the corona. innermost circular stable orbit. We assume a non-rotating
Since the characteristic velocity of rise of the loops of thglack hole withrs = 3ry, where the gravitational radius of the
buoyant magnetic field is of the order of the Adfv'speed, it plack hole of masM = Mg x 108 M, is rg = 2GM/c? =
takes about the time of a Keplerian revolution for the loop @& x 10 cmMs. We assume that accretion occurs in the form
the magnetic field to rise (e.g., Beloborodov 1999). Thisis alg® a geometrically thin accretion disc and verify this as-
about the characteristic dissipation time of the magnetic fieddmption in Sect. 3. We consider a disc of half-thicknidss
in shocks inside the disc (see Sect. 2). The model we explgigface density, averaged over the disc thickness volume den-
here difers from that of Field & Rogers (1993a,b) in that thejty p = /(2H), accretion rateM, and radial inflow velocity
dissipation of the magnetic energy occurs essentially inside they, > 0 for the accretion. We tak@x = (GM/r3)Y/2 =
disc and the heat produced is transported to the disc surfagex 104 s‘lMgl(rg/r)W to be the angular Keplerian fre-
and radiated away. Observations of hard X-ray flux indicate th@ency at the radial distancérom the black hole. Then, equa-
presence of hot coronae where a significant fraction of the ¥n of mass conservation reads
tal accretion power is dissipated. For example, the X-ray band
carries a significant fraction of the total luminosity of Seyfef! = 2rrZv;. (1)

i: [ —10 keV band is ab f the to- . . . .
nuclei: the flux in the 1-10 keV band is aboytblof the to n the stationary stat®! does not depend on time. Equation of

tal flux from IR to X-rays, and the flux in 1-500 keV band isI | " toni Shapiro & Teukolsk
about 30-40 per cent of the total energy output (Mushotz%ggg)ar momentum conservation is (e.g., Shapiro & Teukolsky

et al. 1993). Another example is the Igvard state of galac-
tic black hol_e sources, where the borad band spec_trum is CO@(T)ZHZMZ -M (\/G—M _ g\/GTrs) , )
pletely dominated by a hard X-ray power law, rolling over at

energies o~150 keV (Nowak 1995; Done 2002). Also, in thewhere f; is the tangential stress at a radiyswhich acts on
so called very high state, some of galactic black hole X-rdlye inner part of the disc, factdgraccounts for the unknown

Radial disc structure
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torque acting on the disc at the inner edgeln the standard It is remarkable that the value of can be constrained in our
Shakura—Sunyaev modél,= 1, which corresponds to a zeromodel. In the framework of the local approach all the work
torque inner boundary. The tangential stress at the innermdshe by non-gravitational forces on a patch of the disc is re-

stable orbit,f4(rs) is related to the parametéms follows duced to the work done by viscous stregs Physically, this
) : work results from the action of turbulent and Maxwell stresses.
fo(rs)2H2nrs = (1 - ()M VG Mrs. (3)  Heating occurs from dissipation of supersonic turbulence. The

The stressfy(rs) > 0, if the torque spins up the gasratand rate of such heating can be expressed through the kinematic
fs(rs) < O, if the torque retards the rotation of the gas. Since tN&cosity codicienty in the usual way (heating per unit vol-
magnetic and turbulent pressures exceed the thermal presSiife)

by assumption, we neglect thermal pressure contribution to the 2

vertical pressure balance. Assuming equipartition between tyr-_s — (8)

bulent and magnetic pressure in supersonic MHD turbulence dt v
to show that the equation of vertical equilibrium is solved t@ the entropy per unit mass (e.g., see in Shapiro & Teukolsky

give approximately the result 1983). Viscous stress,, for Keplerian shear is
vA 1 [HB? 3
H= "= "4/-—, 4 ==
o o V2 4 1, S VPR (9)
wherev, = — is the average Alfen velocity in the disc. Comparing this to the alternative expression (5) fpwe see
(4np)¥iz — o o thata andv are related by
We use the &—prescription” for the magnetic viscosity in the
disc, i.e. taking the tangential stress to be proportional to the. , 2 U/z\ (10)
2 30

. B
sum of the magnetic pressurgu,, and the turbulent pressure,
T

. Using expressions (9) and (10) to substitute in Eq. (8) one can
put /2. We do not consider global transport of angular momeg; tai% ths rate of héazing pt(ar u)nit area of the d@;ﬂqs f(oll)ows
tum and energy across the disc due from large scale magnePlc

e TS = o @
scaleI field is small .comlplareE(,jZ to thisztangled field pro.du.ced Wne can also rewrite as
:)uer:snigze. In equartltlong ~ puvf/2 anda—prescription o EGM (1_4 E) )
B2 v NS r
fy = Y (5) the same expression familiar in the standard disc model (e.g.,

The dissipation of the magnetic and kinetic energy causes hse%ef Shapiro & Teukolsky 1983). The total eznergy density of the

. . . o . .. B 1
input in the disc which is balanced by the heat losses due to tarbulent pulsations and magnetic fields3s + —pv? = pui

L. . . . . T
diation. If the cooling is icient enough such that the time ofynder the assumption of equipartition. In the Stationary state,
radial advection of the heat due to the accretion flow is mughis turbulent energy dissipates with the rgteTherefore, the

longer than a few Keplerian periods, the heating and cooliggaracteristic time of the dissipation of the turbulence is

balance, and establish an equilibrium kinetic temperature in the
disc. However, we assume that this temperature isflicgent B 2Hpvi _ 2 (13)
for the associated thermal pressure to contribute significanthe’?'-_ Q 30

tical support. The total radiated energy from the unit surface qof

the disc will be the same as in the standard Shakura—Suny. the i f the fi ina the | il
model. This energy flux is independent of the viscosity mech s on the }me—scala ot the Tlow crossing the argest flow
cherence siz§ of the turbulence. Direct dissipation at the

nism assumed, but depends on the inner torque boundary c%h K fronts dominates the turbulent de of d
dition (3) (see also Gammie 2000 for th&eets of varying the shockironts dominates the turbulent cascade of energy down

the microscopic resistive scale and leads to the enhanced
torque atrs). Thus, the system of Egs. (1), (2), (4) and (5) de@ SO ) T
couples from the energy balance equation. rate of the dissipation. The question of the dissipation of super-

Equation (4) can be solved to giteas sonic MHD turbulence has_begn studied in connec_tlon with the

interstellar turbulence, which is observed to be highly super-

_ B2 _ 6) sonic. Direct numerical simulations of both steady-state driven

2nZQ§ and freely decaying MHD turbulence (Stone et al. 1998; Stone

) o . 999; Ostriker et al. 2001) all confirm this picture. Even if ini-
With the prescription fqr the viscous stress, Eq. (5), the anguﬁ rIIy the motion is set up to be incompressible in the numerical

momentum conservation Eg. (2) becomes . . .

experiments, shocks develop rapidly due to the non-linear con-

. rs\ .3 version of the waves and the dissipation becomes dominated

R M|1-¢ T Q. (7 by the dissipation on shocks. This dissipation time is l;/v;.

the other hand, dissipation of the supersonic turbulence oc-

4



406 V. |. Pariev et al.: A strongly magnetized accretion disc model

The codficient of turbulent viscosity is also related to the field, one can obtain the following radial profilestdf = andp

largest flow coherence size and turbulent velocity as from Egs. (6) and (7)

1 H O«MgG lg { Bio \2
v =l L S X1 10‘1—E( 10)

3 rg aB?rg X 2¢ \10°G
We already know that; = va from equipartition of magnetic 26-3/2
and kinetic energies in turbulence. Alsds expressed throughxM;'G (W) , (18)
a by relation (10). This allows to estimate the largest flow co- . g »
herence size of the turbulence s 9B o 10° g o2 (l_E)

21 MG
It = 2aH. (14) . o/2-45
N _Bio M2G 1 L (19)

Consequently, the flow crossing time of the largest coherertegt g 8 10rg '

size becomes; = Q—QK It should be that; = T4 with 7a given 2B°

by expression (13). This is possible only whee: 1/ V3. Due p 4n Qg M2G2
to approximate nature of all calculations which lead us to this 0\ o o T 6-66
value fore, it is only meaningful to state that should be of X (1046) G “Mg (W) : (20)
order of 1. We assume = 1 for all further estimates. For g

a =~ 1 the largest flow coherence size of the turbulence be- r

comes of order of the thickness of the dlscv 2H, and the whereg = 1 - g\/;. We see that the disc becomes ge-

turbulent viscosity caicient takes its largest possible valu@ netrically thicker and less dense when magnetic field de-
v ~ Hua, still compatible with the local viscous description o ses: weaker magnetic field leads to weaker tangential stress
of the disc. The dissipation time-scale for the magnetic turbHEq_ (5)):H increases in order to accomodate constant angular

lence ista ~ 1/Qk. Itis very probable that such large scal€, - antum flux for the samil such thatH o B-2 (EqQ. (2));
turbulence will lead to the buoyant rising of the magnetic fiekd Y

X X - andp should decrease stronghy/e B‘l‘0 andp « Bgo, in order
loops into the corona, subsequent shearing by theréntial , gngyre vertical equilibrium with larget and less pressure
rotation and reconnection of the loops. This can result in t'%ﬁpport fromB2

formation of the hot corona or acceleration of particles to rela-

-2
=4x10*gcm3 (l—E)
2¢

(Eg. (6)); radial inflow velocity increases as

o ies (Field & R 19934 b). The i fg‘rocBIgto ensure constant mass flux.
tivistic energies (Field & Rogers a,b). The formation of & | "\, now summarize the similarities andrdiences be-

magnetized corona and the emission spectrum_from the COT8R8en our model and the standard Shakura-Sunyaev model. If
are_:_nr:pc;rtant, however, he'réa we dfocxls on the d|scd. we replace the thermal pressure in the standard model by the
. e free paLametelrs a di an g‘. so,hwednee éo Spaec'fsum of the magnetic and turbulent pressures, the equations for
ify one more physical condition, since the dependence o rpiss conservation (1), angular momentum conservation (2),

on radius in Eq. (7) is _undetermmed. .SUCh a condition shOl{ viscosity prescription (5) and vertical pressure support (4)
come from the modelling of supersonic turbulence. Lacking e the same as in the standard model. The pressure in the

deta}iled model, we assume that t_he radi_al d_ependence of 86 dard model is determined by the rate of the cooling of the
vertically averaged magnetic field in the disc is the power Ia"&isc, while thew coefficient can be an arbitrary function of

P70 a(r) < 1. In our model we have the magnetic pressure unspec-
B= Blo(ﬁ) , (15) ified in its radial dependence as soon as it exceeds the thermal
g pressure, but ~ 1 for all r. The latter results from the much
whereBy is the strength of the magnetic field atr}0s > 0 faster dissipation of supersonic turbulence than subsonic tur-
is some constant. Accretion raké can be related to the totalbulence assumed in the standard model. Both our model and
luminosity of the disd. and the radiated fractionof the rest the standard model have only one undetermined function of ra-

mass accretion flukic2. At the luminosity of an AGN dius, @(r) in the standard model ar8(r) in our model). The
determination of this free function would eventually come from
L =13x10%eMgergs™, (16) detailed modelling of the MHD turbulence.

the mass flux is
) le 3. Estimates of the disc parameters
M = 0.23Myyr? (—) Mg
€ Now let us use the solution for the disc structure provided by
Egs. (6), (7) and (15) and obtain constraints on free parameters
of the model, such that our model of thin magnetized accretion

) ) o ~disc is self-consistent. Using Egs. (7) and (6) to substitute for
Here we denote the ratio of disc luminosity to the Eddingtq( i, Eq. (1) we can express the radial inflow velocity as
luminosity bylg = L/Legq The value ok is determined by the

inner boundary condition at = rs. Typically,e ~ 0.1. Using ,, o H2
such parametrization and the expression (15) for the magngfje= g 72 (21)

=14x10%gs? (I:E) Meg. (17)
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The factorGg vanishes at = rs for / = 1 and so the surface In an optically thick disc, radiation is transported by turbulent
densityX of the disc diverges near = rs. The same diver- motions and radiative fusion. The characteristic time-scale
gence also occurs in standard disc model (Shakura & Suny&mvthe turbulent transport of radiation to the surface of the
1973). In reality, of course, viscous torque does not vanishdisc is~1/Qx. When condition (22) is satisfied, theffdision
r =rs ¢ # 1 but close to 1 and there is no divergenceof of radiation dominates the advection due to turbulent motions.
atr = rs. Determining would require a full general relativis- Thus, we can neglect turbulent convective transport of radia-
tic treatment of the accretion flow close to the black hole atidn for any values of parameters, whenever steady state mag-
is beyond the immediate scope of this work. Only parts of tmetically dominated model of the accretion disc is considered.
disc close tas are sensitive to the exact valueofForr > rs, In the steady state, the radiation flux from each surface of the
the disc structure is approximated well with the formulae idisc must be equal tQ/2 with the dissipation rat® given by
Sect. 2 forz = 1. Provided that > rs anda < 1 one can see expressions (11) or (12). Thefective temperature of the es-
that the radial inflow velocity for a thin disdH( < r) is al- caping radiation flux is determined by this dissipation @i&s
ways a small fraction of the Alen velocity which, in turn, is a 1/4 1/4
small fraction of the Keplerian velocity. Therefore, the dissipg-,; — (@) = 75% 10°K (I_E)
tion time-scalerp is always much shorter than the radial inflow ¢ 2e
time-scale. In the stationary case this means that the advective y \=%/4
. . 1/4 —1/4, 26)

terms in the energy balance equation can be always neglecte 10rg) G""Mg (
Energy balance becomes local: the rate of gas he&tstgpuld
be balanced by the cooling due to radiative processes. Now &l is the same in our model as in the standard disc model.
consider the physics of radiative cooling which determines téue absorption of photons in free-free transitions also occur
disc temperature. in the disc. For an approximate estimate of the radiative condi-

A necessary condition for the existence of a magneticafins in the disc we consider Rosseland mean of the free-free
dominated disc is that the vertical escape time for radiati@®sorption opacity

r_nust be sh04rter tha_mA, so that the energy density of radia?ff = 6.4x 10PcmPg pT 772, 27)
tion, & = aT", remains smaller than the energy density of the
B? wherep is expressed in g cm andT is expressed in K. When

magnetic fieldeg = o For optically thin, geometrically thin the efective optical thickness of the dise.2= X v{kr + kr)ky
discs this condition is always satisfied since the inverse of gstarge, then local thermal equilibrium is established in the disc
cape timec/H > Qx. As we will see, Thomson scatteringand the radiative flux is described byfdision approximation.

is the dominant source of opacity in most cases of opticaltynly in the thin surface layer at a distance from the surface less
thick discs. The average time it takes for a photon to escap@n the thermalization optical depth ~ 1, the spectrum of
out of optically thick disc with optical depth > 1 is TH/C. radiation deviates substantially from that of the black body (see
For Thomson scattering= 7c = Hneor = k7%/2, wherene is  Sect. 4 below). The solution of theffiisive radiation transport
the number density of free electroms; is the Thomson cross gives the usual result relating the temperature at the midplane
section andr = 0.4 cn?g™! is the Thomson scattering opacof the disc,Tmpa, With the dfective temperature at the surface

ity. For simplicity we assume the composition of the disc to k&hakura & Sunyaev 1973; Krolik 1999)
completely ionized hydrogen. Them, is equal to the number

. . . i, 1/4
density of protons in the diso, The necessary condition nowTmpd ~Tur 3kTX —33x 10°K
becomes 16
H2 1 B r 3/8-6
nor < —- 22 10 ) 1/4 .
c T g (22) ><(1046 M (10rg) (8)

Using Egs. (6) and (7) one can rewrite the condition (22) as 1 averaged temperature in the disc is closé{g with the
|_E@g2 <1 (23) actual profile being determined by the details of the vertical
' dependence of the dissipation rate in shocks. As in the case of
We express this and all the subsequent conditions in termghs inner radiation dominated part of the standard disgq
free parameters of the moddig, 6, Iz/e, andMs. Using the does not depend on the accretion rate. However, it is directly
expression (18) foH, the necessary condition (23) becomes proportional to the value of the magnetic field and has radial
) 3/2-26 dependence governed by the
47 % (ﬂ) Mgg(L) <1 (24)  The dominance of the magnetic and turbulent energy
100G 10rg compared to the energy density of radiation is expressed as

The condition for the disc to be optically thick for Thomso®Tmpq < £v4. One can substitute here fBfpq from Egs. (28)

scatteringrc > 1 becomes and (26). Heating rat€) is given by Eq. (11). After using
. Egs. (18-20) to manipulate with, B andH, one can reduce
4 . . . .
I '_E B1o the condition of magnetic pressure dominance over the radia-

20x1 .

2 100G tion pressure to be

r\E 9 1

MG —— 1. 25) =X 2 —.

xMsG (10rg) > (25) 4CO'TnH < o (29)
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This differs only by a factor of order unity from the necessamaluery is larger than the value af; obtained if one assumes
condition for the escape of radiation, Eq. (22). The assertidn= Tmpq €verywhere in the disc. Thgintegral in Eq. (33) is
that the condition (24) implies smallness of radiation pressuralculated to be

is thus confirmed by direct calculation. The next condition we ; g \~7/®

need to impose is that the gas pressure is small compared to}ﬁe(l —&+ _) d¢ =

magnetic pressure and turbulent stresses, which is equivalent 3t

to the statement that the turbulence is highly supersonic. F g\ [ 8\

a thermalized radiation field, this conditionri&Tmpg < pui. '(1 + 3_%) - (3_%) :

Using expressions (28) and (26) for the temperature and substi-

tuting for the density an#i from expressions (18—20) one cafBecause > 1 the number in square parenthesis is close to 1,

express the conditionk Trpg < Pvi as so we can omit it and obtain the final result fgr —
= 3 2—-7/2
oo \Y2 _ Tw = 5x 10°p?T I7H. (34)
(—O_T ] PO PBIM G < 1. (30) ) _ _
32r2acnyp When one substitutes foFmpg, H, andp their expressions

o . _ through the magnetic field and the accretion rate, the expres-
Substituting for Qx, B, and M in (30) and taking the gjg (34) becomes

—1/5 power we obtain

147/16-135/2
-51/20+25 T = 8.6x 1072 M25/8 o G3
RS ot
4/5 9 le\°( Bio \*¥2
- >~ \imc) 35
(5) () =t (3D () (is) o
€

o Generally, fors ~ 1, Mg < 1,lg/e ~ 0.1, Bjp s 10°G, and
Because the fre_e—free opaciy strongly depend; on temper _ 10rg, 74 ~ 1. However, because of steep dependence of
ature and density (Eq. (27)), the vertical density and tempet-on 1. Mg, and By, the value ofry can become large for

ature distributions are needed to evalua1¢§imulations iN" |ower accretion rates, more massive black holes, and stronger
Miller & Stone (2000) show a sharp density drofi by two magnetic fields. The ratio afy o 7¢ is

orders of magnitude at the surfaces of the disc (see Fig. 11 in
Miller & Stone 2000). Inside the slab bounded by this density;
drop df the magnetic field and kinetic energy are in approx_
imate equipartition. For the purposes of calculatifigetive I\2/ B 52
optical depth for absorption we approximate the density prong(_E) ( 10 ) . (36)
betweenz = —H andz = H inside the disc as constant and \2€ 10°G

assume zero density at the disc surfaces at +H. Modest e see that for the typical values of the parameters above
observed in numerical simulations support this and also siSmpton scattering optical depth for smaller value:cdnd

gest the assumption of a uniform turbulence dissipation rafiarger radii. When < . the dfective optical thickness of
across the thickness. With these approximations, the solutigg disc becomes = 7gre or

for diffusive radiation transport in the vertical directinrcan

= 42x105M2® (L

-2

)75/16—56/2

. ] . 219/32-215/4
be written (Shakura & Sunyaev 1973; Krolik 1999) T - 13x Mgl/m(lcr)r ) G2
8 z g
4 _ T4 =~ _ _
= Tmpd 3Tc * (1 H ):| ' (32) X I_E 2( BlO )21/4 . (37)
2¢ 100G

The Eddington approximation near the surface H of the
disc was used to obtain this temperature distribution Tapd=  Whenrg > 7 the efective optical thickness is equaltg.
V2 T|,. according to the solution (32). This solution is not Finally, the ratio of the disc semi-thickneldsto the radius
valid near the surface of the disc in the region dominated bging (18) is
Compton scattering but givasin the bulk of the disc if, > 1.

_ 26-5/2
Using the expression (32) farone has for the optical depth of ! _ 51« 102 [E ( Bio ) ’ M—lg(L) e (38)
the disc for free-free absorption r 2¢\10°G ® ¥ \10rg
H Now we summarize conditions when our model is valid:
T = f prir dz = 6.4 x 107 p*T, I'*H . . "
0 1. The necessary condition (24), which is also the condition
1 g\ /8 for the dominance of the magnetic pressure over the radia-
Xfo (1— £+ 3—%) dé, (33) tion pressure.
2. The condition (31) for the dominance of the magnetic pres-
where¢ = z/H, p andT are expressed in g crhand K. The sure over the thermal pressure of gas in thermalized opti-

value of the integral ove# determines how much the actual cally thick disc.
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Fig. 1. Plots of conditions when our model is valid. Plots are fbr= 10° M, ands = 5/4. On each plot values of radius extend frong ®

100Q4. The panels dfer by values ofg/(2a€). On each panel, any given model of the disc is represented with a horizontBl| direconstant.

Filled areas indicate regions where a magnetically dominated geometrically thin and optically thick disc can exidtefdrdiin filling

represents dlierent types of spectra emitted locally from the surface of the disc: the regions with black body spectra are filled with lines in
top-left to bottom-right direction and the regions with modified black body spectra are filled with lines in bottom-left to top-right direction.
There are seven types of lines on each panel: (1) upper solid line curved upward on each plot bounds the region where radiation pressure is
small compared to magnetic pressure and turbulent stress (below the curve); (2) lower solid line curved downward on each plot bounds the
region where the disc is thin, i.el < r (above the curve); (3) long-dashed line bounds the region where thermal gas pressure is small compared

to magnetic pressure and turbulent stress (below the curve); (4) short-dashed line separates the regions where the disc Thomson optical depth
7. < 1 (above the line) and. > 1 (below the line); (5) long-dashed and dotted line separates the region where the disc free-free optical depth

7¢ > 1 (above the line) and; < 1 (below the line); (6) short-dashed and dotted line separates the regions where tliedise @ptical depth

Vrz7c > 1 (above the line) and/tz7. < 1 (below the line); (7) dotted line separates the regions where the disc free-free optical depth exceeds
Thomson optical depth > 7, (above the line) from wherg; < 7, (below the line).

3. The condition for the disc to be optically thick. This is eifas on our plots fos = 5/4) a thin magnetically dominated
ther condition (25). > 1 or the condition thats given by  disc (shadowed regions on the plots) is possible fgr&r <
expression (35) is greater than 1. 1000Qy. The window for the strength of the magnetic field is

4. The condition that the gas and radiation inside the disc aret very wide: about one order of magnitude or less. This win-
in local thermal equilibriumz, > 1, wherer, = ¢ if dow is narrower for low masses of the central black hole and
T¢/7c > 1, andr, is given by expression (37) iy /7. < 1. is wider for higher masses. The vallig/(2a€) = 10 corre-

5 H/r < 1. sponds to about the Eddington accretion ratecfer 0.1, and

because ofr ~ 1 in our model (see Sect. 2). Higher values of

We varied the parameteks/e, §, Mg to obtain the allowed re- I/(2a€) correspond to higher accretion rates. Allowed values

gion of our disc model in th8,, r/ry plane, using the aboveof the magnetic field are higher for higher accretion rates. The

five conditions. These plots are shown in Figs. 1-2. magnetic fields in the discs around higher mass black holes are
Depending on the powerin the dependence of magneticsmaller than in the discs around lower masses black holes as

field B o« r=¢, optically thick magnetically dominated accretions temperature of the disd f,pd) and the surface radiation flux.

discs can exist only at a limited interval of radii. Fdr~ 1 For large luminositiesl§¢/(2a¢€) 2 1) the inner disc cannot be
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Fig. 2. Plots of conditions when our model is valid. Plots are done in the plalg.andr/rq for M = 10M,, andé = 5/4. All notations are
the same as in Fig. 1.

optically thick for true absorption but can be optically thickecause of the self-absorption in the dense disc, the total flux
to free electron scattering. Comptonisation becomes significafityclotron emission from the disc surface is negligibly small
for in the inner regions at high luminosities (see Sect. 4). Vé@mpared to the total radiated pow@r This power is entirely
leave consideration of Comptonised regimes for future workdue to free-free and bound-free radiative transitions. Cyclotron
Physically, the limitations on the magnetic field strengtand synchrotron emission can be important in the rarefied
can be understood as follows: suppose one decré&@segile and strongly magnetized disc corona (Ikhsanov 1989; Field &
keepingM constant. ThenH « BI§ is increasingX o« B?, Rogers 1993a; Di Matteo et al. 1997), but our focus here is on

10
andp « B‘lio, both decreasing (Egs. (18—20)). Scattering opaite disc.

ity through the discrc « X strongly decreases, so the heat \We perform a simplified calculation of the emergent spec-
is transported to the surface faster ahghg o< B1o decreases trum. We assume local thermodynamic equilibrium and do not
(Eg. (28)); thermal and radiation pressures decreas&nas consider €ects of the temperature change with depth. This is
B}, andPraq o B}, respectively; plasma paramegatdecreases, justified when the spectrum is formed in thin layer near the disc
so the disc becomes more magnetically dominatgdindz.  surface. For simplicity we do not include the bound-free con-
both decrease since their decrease due to I@wavercomes tribution to the opacity. Free-free opacities are the dominant
the increase of the absorptive opacity from the drop of the tegburce of thermal absorption far 2 10°K, so our simpli-
perature. Therefore, there exists only a limited intervaBgf fied spectrum is most relevant for smaller masses of the central
such thap < 1 still the disc is optically thick to true absorptionplack hole, for which the inner disc is hotter. Our goal here is to
capture the #ect of the magnetic field on the shape of the spec-
trum. We consider only optically thick disc models with both
7. > 1 andr. > 1. The electron scattering opacity does

not depend on frequency in the non-relativistic limit, whereas
4.1. Calculation of spectra free-free absorption opaciky(v) is a function of frequency:

4. Radiation spectra of optically thick magnetically
dominated disc

Free-free, bound-free and cyclotron emission could contribute . Ll
to the radiation spectrum. In Appendix A we show that(v) = 1L.5x 107 cmPg *pT "/ TQ(X, T, (39)
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where we denote = . Thus, the parameters of the dis@€fined such thatz(vo) = «r. However, if frequency averaged
free-free opacity is larger than Thomson opagify;T, p) > «T,

thenhyg > KT and almost all the radiation is emitted as a black
body spectrum. In the opposite limitz(T, 0) < «1, one has
I;B/o < KT and the spectrum is mostly modified black body,

model Byp and § will affect the spectrum by means ef
dependence op and T/Te. Gaunt factorg(x, T) is slowly
varying function ofx and T between approximately.® and

5 in wide range of frequencies and temperatures (Rybicki o .
Lightman 1979). Moreover, in the wide temperature intervtﬁganSItIng to black body only at lowest frequencies< vo.

10°K < T < 10°K Gaunt factor is between® and 2 for fre- _otted line in Figs. 1-2 sep_arates Tegio_”s Mﬁhf” and
quencies @ < x < 10 near the maximum of thermal emission." .. “T" We see that the optically thick disc has < «r and

. ; : : emits a modified black body spectrum in the inner parts but
It is quite reasonable to se{x,T) = 1, which we do in al may become absorption dominated in the cooler outer parts
further calculations. Note, thal behaves as/&? for x <« 1, y P parts,

S : where black body spectrum will be emitted. At lower accretion
so free-free absorption is always more important at lower frFeites le/(2€) < 104, all the surface of the disc will emit black
guencies than electron scattering. ' .

The energy transfer due to repeated scatterinbOdy speptrum (with dfgrentT. at different radii, of course). .
(Comptonisation process) is characterized by Comptgn e locations of the regions with mostly black body and modi-
A f8d black body spectra over the disc radii are fairly insensitive
y(v) parameter (Rybicki & Lightman 1979) to the black hole masb1. The surface temperatufiein for-
4kT 5 mula (42) should be determined by equating the total emitted
Y= MeC2 MaX(TES TeS)' (40) flux, the integral ofF, over all frequencies, to the half of the

. , heat production rat® per unit disc surface (half is to account
where the optical depth for Thomson scatterinngv) must P Qp ( hy

be measured from theffective absorption optical thicknessfor two surfaces of the disc). Introducing variable: ; —- one
7.(v) ~ 1 and is given by (formula [7.42] in Rybicki & can write this energy balance condition as

Lightman 1979) 0 KT o 3dx
krke(v) \M? 2~ e fo e —1)(1+ VI ) #4)
Tes(V) (L) . (41) (e - )( + + KT/Kﬁ)

1+ ke(v)/xr

. . 27k

If y(v) < 1, photons do not change their initial frequendy Further introducing Stefan—Boltzmann constant 1528

the process of repeated scatterings before they escape theistarright hand side of Eq. (44) andfective temperatur@/2 =
face of the disc. While ify 2 1 the Comptonisationfiects o T (Eq. (26)) into left hand side of Eq. (44) we can transform
become significant. We calculated valuesyofising expres- EQ. (44) to

sions (40), (41) and (39). One can see tha always mono- T4 415

tonically rising with frequency, therefore, the Comptonisatioft;- = — P
effect at higher frequencies is always more significant than her f 2 xdx
lower frequencies. On the other hand, there is very little ra- 0 1+ VI+kr/ag€ -1
diation athvy > 5kT due to exponential cutfbin thermal 4 © y3dx _ o
spectra. It turns out that in most casgs) <« 1 for opti- Since = = fo o_1' | Is always larger thaffer. This is

cally thick disc models and fdm < 5kT. Exceptions are the jn accordance with general thermodynamic argument that the
cases of high accretion rateg'e 2 1. In those cases, innerp|ack body is the mostficient emitter of all. Equation (45)
parts of the accretion disa (< 30rg) can havey > 1 and tggether with expression (39) fek, expression (20) fop, ex-
Comptonisation will influence the highest frequencies of thgession (26) fofTer, andkr = 0.4cn?gt has been solved
disc spectrum. Ignoring these exceptions, we did not take it{Gmerically to determing (r). After one knowsT = T(r), itis
account Comptonisation in the following calculations and agpssible to integrat€, (r) (42) over the disc surface to obtain

sume coherent scattering. This assumption has been checkggapectral distribution of the total energy emitted by the disc
posteriori for self-consistency.

(45)

fout

In the case of coherent scattering the approximate exprgs-— 2 2nrF, dr, (46)
sion of the radiative flux per unit surface of an optically thick Fin
medium is given by (Rybicki & Lightman 1979) where the 2 accounts for the two surfaces of the disc.

Arhv?/ 2 When a significant interval of radii exists where the emitted
F, ~ . (42) spectrum is a modified black body, ety < KT, it is possible
(€T - 1) (1+ VI+&r/xa(%T)) to get an approximate analytic expressionEorFory > vy we
use expression (43) fdét,, which becomes

F, approaches black body spectra,(T) in the limit kg >

o .

xt and becomes modified black body spectrum F, = 26x10° erg TS, 2,312 e _ 7)
scn? Hz Vi—ex

F, = 2nB,(T) Vka/kr (43)

Integrating expression (47) over frequencies by integrating
in the limit kg < 7. A part of the disc can emit black bodyfrom 0 < X < oo, we obtain
spectrum at lower frequencies< v and modified black body

. . X erg
spectrum at higher frequencies> vo, wherevo = vo(p, T)is 5 = 8.2x 10 ng/“pM,



412 V. |. Pariev et al.: A strongly magnetized accretion disc model

which can be solved for the temperature using expression (1@jether with expression (48) fék and expression (20) far
for Q. Let us denote the temperature found in this wayThy

The expression fofs is -46/27 Bin \329
- 1 'e 46/27( P10
I \8/9 Bin \-4/3 Xos~ 1.5 107 (Ze) Mg (104 G)
_ o E -8/9 10
Ts=21x10K % Mg 107G 46/9-325/9
€ v g—46/27 (50)
P\ 8343 " 10ry '
x| — ) 48
&) ¢ (48)

N T bsti inth ion (47 d For x < Xps Spectrum gradually transits to the sum of a lo-
ow we useTs o substitute in the expression (47) 1y, and ., )\, 0 body withT = Teg, which hasg, « v/3 (Shakura

then to expression (46) to obtdlh. It is convenient to switch & Sunyaev 1973: Shapiro & Teukolsky 1983; Krolik 1999).

from the integration i tr? tf(]jeTintegration ikin Eq. (46). We Finally, for hy < KT(fou) the spectrum is the sum of v2 low
do so by writing &k = - =S4 and expressing throughr  frequency black bodies of < vo. When the outer part of the

T2 _ . .
KTg dr r,g_isc, whereq > «r, is sUficiently truncated then thi, o v/3

S
for a givenv from Eq. (48). This procedure can be done an . .
. : - : . ... partofthe spectrum may be absent and the spectrum will transit
lytically if one putsg = 1, that is our analytical approximation”,. tly fromE, o v#-5/E4) power toE, « 12 power.

does not describe spectrum emerging close to the inner edg '6¢¢ _ _ _
the disc, whereg deviates from 1 significantly. Carrying out  In summary, we see that magnetically dominated accretion

calculations one obtains discs have power law spectra with the spectral index depend-
s ing on the radial distribution of magnetic field strength such
E = a0x 10y 1042 &1 lg \3@ that, E, o v#-5/(-%) This contrasts the standard weakly
v = Gex X sHz \ 2¢ magnetizede-disc which shows a declining modified black
g N body formed from the inner radiation dominated disc with
«MIED ( Bio )H Lo (49) E, ocv25,
8 100G/ (2-9) '
Xout 3(2-3) e X
X X462 ——— dX, . . .
X 1_ex 4.2. Modified black body spectrum in a standard disc
hy As a side remark we note that the value for the spectral index
wherex, = and Xout = We take for typ- vdInE

KTs(ri KTs(rou) v -
ical estimateS'mS(:m)lorg androy = 51(006%9 as the inner and y = da close to 0 found for the latter regime of accre-
outer edges of the disc. Although inner parts of the disc cofi@n disc by Shakura & Sunyaev (1973) (text on page 349 after
tribute significantly to the total emitted power and determirfed- (3.11) of that work) is dierent from oursy = -2/5. It

the most energetic part of the spectrum, the calculation of ti§e2asy to follow the exact prescription of Shakura & Sunyaev
spectrum there must be performed by taking into account f4&973), namely calculate integral [3.10] in their work for spec-
tor G, not to mention relativistic féects. The outer extensiontrum [3.2] and temperature [3.7]. As a result we obtgir-

of the disc at 100 is somewhat arbitrary, but the disc be=2/5 rather thany = 0.04 given in Shakura & Sunyaev
yond 1000y is too cool to be described by our simple radit1973). We need to point out this discrepancy because it is

ation model and, in the case of AGNs, even the existenceflely stated in many textbooks on accretion discs (Shapiro
the disc forr > 100Gy is questionable because of the in& Teukolsky 1983; Krolik 1999) with the reference to Shakura

stability to the gravitational fragmentation. The value of th& Sunyaev (1973) that high luminosity accretion discs have al-
integral in formula (49) decreases exponentially fgr > 1. Most flat plateau in its spectrum before the exponential fiut o
This corresponds to an exponential diiia the spectrum for corresponding t&T(rs). However, the flat spectrul, o v*/2°

hy > KT(rin). If Xin < 1 butXout > 1, then the value of the inte-iS Produced by part (b) of the standard disc model, where gas

gral is almost independent erand is a slowly varying function Pressure dominates over radiation pressure. The spectral index
of 6. We see thaE, o v%-5/@4%) in this case. ThusE, is ris- ¥ = 1/29 is close to the: = 0.04 given in Shakura & Sunyaev

ing for & > 5/4 and declining fob < 5/4. If bothx, < 1 and (1973) but the radial dependence of the surface temperature in

Xout < 1, then it is possible to see from the expansion of t@N€ (b) isTs o r=2%* rather thans « r=5 given by their
integral in expression (49) th&, o« v. At frequencies below formula [3.7]. Thus, the standaxe-disc possessing both (b)

hv = KT(rou) the whole disc surface would contribute with thénd (&) zones should have spectrum steepening from plateau to
low frequency tails of modified black body spectra, which scafe?” > and then exponentially cuttingfat the temperature of
asF, « v (Eq. (47)). Therefore, it is easy to understand tH&€ inner edge. Because the intervals ofvhere approximate
scalingE, o v for hy < KT(reu). However, we do not see the@nalytic expressions for emitted spectrum are valid, do not typ-
latter spectral index in calculated spectra becayseecomes ically exceed one order of magnitude (the same is true for our
comparable tor already at the frequencies whexg, > 1. disc model as well), one does not see “pure” extended power

The E, o« y*-5/@%) |aw extends down to the frequency atdws when calculating spectra numerically by using general
hvo expressions (42) and (44). For example, Wandel & Petrosian

which Xin = Xo(Tin), Wherexos = KTo(r) is found by equating (19gg) foundy = —2/5 slope in the narrow interval between
ki = k1. FOrxos < 1 one obtains using expression (39) fgr 1000 A and 1450 A by numerically integrating disc spectra.
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Fig. 3. Dependencies of the half-thickness of the dison radius for magnetically dominated disc (solid line) and Shakura—Sunyaev disc with

the samdg/e and Mg parameters and viscosity parameatee 0.1 (short-dashed line) and = 0.01 (long-dashed line). The breaks in the

curves for the Shakura—Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in
zone (a) and zone (b). Fhy/(2¢€) = 10°2 zone (b) extends down to the inner edge of the disc.

4.3. Results of spectrum calculations same mass of the central object. We use approximate analytic

We present results of the simplified analytical integration (Sgpressmnsforthe parameters of the diSed, %, Trmpd) in the

. iation dominated zone (a) of the Shakura—Sunyaev model
the spectrum using Eq. (47) as well as more exact numengia(fJI ' : z (2) u unyaev

integration using Eq. (42), solving fdF from Eq. (45) and in- nd thermal pressure dominated zone (b) (Shakura & Sunyaev

tegrating Eq. (46). Functiog(r) was kept in numerical Calcu_1973). The magnetically dominated disc is thicker than the

; ) X ste];ndard disc. For higher accretion rates, the standard disc has a
lations, so the results are applicable to the innermost parts g

. . . h h ition f i i -
the disc, where the most of energy is radiated. For a ghden concave shape due to the transition from inner zone (a) to inter

andlg/e, an optically thick magnetically dominated discs exisr{“Ediate zone (b), which allows illumination of the outer parts
E ’ H H H H
within 5ry < r < 1000, only for § in the interval of about 1 to of the disc by the inner hotter and brighter parts. Magnetically

; ) . minated disc has convex shape, which exclude such illumi-
1.4. In Figs. 3—-11 we illustrate models for the four choices %Ztion P
parameter sets: '

In Fig. 4 lot th i f th I hick
1. Mg=1' = 01,6=5/4Byp=3x 165G, n Fig. 4 we plot the dependencies of the column thickness

2 through the dis& (Eq. (19)) on the radius and also compare to
2. Mg=1,5=01,6=1,Bio=3x 10°G, Shakura—Sunyaev standard disc. The magnetically dominated
3. Mg=1,%£ =01,6 = 1.4,By=5x 10°G, disc is much less massive than the standard disc. Bathd
4. Mg =1, '2—EE =103,6=5/4,Byp=7x10°G. p are smaller for magnetically dominated discs, and only in the

The dependencies df onr given by Eq. (18) for four pa- inner~10rg are the densities comparable.

rameter sets are plotted in Fig. 3. For comparison we also plot The dependencies of mid-plane temperaisg; on radius
the half-thicknes#l in the Shakura—Sunyaev model of the disgiven by Eq. (28) are shown in Fig. 5. On the same figure we
with the same accretion rate (parametrizedlje) and the also plotTmpg in the Shakura—Sunyaev model afigr given
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Fig. 4. Dependencies of the surface dengitgn radius for magnetically dominated disc (solid line) and Shakura—Sunyaev disc with the sam
Ie/e and Mg parameters and viscosity parametet 0.1 (short-dashed line) and = 0.01 (long-dashed line). The breaks in the curves for the
Shakura—Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in zone (
zone (b). Folg/(2€) = 1072 zone (b) extends down to the inner edge of the disc.

by Eq. (26), which is the same for magnetically dominatettie magnetic and turbulent pressurB$/(4r), is the same as
and standard discs. Because of the lower column densitytladit of the radiation pressure inside the dias'qir‘]pd, aside from

the magnetically dominated disEmpq is less than for standardthe factorg. If 5 = 51/40, then the radial scaling &?/(4x) is

a-discs. the same as that of the thermal pressure inside therdi3g,g.

The dependencies of magnetic plus turbulent pressufégerefore, by choosing= 3/4 and adjusting the magnitude of
~B?/(4n), radiation pressure in the disc mid-plafgy = BiooOne can constructthe model with approximately congtant
aTr‘T‘]pd/& and thermal pressure in the disc mid-pldhg = in the zone where radiation pressure exceeds thermal pressure

nkTmpg are presented in Fig. 6. We see that the assumptionBf choosings = 51/40 one can construct constghimodel in
magnetic pressure dominance is well satisfied for our modéte zone where thermal pressure dominates radiation pressure
except in the innermost regionss 10rg, for higher accretion We illustrate this in Fig. 7, where we show the dependencies
rateslg/(2¢€) = 0.1, where radiation pressure becomes compaf pressuresp, H, andX onr for our model withs = 3/4,

rable to the magnetic pressure. The latter fact limits the exls/(2¢) = 0.5, andMg = 1, and for the Shakura—Sunyaev model
tence of magnetically dominated regime in the innermost pavh a = 1 for the same accretion rdtg/(2¢) andMs. The tran-

of accretion discs for higher luminosities. Plasma parangtesition from zone (a) to zone (b) in this Shakura—Sunyaev model
defined a8 = 87(Paq + Pin)/B? decreases with radius andoccurs ara, = 360rg. The breaks on the curves corresponding
varies from~1 to ~1072 in our models. to the Shakura—Sunyaev model occur atr,, in Fig 7. We ad-

In the limit 8 = 1 magnetic pressure is comparable to tH'Q_stedBlo such that the magnetic pressure will be in equipar-

largest of radiation or thermal pressures and our strongly magon With the radiation pressure in our model. Then, as it is
g

netized disc model transforms into Shakura—Sunyaev mogef" from the top-left plot in Fig. 7, thermal pressure is less
with @ = 1. If 6 = 3/4 in our model, then the radial scaling of@n Magnetic and radiation pressuresrfdess than some



V. . Pariev et al.: A strongly magnetized accretion disc model 415

l!II|II]||||I|I1III|IIIJ| ||||I|||]||III|IIIII1II

6 I 6~ 7
- ] L _
r \\ - ._\ -
- \\\ ~ 4 _\ \ -
L i LS i
s N .
L _ i SO\ ]
| § L SN _
- o - ~ -
~N
- n - \\\ E
4~ - 4~ SON T
I N - ) \\\ E
I J - \\‘ \\\ 4
- B,,=3x102G N - B,,=7x102G S
5 | le/(2e)=0.1 ] 5 |- le/(Re)=1E-3 ]
- " 6=5/4 ] " 6=5/4 ]
) el ey by 1y !

w0 (L | LI T I T ¥ I LA ] LI I
I°) 6 1 1.5 2 25 37
- .
- T~ -
f= \ -
5 — -
4 b _
- B,=3x10°G . - B,=5x10%G 1
L [ 1/(ze)=0.1 ~ L L l/2a=01 ]
L 0=1 i L 6=14 4
Tl J| | | | L1t | | | | L 111 |_ L1t 1 | | | ‘ | I || | | | ’—

1 1.5 2 25 3 1 1.5 2 25 3

log(r/r,) log(r/r,)

Fig. 5. Dependencies of temperatures on radilys;q for magnetically dominated disc (solid lin€);,yq for Shakura—Sunyaev disc with the
samelg/e and Mg parameters and viscosity parameates 0.1 (short-dashed line) and = 0.01 (long-dashed line)f¢ (dashed-dotted line).

The breaks in the curves for the Shakura—Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate
analytic expressions in zone (a) and zone (b).|[E42¢) = 10°2 zone (b) extends down to the inner edge of the disc.

and exceeds magnetic and radiation pressures ferr;, so throughout the disc, but whenhdeviates from 54, 7, starts to

our model is not applicable far > r.. The subsequent threeapproach 1 either at the inner or at the outer edge of the disc

plots show that. ~ rap. Two right plots and bottom-left plot in and so our model breaks down at those radii. With the decrease
Fig. 7 show thap, H, andX in our model forr < r¢ are very of the accretion rate, the disc becomes cooler and denser so the
close top, H, andX in Shakura—Sunyaey = 1 model in the absorbing opacity rises and becomes larger than the scattering
radiation pressure dominated zane: rap. A similar conclu- opacity in the outer parts of the disc.

sion holds for the transition of our model wish= 51/40 to a

Shakura—Sunyaev zone (b) model fos ryp andB = 1. The ) ] )

radiation spectra of our model in the lifit= 1 also approach !N Fig- 9 we showTeq(r) given by Eq. (26)Tmp(r) given

that of the Shakura—Sunyaev model, as shown by direct nunfd¥-EA- (28),T<(r) given by Eq. (48), andr(r) by solving

ical calculations. The power law modified black body spectruffl- (45) numerically. Note thalter and surface temperatufe
E, o« v4-5/8-4) derived in Sect. 4.1 becom&s « v2/5 for € always smaller than tfigyq for an optically thick disc. For

§ = 3/4 andE, o« v/2for 5 = 51/40, which is coincident with |0W accretion ratelg/(2e) = 10°%, &g > k7 andT ~ Ter. Inthis
the modified black body power laws for the Shakura—Sunyag&Se:Ts is ill defined andsvalues Ofs < Ter are unphysical on
zone (a) and zone (b) spectra (see Sect. 4.2). the plot forlg/(2¢) = 10~° and also for > 100rg on the plot

The dependencies of optical depths through the half df9% 6 = 1,1e/(2¢) = 0.1. The temperaturés becomes a good

thickness on radius are shown in Fig. 8 for four parameter sét@proximation folf whenTs > Ter (Scattering dominates over

The three curves plotted arg; given by Ed. (35)r. = k1%/2, absorption in the surface layer). Unlike the values and slope
P i y Eq. (38)7c = kr2/ of Tmpa(r), which substantially increases with increasighe

. . . _ X ——
and the @ective optical thickness. = > V(kr + kg)kr. FOT yalue of T is less sensitive t6: only inner parts of the disc be-
6 = 5/4, the dfective optical thickness, is almost constant comes slightly hotter for larger values&fBoth T and T are



416 V. |. Pariev et al.: A strongly magnetized accretion disc model

8 -I__'I T T TT | T T 171 ] T 1T | LU |__ 8 I-_l T T | FrorrT I LI | T T TTF TTTT —_l‘
6r § 6 -

4 . 4 .

2r ; 2 .
0 . o .
s 2F ] oL ]
3 [ 6=5/4 ] [ 0=5/ o]

- I I | | | l 1 11 | 1§ | | | | | 1 | | | 111 | | S ) | | .| I | l\l 1 |
D—4 8 Ll T | L | L | L I LI I_ I_I L I L ] L | 1 11 | 1 11 |—
2 - 1 15 2 25 3] 8 1. 2 ) 3]
6 7 6 :‘ ‘:
4 - ” 4 _ _
2 - . 2 .
o . oF .
- B,=3x10%G 1 - 1
o L 1,/(2e)=0.1 _ Py .
[ 0=1 ] [ 6=14 <

1 1 | L1411 l | | | S | | | | l 1 1 1 | | | | 1111 | | I ] | Ll 11 |

1 15 2 25 3 1 15 2 25 3

log(r/r,) log(r/r,)
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changed significantly when the accretion rate or mdsare the dissipatiorQ (expression (12)):
changed. oo Tout

Figure 10 shows the results of calculating Comptonisati&h= f E dv= 2nrQdr =
y parameter according to Egs. (40) and (41). We conservatively | fin r
setx = 5 for the calculation of. Then,y is the function of ra- 9.5x 10*erg s £Mg—~ (51)

dius alone. On the same figure we also shpoim the regime

of modified black body spectrum, usifg and writing the
%K—T. We see that
MeC? Kip

€ lin
Fin 2 ( I's lin Is )]
xl1- 22— S =22 2.
lout 3° Fin lout lout

simplified version of Eq. (40) ag =
Comptonisation is not important for our mogels eveninthei
ner disc.

Energy spectr&, are presented in Fig. 11. We normalize@
frequency to the characteristic frequency of &lieetive black
body from the inner disc, namely, we plot versuyse;, where

romri, = 3.1rg to roy = 100Qrg with the factorg(r) taken into

in its regime of validity &, > Xos(rin)). Because the analytic
expression was obtained by setti@g= 1 in Eq. (48) forTs, it

\Il spectra shown in Fig. 11 were computed by integrating

ccount. We also show the spectrum calculated by using the ap-
roximate analytic expression (49) for a modified black body

overestimates the temperature in the inner parts of the disc by

|_E)l/4 VR a factor of a few and does not describe the high energy part of

hveg = kTeff(lo'g) =6eVx (2
€

8 the spectra correctly. The lower frequency at which the sum of

modified black bodies is still a good approximation, increases
so the spectra plotted cover the range fiBbiV to infrared for with the overall increase of absorption in the disc. For parame-

M = 10° M,. We checked that the total thermal energy emittedr set 4 above, with:/(2¢) = 1072, pure modified black body

from the disc between, andr,, calculated as an integral ofcannot be used at all, so the corresponding panel in Fig. 11

the spectrum over frequencies is equal to the surface integratlobs not show a second curve. The spectrum fos/4 (solid
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Fig. 7. Comparison of3 = 1 limit of magnetically dominated disc model with= 3/4, Ig/(2¢) = 0.5, andMg = 1 and Shakura—Sunyaev
model. Top-left plot shows the radial profiles of magnetic plus turbulent pressBf¢(4r) (solid line), Praq (Short-dashed line), arféy, (long-
dashed line) in the magnetically dominated model. Bottom-left, top-right, and bottom-right plots show the radial prefilBsasfdH in the
magnetically dominated model (solid lines) and the Shakura—Sunyaev model with(dashed lines). The parametkri2¢) andMg are the
same for magnetically dominated model and Shakura—Sunyaev model.

line) shows flat plateau extending by more than an order $hakura—Sunyaev disc are very close to the sum of local black
magnitude in frequency in accordance with analytical resuttodies with temperaturébg(r) (Wandel & Petrosian 1988).
Although the declining top part of the spectrum foe 1 and In general the spectra of our magnetically dominated discs are
rising top part for6 = 1.4 are apparent, the interval of fre-close to the spectra of Shakura—Sunyaev discs, so it seems to
guencies, where a modified black body approximation workse dificult to distinguish between them observationally. This
becomes small and blends with the*/® spectrum of the sum means that sources with discs previously thought to be ther-
of local black bodies. Thus no dependencé&dmevident here. mally supported could actually be magnetically supported.

The top right plot for low luminosityg/(2¢€) = 1072 is indis-
tinguishable from the sum of the local black body spectra. Afl
spectra behave like v? for low frequencies. In Fig. 11 we also
show spectra of a Shakura—Sunyaestisc with the samé:/e We have found self-consistent solutions for thin, magnetically
and Mg parameters to compare with plots of a magneticalgupported turbuleznt accretion discs assuming the tangential

dominated disc With_viscosity parameter= 0.1. These spec- stressf, = cx(l‘)E. When compared to the standaretlisc
tra were calculated in the same way we calculated the spectra 4 . :

of the magnetically dominated disc: first we found the surfadi0dels (Shakura & Sunyaev 1973) magnetically dominated
temperaturd (r) by solving Eq. (45) with the(r) profile taken discs _have lower _su_rface and volume dgnsmes at the same
from standardr-disc model, and then integrated Eq. (46) witRccretion rate. This is due to the morgii@ent angular mo-

F, given by expression (42). For low accretion rates of ord8tentum transport by supersonic turbulence and strong mag-

of 10-2 of Eddington accretion rate and smaller, the spectra %?ticfields than the subsonic_thermal tqrbulencg ofthe stgndard
model. As a result, magnetically dominated discs are lighter

Discussion and conclusions
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and are not subject to self-gravity instability. In the limit ond produce @ = 1 disc, the MRI might be dficient. To
plasmgs = 1, magnetic pressure is comparable to the largesitain a8 < 1 supersonic turbulence may require something
of radiation or thermal pressures and our strongly magnetizelde. One possibility in AGN appeals to the high density of
disc model transforms into the Shakura—Sunyaev model witars in the central stellar cluster surrounding AGN accretion
a=1. discs. Passages of stars through the disc might be an externa

When we derived the disc structure, we made no expli§Purce of supersonic turbulence analogous to the supernovae
distinction between turbulent and magnetic pressure supp®f®losions being the source of supersonic turbulence in the
and angular momentum transfer. As such, our model would §é@laxy. Stars pass through the disc with the velocities of or-
valid in any situation in which the magnetic and turbulent kier of Keplerian velocity, which is much larger than the sound
netic energies are comparable to, or greater than the therfRged in the disc. We consider the support of turbulence by star-
energy density. The assumption that the kinetic and magnétigc collisions in Appendix B and find that statistically speak-
energies are nearly comparable is natural because turbuldRe Star-disc collisions are unlikely to provide enough energy
should result in the amplification of small scale magnetic field@ Sustain supersonic turbulence in most AGN accretion discs,
in highly conducting medium due to dynamo action. Typicallﬁowever the possibility remains that a .small nurr_iber out of a
in a sheared system, the magnetic energy can be even sliglfge population could become magnetically dominated.

larger than turbulent kinetic energy since the magnetic energy |ndeed whether a disc could ever really attain a magneti-
gains from the additional shear. We find that the thermal Speggly dominated state is important to understand. The present
trum from the surface of the magnetically dominated disc in thgyswer from simulations is not encouraging, but not com-
optically thick regime is close to the spectrum of the standagibtely ruled out. Further global MHD simulations of tur-
Shakura—Sunyaev disc. bulence in vertically stratified accretion discs with realistic
The issue arises as to how the magnetic field could reguhysical boundary conditions are needed along with more in-
sonic or supersonic energy densities. To obtain sonic turbulemegretation and analysis. Magnetic helicity conservation for
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example, has not been fully analyzed in global accretion disaoyancy (althougl8 < 1 disc solutions are also possible,
simulations to date, and yet the large scale magnetic helicierloni 2003). Though coronae can form in systems with high
can act as a sink for magnetic energy since magnetic heligitynteriors, the percentage of the dissipation that goes on in the
inverse cascades. interior vs. the coronae could Bedependent.

As an intermediate step in assessing the viability of low

B discs, it may be interesting to assess whether they are sta-The main purpose.of our study was S|mply to explore the
nsequences of making a magnetically dominated analogy to

ble. One can take, as an initial condition, the stationary mo‘%%akura and Sunyaev, and filling in the parmeter regime which

of the magnetically dominated accretion disc given by expns['rs{ey did not consider. In the same way that we cannot pro-

slons (1.5)’ (18-20) with the '”'“"’F' mggneﬂc field sat|sfy|ng.avide proof that a disc can be magnetically dominated, they did
constraints of our model and falling into the shadowed regions fth di b bul but ; d
on plots in Figs. 1-2 not present proof that a disc must be turbulent, but investigate
a Ny _ _ _ the consequences of their assumption. We also realize that the
One point of note is that magnetically dominated discs Maiveq disc formalism itself can be questioned and its ultimate

be helpful (though perhaps not essential, if large scale magn&#ifidity in capturing the real physics is limited. Nevertheless it
fields can be produced, Blackman 2002; Blackman & Parig¥|| has an appeal of simplicity.

2003) in explaining AGN sources in which 40% of the bolo-

metric luminosity comes from hot X-ray coronae. If the non- Finally, we emphasize that our model does not describe dis-
thermal component in galactic black hole sources is attributsigpation in the corona and interaction of the corona with the
to the magnetized corona above the disc (e.g., Di Matteo etdisc. Further work would be necessary to address relativistic
1999, also Beloborodov 1999 discusses possible alternativgsirticle acceleration and emission, illumination of the disc sur-
then magnetically dominated discs can naturally explain larfgee by X-rays produced in the corona and subsequent heating
fractions, up to 80% (Di Matteo et al. 1999), of the accresf top layers of the disc, and emergence of magnetized out-
tion power being transported into coronae by magnetic fiefldws.
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Fig. 11. Spectral energy distribution for the
total flux from the disc. Frequency is plot-
ted in units ofver = kTer(10rg)/h. Exact
values ofE, calculated using temperature
T are plotted with solid lines; values &,
calculated from analytical expression (49)
are plotted with short-dashed lines. The
latter are shown only for frequencies at
which x, is larger than the minimal value
of Xos(r), which is achieved at aboutrp
to 10rg. Spectra of Shakura—Sunyaev discs
are plotted for viscosity parameter= 0.1
with long-dashed lines.
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Appendix A: On cyclotron emission layers on the second harmomic= 2wg, which for our disc is
Since the characteristic temperature inside the diggdgiven N ww? KT H = 18x 102 Bio \*
by Eq. (28)) is non-relativistic, cyclotron emission of an eled®¢~ ¢ 2 mec2 X (104(;)
tron occurs at frequencies close to multiples of the gyrofre- p\398-% e\t
quencyw = swg, Wheres=1,2.3,..., and — gl= 2. (A.4)
10rg 2¢
-5
wp= 2B L17x 10115—1( Bio )(L) . (A.1) For all our modelsrey is always very large and the emis-
meC 10°G/\10rg sion is always strongly self-absorbed. Cyclotron photons are

However, because the magnitude of the magnetic field varl¥¥ subject to Compton scattering by free electrons, since the
across the disc, the resulting emission blends many discréfavelength of the emission is always larger than Debeye ra-
gyrolines. The typical range of cyclotron emission is cm r&lius in plasma, S0 electrostatic sh|eld|ng of charges prevepts
dio waves for AGNs and submillimetre to infrared for stellaf?€m from scattering. Under such circumstances the resulting
mass black holes. Characteristic plasma parameters in our g¥glotron flux from each gyroresonance layer is that of the
for the case of supermassive black holes are similar to thé¥@ck body with the local plasma temperature in the gyrores-
encountered in solar chromosphere, where plasfieats are onance Iayer._Due to the overlapping of all I_ayers, the result-
important for the generation and propagation of radio wav¥ Spectrum is a black body spectrum of widtBws. Since
(Zheleznyakov 1970). One should expect that collective plasfifgs < KT, the total flux of cyclotron emission from the disc
effects will influence the cyclotron radiative process at such Iogi"face is negligibly small.
frequencies. The plasma frequency is

Appendix B: Star-disc collisions as possible

4ne2n |E -1 Bi1g 3 f bul
- —-88x10tst[E (_) source of turbulence
wL ,/ —~ 8.8x 10's (25) 7c) *

335 When a star passes th_rough a disc, it_ creates_ strong.cylindri-
G 'Ms (L) (A2) ©al shock propagating in the surrounding gas in the disc. The
10rg aftershock gas is heated to temperatures exceeding the equilib-
and the ratio of cyclotron to plasma frequencies is riu_m temperature in the aceretion disc. _As the shock weekens,
this heating decreases until at some distance from the impact
32 point the incremental heating becomes comparable to the equi-
) Gx librium heat content. The scale substantialifeated by a star
B -2/ passage ix ~ R.uk/cs, much larger than the radius of the
( 10 ) (_E) ML, (A.3) starR.. The shock front can become unstable and turbulence
10'G 2¢ can occur in the aftershock gas. The heated gas becomes buoy
We see that typicallyps ~ wi, SO that cyclotron emitted ra- ant, rises above the disc and falls back because of gravity. Fall-
diation can not propagate for some disc parameters. HoweW&ck occurs with supersonic velocities and can further excite
even ifwg > w, the plasma fiects cyclotron radiation. As turbulence. Turbulence will derive energy from both heating by
summarized in Zhelezniakov (1996) collectiieets suppress Star passages and shear of the flow. The energy, which can be
the emission on the first harmonie= 1, such that it becomesderived from shear, is equal @given by expression (12). Itis
of order of the emission on the second harmoaie; 2. The Possible that star-disc collisions might mainly be a trigger for
emissivity on higher harmonics,> 2, is smaller by the factor the available shear energy to be converted into supersonic tur-

(KT/mec?)5-2 than on the second and first harmonics. This ogulence, and additional energy deposited into the disc by star-

B2 3kT disc collisions is negligible. However, it seems unreasonable

curs only at high enough plasma densities. -~ mect’ Which  that the star-disc collisions can influence the global structure

translates int@? > DACsMp/ M, wherec2 ~ 3KT/my,. In vac- of the accretion disc unless the energy deposition from them
uum, note that the emissivity on the first harmonicisd/kT) is some fraction of the energy necessary to sustain turbulence
times larger than the emissivity on second harmonic. The latt@yel Q in the disc.
condition is narrowly satisfied for small radii of our optically ~ The energy deposition rate by stars per unit surface of the
thick disc models and the larger théhe better it is satisfied. disc is

Cyclotron self-absorption also occurs in narrow lines CEIb- . nF&EuZEn v
tred on multiples ofwg. At some frequencyw, emission and ~* x
a_bsorption_ occurs only in spatiall)_/ narrow resonant layers iyhereu, ~ vy is the typical velocity of stars at radial distance
side the d|s_c, where the magnetlc field st_rength ma_tch_es Ft}e{* ~ R, is the average radius of stars,= n.(r) is the num-
frequency, i.e.swg(B) — w is small. The width of emission per density of starss, is the surface density of the disc given
and absorption frequency intervals is determined mainly By, expression (19) in our model. Only accretion discs orbiting
the thermal Doppler shiftdw/w ~ VKT/mec? (Zhelezniakov supermassive black holéd * 10° M, can be influenced by
1996). The width of such resonant layers can be estimatedsesr-disc collisions.
~H +kT/mec2. Zhelezniakov (1996) (chapter 6) gives the ex- The resolution of observations is only enough to estimate
pression for the optical thickness through such gyroresonatice number density of stars at about 1 pc for M32 and M31 and

wp 1 r
98 2x10
o (10rg

(B.1)
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about 10 pc for nearest ellipticals. In line with these observa- We see that star-disc collisions cannot excite turbulence
tions we assume a star densiiil pc) ~ 10* — 10° Mopc2 at  and strong magnetic fields in the very inner part of the ac-
1 pc distance from the central massive black hole (Lauer et@letion disc, forr < ri, and such excitation should be weak
1995). To estimate. forr < 103rg we need to rely on the the-for ry < r < 5r;. The relative width of the star depleted re-
ory of central star cluster evolution. The gravitational potentiglon, 5/rq, decreases with increasing. ForM ~ 2x 10° Mg
inside the central 1 pc will be always dominated by the black = 3ry and star-disc collisions happen all over the disc. For
hole. Bahcall & Wolf (1976) showed that, if the evolution oM < 3x10f M, 5r¢ > 10°rg and forM < 3x10° Mg r > 10%r4

a star cluster is dominated by relaxation, tifieet of a central and star-disc collisions are unimportant for the structure of the
Newtonian point mass on an isotropic cluster would be to createcretion disc. Let us assume that it shouldhe= fQ where

a density profilen o« r=7/4. However, for small radii£0.1-1 pc) the fractionf is less than unity but not much less than unity.
the physical collisions of stars dominate two-body relaxatiorBurther, we use expression (12) fQr expression (19) fokE,
Also, regions near the black hole will be devoid of stars duwnd the value fon in the constant density core of the star clus-
to tidal disruption and capture by the black hole. Numerictdr, second raw in expression (B.2), to substitute @te= fQ.
simulations of the evolution of the central star cluster, takirgince the relatio. = fQ should be satisfied for all values
into account star-star collisions, star-star gravitational interaaf-r, the value of§ is determined and turns out to be= 3/2.
tions, tidal disruptions and relativisti¢fects were recently per- Solving the rest of the equation for the magnitude of magnetic
formed by Rauch (1999). Rauch (1999) showed that star-sfi@td B;o at§ = 3/2 we obtain

collisions lead to the formation of a plateau in stellar density

for smallr because of the large rates of destruction by colli-g e\Y2 .

sions. We adopt the results of model 4 from Rauch (1999) Tf% =6.5x 10° (Z_EE) Mg/ ngH4£4/%, (B.3)

our fiducial model. This model was calculated for all stars hav-

ing initially one solar mass. The collisional evolution is close 95 yalue ofB required by energy input from star-disc colli-

a stationary state, when the combined losses of stars due to ¢pfg should fall into the range of constraints for Big listed
lisions, ejection, tidal disruptions and capture by the black hgleihe end of Sect. 3.

are balanced by the replenishment of stars as a result of two-yy, explored all feasible range of parametds, Ic/e,

body relaxation in the outer region withraec r=7/% density ¢ . 103 1. < 10° and found that the magnetic field calcu-
profile. Taking into account the order of magnitude uncertaintytaq from expression (B.3) is always too strong to fall in the
in the observed star density at 1 pc, the fact that model 4 g, yeq range of parameters discussed at the end of Sect. 3.
not quite reached a stationary state can be accepted for ordgpqfaicular, the constraint that magnetic and turbulent pres-
magnitude estimates. Fof = 10°Mg Mo we approximate the g ,ve qominate thermal and radiation pressure is violated. The
density profile of model 4 as minimum number density of stars necessary to satisfy this con-

M P\ straint at the most favourable values of other parameters still
n=nsx10° _030 (1—) for r>102pc, plausible for some AGNNlg = 40,lg/e = 10710, f = 1073),

P pC turns out to bens ~ 10°. Such a high number density of stars
n=nsx3x1C® Mo for 5r<r <102pc, (B.2) Wwould imply total mass in stars of order of #QM,, inside the

pc central parsec from the central black hole. This mass exceeds
n decreases forr <b5ry, observational and theoretical limitations.
wherer; = 2.1x10*pex My = 20rgM,*/? is the tidal disrup-
n(1 pc)

tion radius for a solar mass star, amgl= The

10° My /pc3’
regionr < ry is completely devoid of stars.



