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Abstract. A self-similar solution for the 3D axi-symmetric radiative MHD equations is presented, which revisits the formation
and acceleration of accretion-powered jets in AGNs and microquasars. The model relies primarily on electromagnetic extraction
of rotational energy from the disk plasma and forming a geometrically thin super-Keplerian layer between the disk and the
overlying corona. The outflowing plasma in this layer is dissipative, two-temperature, virial-hot, advective and electron-proton
dominated. The innermost part of the disk in this model is turbulent-free, sub-Keplerian rotating and advective-dominated. This
part ceases to radiate as a standard disk, and most of the accretion energy is converted into magnetic and kinetic energies that
go into powering the jet. The corresponding luminosities of these turbulent-truncated disks are discussed.

In the case of a spinning black hole accreting at low accretion rates, the Blandford-Znajek process is found to modify the total

power of the jet, depending on the accretion rate.
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1. Introduction

Recent theoretical and observational efforts to uncover the
mechanisms underlying jet formation in AGNs and micro-
quasars leave little doubt about their linkage to the accretion
phenomena via disks (Mirabel 2001; Livio 1999; Blandford
2001; Hujeirat et al. 2003).

The innermost part of a disk surrounding a black hole is
most likely threaded by a large scale poloidal magnetic field
(PMF) of external origin (Blandford & Payne 1982). Unlike
standard accretion disks in which the sub-equipartition mag-
netic field (MF) generates turbulence that is subsequently dis-
sipated and radiated away, a strong PMF in excess of thermal
equipartition may suppress the generation of turbulence and
acts mainly to convert the shear energy into magnetic energy. A
part of the shear-generated toroidal magnetic field (TMF) un-
dergoes magnetic reconnection in the launching layer, whereas
the other part is advected outwards to form relativistic outflows
(Hujeirat et al. 2003).

The total power of the jet in M 87 is approximately L; =~
10* ergs~! (Bicknill & Begelman 1999). This is of the same
order as the power resulting from a disk accreting at the rate
M = 1.6 x 107> Mggq (Di Matteo et al. 2003). Similarly, the
variabilities associated with the microquasar GRS 1915-105,
as have been classified by Belloni et al. (2000), consist of a
state “C” which corresponds to the case when the innermost
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part of the disk diminishes (Fender 1999), probably a phase in
which the super-luminal jet is fed by rotational and magnetic
energies.

Two additional basic questions related to jet formation are:
1) what is the content of these jets? Specifically, are they made
of electron-positrons (e~ /e*), electron-protons (e~ /p) or a mix-
ture of both. 2) How significant is the role of the central object
in the formation and acceleration of jet-plasmas?

It is generally accepted that electron temperature
9o(=kT /mec?) of order unity can be easily achieved in
accretion flows onto BHs, and specifically in the vicinity of
the event horizon. At such high temperatures, pair creation
becomes possible. The efficiency of pair creation depends
mainly on the interplay between the optical depth to scatter-
ing 7, = pksH, on the so-called “compactness” parameter
{ = g H? and on the strength of the magnetic field
(Bjornsson & Svensson 1991; Esin 1999). H here denotes the
thickness of the disk or a relevant length scale, a is a constant
coeflicient, p is the density and . is the opacity due Thomson
scattering, and ¢~ is the radiative emissivity. Generally, the
efficiency of pair creation decreases strongly with increasing
optical depth 7,,. It decreases also if the strength of the mag-
netic field is increased. Esin (1999) has studied pair creation
in steady hot two-temperature accretion flows for a large
variety of parameters. The ions here are preferentially heated
by turbulent dissipation and cool via Coulomb interaction with
the electrons, which in turn are subject to various cooling
processes such as Bremsstrahlung and Synchrotron emission.
Esin (1999) showed that two-temperature accretion flows are
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almost pair-free, whereas single-temperature accretion flows
are more appropriate for pair-dominated plasmas. However,
enhancing thermal coupling between electrons and protons, or
heating electrons and protons at an equal rate and relaxing the
stationarity condition may lead to e~ /e*-dominated plasma,
provided the accretion rate is sufficiently low.

In the case the BH is rotating and accreting at low rates,
formation of e /e* jets though electromagnetic extraction of
rotational energy from the hole via Blandford-Znajek (1977)
process is very likely (Rees et al. 1982). Recent observa-
tions reveals that the jet-plasma in M 87 is probably an
e~ /e*—dominated jet (Reynolds et al. 1996). Furthermore,
(Wardle et al. 1998) reported the detection of circularly po-
larized radio emission from the jet in the quasar 3C 279. The
circular polarization produced by Faraday conversion requires
the radiative energy distribution to extend down to low en-
ergy bands, which indicates that the e /e*— plasma population
might be a significant fraction of the jet content.

On the other hand, recently it has been argued that un-
less the poloidal magnetic field threading the event horizon
is exceptionally strong, the total available power through the
Blandford-Znajek process is dominated by the accretion power
of the the disk (Ghosh & Abramowicz 1997; Livio et al.
1999). We note, however, that the PMF can be sufficiently
strong if the innermost part of the disk collapses dynami-
cally, while conserving poloidal magnetic flux (Hujeirat et al.
2003), and which may significantly enhance the efficiency of
the Blandford-Znajek process.

Numerous multi-dimensional calculations have been car-
ried out to study the jet-disk-BH connection in AGNs and
u—QSO0s (e.g., Ouyed & Pudritz 1997; Ustyugova et al. 1999,
2000; Uchida et al. 1999; Meier et al. 2001; Uchida et al. 2003).
Among the important results obtained, these studies reveal that:

1. counter-rotating disks with respect to the BH-spin generate
jets that propagate approximately twice as fast as in the co-
rotating case;

2. jets formed are found to be relatively slow, i.e., the cor-
responding I'—factors did not reach the desired large val-
ues. This was found in both cases: when the spins of
the disk and the BH are parallel and when they are anti-
parallel. Moreover, disks surrounding Kerr BHs have been
verified to produce jets that are more powerful than in
the Schwarzschild case. These jets are driven primarily by
strong MFs that are created by the frame dragging effect;

3. large I'—factors are obtainable if the Alfvén speed due to
the PMF is equal to or even larger than the local escape
velocity (see Meier et al. 2001 and the references therein).

Should the above-mentioned calculation have been carried out
for a sufficiently long time using a larger domain of calculation,
we would expect larger I'—factors to result and jet-collimation
to be more obvious. On the other hand, a strong MF threading
a hot corona will force the electrons to cool on the Synchrotron
time scale, which could be even shorter than the dynamical
time scale. Therefore, in the absence of heating mechanisms,
the corona will collapse dynamically, so that reaching reason-
able I'—factors will be even more difficult to achieve.
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In this paper we present a theoretical model for the for-
mation of accretion-powered jets in AGNs and microquasars.
The model relies mainly on electromagnetic extraction of rota-
tional energy from the disk plasma and deposits it into a geo-
metrically thin layer between the disk and the overlying corona
(Sect. 3). In Sect. 4 we discuss the content of the plasma in
the TL. The role of the Blandford-Znajek process in combina-
tion with the luminosity available from the transition layer is
discussed in Sect. 5. We compute the total luminosity of trun-
cated disks in Sect. 6, and provide summary and conclusions
in Sect. 7.

2. The model problem

Let r = r, be a transition radius, where the effects of mag-
netic fields on the dynamics of accretion flows become sig-
nificant. This may occur if the initially weak magnetic fields
in the dissipative-dominated disk-plasma are amplified via dy-
namo action, in which Balbus-Hawley (1991) instability in
combination with the Parker instability results in a topologi-
cal change of the magnetic field from a locally disordered into
well-ordered large scale magnetic field (see Fig. 1). At this ra-
dius the MFs are in equipartition with the thermal energy of the
plasma, i.e., 8 = Enag/Epn = 1.

Interior to r the poloidal magnetic field B, is predomi-
nantly of large scale, and magnetic flux conservation implies
that PMF increases inwards obeying the power law! B, ~ 2.
Such a strong PMF suppresses the generation of turbulence,
whenever 8 exceeds unity. In this case, the heating mechanisms
that hold the plasma against runaway cooling are magnetic re-
connection, adiabatic compression and other non-local sources
such as radiative reflection, Comptonization and conduction of
heat flux from the surrounding hot media.

Given a plasma threaded by an r~2>— PMF, the angu-
lar velocity must deviate significantly from its correspond-
ing Keplerian profile. This is because torsional Alfvén waves
(-TAWs) extract rotational energy from the disk plasma on the
time scale: Traw = Hq/ VX, which decreases strongly inwards.
Vg here is the Alfvén speed due to the PMF. The TAW cross-
ing time of the disk, i.e., Traw, is of the same order, or it can be
even shorter than the dynamical time scale 74y, = 7/V,,. In this
case the angular velocity becomes sub-Keplerian, and the disk
becomes predominantly advection-dominated. If Ttaw < Tayn,
accretion may terminate completely.

TAWSs, which carry rotational energy from the disk-plasma,
may succeed to propagate through the overlying corona with-
out being dissipated. This corresponds to magnetic braking of
the disk, in which the rotational energy is transported from
the disk and deposited into the far ISM. However, since the
PMF-lines rotate faster as the equator is approached, the PMFs
wind up, intersect, and subsequently reconnect and so in-
evitably terminate the propagation of TAW into higher lat-
itudes. Alternatively, the vertical propagation of the TWAs
may terminate via magnetic reconnection at the surface of the
disk, establishing thereby a highly dissipative transition layer
(TL), i.e., chromosphere, where the toroidal magnetic fields

o= 271'}’2Bp ~ 27r* By = const.
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Fig.1. A schematic illustration of the jet-disk connection model. In the outer disk, r > r,, MFs are weak and advected around by fluid
motion. Balbus-Hawley and Parker-instabilities in combination with reconnection and fast inwards fluid-motions amplify the MFs up to thermal
equipartition at ry. Interior to r;,, MFs become of large scale topology, strong, and start to suppress the generation of turbulence, turning the
inflow into a turbulent-free plasma. In this case, torsional Alfvén waves become the dominant angular momentum carrier. They transport angular
momentum from the disk upwards and form a super-Keplerian and dissipative layer, in which the plasma is virial-heated by reconnection of
the TMF, hence start to centrifugally-accelerate outwards. Thus, the PMF in the equatorial layer is frozen into the plasma, and therefore is
advected inwards together with the inflow. The transition layers sandwiching the inner part of the disk are dissipative. This allows the PMF to
drift inwards through the plasma in the TL, thereby relaxing the winding-up problem of the PMF. Thus, the flow configuration may maintain

stationarity, if the plasma in the TLs is resistive, whereas it is diffusion-free in the disk.

intersect, reconnect and subsequently heat and particle-
accelerate the plasma in the TL. In this case, we expect
the inflow-outflow to have a steady state configuration if the
medium in the disk is non-diffusive, but highly diffusive in the
TL. The latter possibility is more plausible, mainly because:

1. the vertical profile of the angular velocity generates a
toroidal magnetic field of opposite signs, i.e., anti-parallel
toroidal flux tubes, which give rise to magnetic reconnec-
tion of the toroidal magnetic field lines (-TMF). The recon-
nection process terminates the vertical propagation of the
TAWs, inducing thereby a magnetic trapping of the rota-
tional energy in the TL. As a consequence, a centrifugally-
induced outflow is initiated, which carries with it rotational,
thermal and magnetic energies;

2. unlike stellar coronae that are heated from below,
BH-coronae have been found to be dynamically unstable
to heat conduction (Hujeirat et al. 2002). The effect of con-
duction is to transport heat from the innermost hot layers
into the outer cool envelopes. Furthermore, noting that the
Lorentz and centrifugal forces in an axi-symmetric flow
attain a minimum in the vicinity of the rotational axis,
we conclude that this region is inappropriate for initiating
outflows;

3. in a stable flow-configuration, an isolated Keplerian-
rotating particles in the disk region move along trajec-
tories with minimum total energy. If these particles are
forced to move to higher latitudes while conserving their
angular momentum, then their rotation velocity becomes
super-Keplerian, and therefore starts to accelerate outwards
as they emerge from the disk surface. Since the speed of
these motions and the associated strength of the generated

toroidal flux tubes increase inwards, the magnetic flux tubes
are likely to interact and subsequently to reconnect;

4. observations reveal that the radio luminosity in the vicin-
ity of the nucleus of various AGNs with jets acquire a sig-
nificant fraction of the total luminosity. This indicates the
necessity for an efficient heating mechanism that allows
the electrons to continuously emit Synchrotron radiation
on the Alfvén wave crossing time. Noting that B, ~ r~2,
and that the plasma in the innermost part of the disk is
turbulence-free, we propose that magnetic reconnection of
the TMF is the most reasonable mechanism for heating the
plasma in the TL. This agrees with the proposal of Ogilvie
& Livio (2001), who argued that jet launching requires ther-
mal assistance.

2.1. The velocity field

Assumeing that the innermost part of the disk is threaded by
r~2— PMF, what are the most reasonable power-law distribu-
tions of the other variables in both the disk and in the TL that
give rise to inflow-outflow configuration, and which simultane-
ously satisfy the set of the steady 3D axi-symmetric radiative
MHD equations? As we shall see in the next sections, there are
several signatures that hint at Q ~ r~>/# as the optimal profile
(see Fig. 2). Nevertheless, we will consider this profile as an
assumption.

Therefore, in the disk region the following profiles are
assumed:

Q(r) = QX "4, By(r) = Bo(r) ~ BoX 2, (1

where X = r/ry.
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Fig. 2. The profiles of the angular velocity in the innermost part of the disk and in the launching region. TAWs extract rotational energy from
the disk-plasma efficiently and deposit it into the plasma adjusting to the disk-surface. As a consequence, the inflow adopts the sub-Keplerian

profile Q ~ r~/# in the disk-region, while the outflow adopts the super-Keplerian profile Q ~ r

-5/4 in the TL. Note that the up-stream boundary

conditions determine whether the flow is sub- or super-Keplerian rotating.

To assure a smooth matching of the variables interior to
re with those of the standard disk exterior to ry, we set QS =

E =0

GM/r}, and Bg = BXr = ry) = (127Re/p(y = D))pTlr=r,s * ! |
Inserting Q(r) in Eq. (A.2) (see Appendix), and taking into ac- ! FR ! FR
count that the internal and magnetic energies of the plasma at r, 3 ! " TL 1 _out
are negligibly small compared to the gravitational energy of the T ! |
flow, the radial velocity then reads: ! - 7 \

| | in :

1/2 X !

i=[ee 21 (40" o -

o Disk
As in classical disks, we set Uy = U(r = ry) = —(2/3)v/ry, and Y

v = assHy Vi to describe turbulent viscosity.
The radial accretion rate in the disk region is obtained by
f—integrating the continuity (Eq. (A.1)):

0

Z M = 2rcos 8g(pV)lg 3)
or

where M; = rxqUjq is the radial accretion rate in the disk
region, and X4 = f_ egd rcosfpqdf. 6y is the angle such that
tan 63 = Hgy/r, where Hy is the vertical scale height of the disk
(see Fig. 3).

Furthermore, it is reasonable to assume that the radial de-
pendence of the density at the surface of the disk does not dif-
fer significantly from the density at the equator. Thus, p(r, 0 =
64)/p(r,0 = 0) = const. < 1.

Similar to the disk region, the following angular velocity
and the PMF profiles are set to govern the plasma in the launch-
ing region:

QY)=QYY* B,(Y)~ B, =By Y2, 4)

where Y = r/rgy, and rg is the innermost radius of the TL,
where the effective gravity is set to vanish. This implies that at

6 = 0 (Equator)

Fig. 3. The material fluxes governing an arbitrary volume cell in the
TL are shown. Ow 4 are latitudes that correspond to the locations of
the interface between the disk and the TL, and to the upper surface of
the TL, respectively. F fl ou and FR  denote the material fluxes across

the vertical and radial surfaces. The width of the cell is Hy, and the
vertical material flux across Oy is set to vanish.

Y = 1, the angular velocity approaches the Keplerian values:

QY = QY(y = 1) = \/GM/r}; . Inspection of Eq. (A.2) im-

plies that the radial velocity in the super-Keplerian region has

the profile:
2 1 (1 1 )]”2 )
evm\ Wl

where Uw o is the radial velocity at rgr.. However, since the ef-
fective gravity has a saddle point at gy, the radial velocity must
vanish. Interior to ¥ = 1, the plasma is gravitationally bound,
so that the plasma and the associated rotational energy will be
advected inwards and disappear in the hole. In the case of a
spinning BH, rg;, is likely to be located inside the ergosphere.

Uw(Y) = [U%MO +
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The outward-oriented material flux in the TL is:

M = riEVUY, ©6)
where TV = fgiwrcos 6pWVdh. 6w is the angle such that

tan 6y — tan 6y = Hw/r, and Hy is the vertical scale height of
the launching layer.

Global mass conservation of the plasma both in the disk
and in TL regions requires that:
J -d 0 -w
il =22 ,
or M or M
where mass loss from both sides of the disk has been taken into
account, and where we have assumed a vanishing vertical flux
of matter across Oy (see Fig. 2).

(N

2.2. The geometrical thickness of the launching region

Since the plasma in the TL rotates at super-Keplerian
speeds, the horizontal component of the centrifugal force, i.e.
(tan 9/62)(V£/r) (see Eq. (A.3)), acts to compress the plasma
in the launching region toward the equator and leads to its
collapse. Inspection of Eq. (A.3) reveals that there are four
forces that may oppose collapse: gas and turbulent pressures
and poloidal and toroidal magnetic fields. In terms of Eq. (A.3),
the dominant terms required to establishe such an equilibrium
are:

;l) 18Py . ionpressure (I)
tan 6 Vé /l) % % Py @ turbulent pressure (I)
il A (®)
e r ;l) % % B% . poloidal MFs (III)
I1&BL . toroidal MFs (IV).

Equivalently, the relative geometrical thickness of the TL
reads:

ex(Vs/Vy):  ionpressure (I)
Hy ] €X(Vw/Vy): turbulentpressure (II) )
r lex (Vi/ Ve) :  poloidal MFs (IIT)

ex(Vi/Vy): toroidal, MFs (IV),

were we have excluded magnetic tension from our considera-
tion, because the plasma in the TL is dissipative. Global mag-
netic flux conservation, i.e., V - B = 0, requires that B, must
bend as it emerges from the disk region, provided that B, is
of large scale topology and is advected inwards with the mat-
ter. In this case, the above-mentioned third possibility, i.e.,
case III, applies to those MFs in which B; decreases vertically
and therefore may hold the plasma in the TL against vertical
collapse. This means that the MF-lines in the TL must point to-
ward the central BH as they emerge from the disk (see Fig. 4).
Although such configurations are not consistent with our clas-
sical expectation about magnetic-induced launching, the radia-
tive MHD calculations do not appear to exclude such solutions,
provided that TL-plasma is highly dissipative. On the other
hand, if the poloidal MF-lines in the TL point away as they
emerge from the disk, which is the case we are considering in
this study, B, must increase in the vertical direction, and there-
fore may enhance the collapse. Therefore, taking into account

427

Fig. 4. Possible configurations of converging and diverging poloidal
magnetic field in the disk and in the TL. The left configuration cor-
responds to the case in which the magnetic pressure at the interface
between the disk and the TL increases vertically, and therefore en-
hances the collapse of the TL. The right case corresponds to magnetic
pressure that opposes collapse.

that the electron thermal energy and the PMF-energy are rel-
atively small compared to the rotational energy in the super-
Keplerian layer, and that Br-profile has turning points in the
TL, we may conclude that Py, is the most reasonable force to
oppose the TL-collapse.

To elaborate this point we note that when TAWs start prop-
agating from the disk upwards while carrying angular momen-
tum, a profile such as shown in Fig. 5 would result. This profile
has VQ of mixed signs, which therefore induces the formation
of toroidal flux tubes whose associated electric currents j move
anti-parallel around the axis of rotation, and which gives rise to
partial magnetic reconnection (Fig. 5).

The strong shear in the TL is capable of producing mag-
netic energy that is in equipartition with the rotational energy,
ie., VZ ~ V,, which is necessary to maintain the solution of
the Bt — V,, coupled system steady.

We note that magnetic reconnection is a common phe-
nomenon in astrophysical MHD-flows, which is generally as-
sociated with changes in the magnetic field topology and par-
tial loss of the magnetic flux. In the solar case, for example,
magnetic reconnection is one of the main mechanisms underly-
ing the eruption phenomena of the solar flares. Approximately
102 erg s are liberated in each event and on the time scale of
few minutes. Although the sun is not as compact as old stars
such as a white dwarf or a neutron star, solar flares appear to
be associated with y-ray emission, electron-positron annihila-
tion at 511 keV, and most impressively, with neutron capture by
the hydrogen nucleus which occurs at about two mega electron
volts, revealing thereby that acceleration of particles up to rela-
tivistic velocities is an important ingredient of the reconnection
process.

Yet, the TL is located deep in the gravitational well of
the central BH, and if reconnection occurs, then the energet-
ics associated must be much more powerful than in the solar
flares, and significant populations of e”/e* are to be expected
in the TL.
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Fig. 5. A schematic description for a time-sequence of the angular ve-
locity profile in the vertical direction. TAWs transport angular momen-
tum vertically, enforcing the matter in the disk to rotate sub-Keplerian,
and super-Keplerian in the TL (zop). The resulting Q-profiles acquire
negative and positive spatial derivatives (middle), which in the pres-
ence of a large scale PMF, generate toroidal flux tubes of opposite
signs (bottom) that subsequently reconnect and annihilate.

In plasma physics, reconnection normally occurs on micro-
scopic scales. In the present study we assume that reconnection
can be described by the magnetic diffusivity:
Vmag = HywVyr, (10)
where Hy is the width of the TL and Vi is the velocity
that is associated with magnetic reconnection. We adopt the
Petscheck scenario to describe the the reconnection velocity
(Priest 1994):

Viee = Viur = amagVZ/ log Re, (11
where a,¢ is a constant less than unity and log(Re) is the log-
arithm of the magnetic Reynolds number.
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Inserting Viur = @mag Vz/ log(Re) in Eq. (9/1I), we obtain?:

Hy Vi = Omag

— = . (12)
r Ve log(Re)
From the definition of the magnetic Reynolds number:
Inertial force Bp\( Ve Bp\(logRe (13)
e= | — =|— y
Viscous force Bt )\ Viur Bt )\ @mag

we obtain an equation for the magnetic Reynolds number:

log(Re) — [amag (%)] Re = 0.

p

(14)

Obviously, amae must be relatively small for this equation to
provide a positive Re (see Fig. 6), which means that the TL
must be geometrically thin, and that € * a/mae/ logRe = Hy /7.
To assure that the outflow leaving the system has sufficient
TMF to collimate and reach large Lorentz factors, we require
that only a small fraction of the total generated TMF dissipates
in the TL through reconnection events, while the rest is ad-
vected outwards. Therefore, the advection time scale should be
equal to the amplification time scale of the TMF, i.e., T,qy =
Tamp- This yields: Bp/Bt = Hw/r = €.

2.3. The profile of the toroidal MF

In the disk region, where the plasma is turbulence-free, TAWs
are the dominant angular momentum carrier. Assuming the
plasma to be instantly incompressible, the equation describ-
ing the propagation of the magnetic torsional wave reads
approximately:

2

9
—Br = V2ABr.

1 (15)

A denotes the two-dimensional Poisson operator in spherical
geometry, and VE’? (=B,/ +/p) is the Alfvén speed. The action of
these waves is to extract angular momentum from the disk to
higher latitudes (see Fig. 4). Note that B, determines uniquely
the speed of propagation, hence the efficiency-dependence of

2 Without considering €; it will be determined later.
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angular momentum transport on the Bp-topology. These tor-
sional Alfvén waves (TAWs) propagate in the vertical direction
on the time scale:

Hyq _ Havpa
Vo By

TTAW = :
Obviously, since Hy attains a minimum value and V) attains a
maximum value at the innermost boundary, Ttaw can be ex-
tremely short so that, in the absence of flux losses, a com-
plete magnetic-induced termination of accretion should not be
excluded.

To maintain dynamical stability of the disk and the TL, ex-
traction of angular momentum should be compensated by ra-
dial advection from the outer adjusting layers, i.e.,

10 0B
r_ZE (VZUZ) = Bga—;,

where £ = r2 cos 6pQ is the angular momentum.
When 6#—integrating this equation from —6y3 to 64, we
obtain:

10
r? or
where Bt corresponds to the values in the TL and which can be
determined by matching both the disk- and the TL-solutions.

(Myr?Q) = BoBr. (16)

L cd . .
Taking into account that M, varies slowly with radius, and
inserting Q ~ r3/* and B, ~ r~2, we obtain Bt ~ r~ /4, which
depends weakly on the radius (see Fig. 9).

2.4. The profiles of the other variables

1. To have stationary solutions, the energy due to the toroidal
magnetic field in the TL must be in equipartition with the
rotational energy, i.e., E%ag = E,o. This means that:

Br
VP
Thus, the disk supplies the TL with the optimal mate-
rial flux across the interface so as to maintain the density
constant.

When r-integrating the equation of mass conservation,
Eq. (7), we obtain:

2
B
VK = =V,,=p= (VT) = const. = pg,.

(2

M= M +2(M:V—MW)=Md woam”. (7

=T =Ty =T

This gives the density profile along the equator:

d - d

M M
AL TR 18
pd rHaUy  ertUy (8
which is a function of radius and of p,.
The density in the TL then reads:
-d -d T hpe
pwo = ( M- M,:,m)r =12, (19)

where ¥ = [r — 1]'/?
Although pwo can be treated as an input parameter, we
provide here its value relative to the central density at the
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Fig.7. The radial profiles of the accretion rate in the disk region, and
the outwards-oriented material flux in the launching layer, Foyfows
which applies for r < r,. Note that Foupow vanishes at the inner
boundary rg;, where the effective gravity is set to vanish. Assuming
e = 0.1 = Hy/r, the maximum material flux associated with the out-
flow is approximately 5% of the total accretion rate through the outer
boundary. Thus, Fougew depends on the disk temperature; colder disks

yield lower Foynow and vice versa.

equator. Taking into account that Uyw vanishes at rg; and
applying mass conservation to the adjusting volume cell in
the TL, we obtain the rough estimate:

bz

[epc] [€2] [1/€] = €pa(r = raL).

PWO =

(20)

In deriving this result, we have used Vy, = €2Uy4, which
relies on asymptotic expansion of the variables g = g +
€q1 + €2q> + ..., where qq is the value corresponding to an
equilibrium state, i.e., hydrostatic equilibrium in the ver-
tical direction (Regev & Hujeirat 1988, see the references
therein). Thus, replacing 0 Mw/ar by M:V/r in Eq. (7), we
may obtain a more accurate value for the vertical velocity
across the interface at 0y:
W ,5/4

V(r,0q) = — P l - \i_ :

[MO - 2py (MO + r7/47")]

1)

The outward-oriented material flux compared to the accre-
tion rate is displayed in Fig. 7. The corresponding 2D pro-
files of the poloidal and toroidal components of the velocity
field are shown in Fig. 8.

2. The profile of the magnetic diffusivity in the TL reads:
Vmag = HwV = erBr/ \Jp ~ r’/%.

3. The ion temperature is obtained by requiring that the advec-
tion and heating time scales to be equal, i.e., Tagy = Theat,
where Tpeyy = CypTi/®. © is the dissipation function:

Vmag|V X B =~ vmagB%/H\ZN. This gives T; ~ 12, or more
accurately,
T, = T)Y™'%, where T? = 1/€2. (22)
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Fig. 8. The distribution of the velocity field in the transition region superposed on equally-spaced isolines of the angular velocity Q. The strong
decrease of Q with radius in the equatorial region relative to its slow decrease in the TL is obvious. The overlying dynamically unstable corona
is rotation-free. The orange colour corresponds to large material densities, violet to intermediate and blue corresponds to extremely tenuous
coronal plasma. The 2D distributions of the variable have been obtained using a vertical interpolation procedure.

4.

The electron temperature is extremely sensitive to the
strength of the magnetic field. Since the heat liberated
through magnetic reconnection can heat both the elec-
trons and protons equally, the temperature of the electrons
can be found by equalizing the synchrotron cooling rate
to the heating rate. In order to calculate the synchrotron
cooling, we must first find the critical frequency, below
which the media becomes optically thick to synchrotron
radiation, i.e, v., below which the emission follow the
Raleigh-Jeans blackbody emissivity profile. This requires
solving the equation:

fs"dVol:fodS,

where ¢” and B, are the synchrotron and Raleigh-Jeans
blackbody emissivities, respectively. Having calculated v,
the synchrotron cooling Ay, is then calculated by dividing
the total luminosity from the surface of the TL divided by
its corresponding volume-integrated frequency from v = 0
up to v., where the medium is assumed to be self-absorbed
for v < v.. This gives (Esin et al. 1996):

(23)

2rkT.v?

Asyn ~ 3HwC2 .

(24)

Synchrotron emission at higher frequencies is assumed to
be negligibly small. In terms of the density and magnetic
fields, the following approximation can be used (Shapiro &
Teukolsky 1983):

Agn = 2.16 x 10* BiT;p10, where B; = B/10° G, Ty =
T/10° K and p1o = p/10710 gr.

Therefore, from equalizing the heating to cooling rate, we
obtain the following profile for the electron temperature:
Te=T0Y>®, and T? = 1/e.

. It should be stressed here that only a small fraction of the

total generated TMF is allowed to undergo magnetic re-
connection in the TL. This is an essential requirement for
not obtaining the radio luminosity that dominates the to-
tal power emerging from jet-bases, and to assure that the
outflow is sufficiently associated with TMF-energy to col-
limate the outflows into jets. Thus, comparing the rate of
heating via magnetic reconnection with the generation rate
of the TMF, we obtain:

() ) - s

(1/7piss) _ Teen _ ey _ c
(1/Tgen) B, J\HwV,) log(Re)

where we have used Vs, = HwV1 and B,/Br = Hy/r = €.
Consequently, an e-fraction of the total generated toroidal

(25)

TDiss
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Fig. 9. 20 equally-spaced isolines of the poloidal-component Bp (white contours), superposed on the coloured-distribution of the toroidal
magnetic field. Blue, green and red colours correspond to low, intermediate and to high TMF-values, respectively.

magnetic energy undergoes magnetic reconnection, while
the rest is advected with the relativistic outflow.

We now investigate the appropriate profiles of the electron- and
proton-temperatures in the disk region. The electrons in the
disk region are heated mainly by adiabatic compression, con-
duction and by other non-local energy sources. However, they
may suffer extensive cooling due synchrotron emission. We as-
sume that at the interface between the disk and the TL there
is a conductive flux that is sufficiently large to compensate for
the cooling of the disk-electrons through synchrotron emission.
Thus, we require that sy, = Thear. In this case the electron tem-
perature adopts the adiabatic profile T, ~ r~'.

How does the ion-temperature correlate with that of the
electrons in the disk region?

Assume that the electrons and the protons obey the
Maxwell velocity distributions. The time scale required to es-
tablish an equilibrium (Spitzer 1956) is:

Tiverm = 4.11(T3*/n14) (20/InA) s, (26)

where Ty = T/10° K and the proton number density is given as
nys = n/10". Therefore, in the disk region Tiherm 18 Of the same
order as or greater than the hydrodynamical time scale if n >
100, which implies that T, = T}, for reasonable accretion rates.
In the transition layer, however, n(TL) ~ €?n(disk). Therefore
T, and T, can be significantly different.

3. Electron-positron versus electron-proton jets

The outflows in the TL are predominantly heated through mag-
netic reconnection. An important related question is: are these
outflows e™/e*— or e /p—dominated plasma?

In view of the solar flares, we may expect the plasma in
the TL to accommodate different plasma populations such as
electron-positron and electron-proton in a sea of high energy
y-rays. The relativistic acceleration that particles experience
during reconnection events in the vicinity of the BH give rise to
different types of pair creation, in particular y—y, y—e¥, e¥ —e7,
v —p, €° — p (Svensson 1982; Bjornsson & Svensson 1991;
White & Lightman 1989). Among other effects, the pair frac-
tion depends crucially on two important parameters: the optical
depth to scattering and on the so-called compactness parame-
ter. The latter parameter is a fundamental scaling quantity for
relativistic plasmas having ¢ = kT./mcc?* of the order of unity.

Taking into account that the plasma in the innermost region
of the disk is freely falling, and that My = 2Hgr < pg > U, we
obtain that the optical depth to scattering in the innermost part
of disk is:

. S
= kM =18.86(L) ( M )
2ru LSO MEaq

27)

where riso is the last stable radius. Noting that pw = €?pq, and

that the optical depth obeys a similar relation, i.e., 7% = €79,
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we may conclude that the TL is optically thin to scattering for
most accretion rates typical of AGNs. Further, since the flow
in the TL is steady and two-temperature, our models fall in
the left-lower corner of the 7, — M diagram of in Fig. 10 of
Esin (1999), from which we conclude that jets are formed in
ion/proton-dominated plasma.

4. Extraction of rotational energies from the BH
and from the disk

A spinning black hole is surrounded by the so-called ergo-
sphere, inside which no static observer is possible; any frame
of reference is dragged by the spin of the black hole. If the
plasma in the ergosphere is threaded by an external and or-
dered magnetic field, then the MF-lines must be dragged as
well, thereby generating an electric field E = V X B. In the
ergosphere, however, negative energy orbits are possible (i.e.,
the total energy including the rest mass of the particle is neg-
ative). If a PMF threads the event horizon, it can put parti-
cles on negative energy orbits. These particles will be swal-
lowed by the BH, while other particles with positive energy
will emerge that carry electromagnetic energy flux from the
hole. These extracted energies from the hole are used then to
accelerate the plasma-particles relativistically, possibly form-
ing e” /e"—dominated jets (see Blandford & Znajek 1977; Rees
et al. 1982; Begelman et al. 1984). The direction and magni-
tude of the electromagnetic flux are described by the Poynting
vector:

1

1
P=—-——EXB=——VXBXB. (28)
4 4

Using spherical geometry, the components of the Poynting flux
read:

1

P=-——
T

{(VoB.Br ~ V,B% — V,BZ + V4B, By).

(VeB:By — VoB? - VoB% — V,B2). (29)

(VoBoBr — VyBoBr - V,B} + V;B:Br)} .

In the case of a spinning BH surrounded by a plasma with zero
poloidal motion, i.e., V = V; = V = 0, a PMF of external ori-
gin in the vicinity of the event horizon is predominantly radial,
or equivalently, it has a monopole-like topology. In this case
the Poynting flux reads:

PB“~—i(v B:Br,0,0) (30)
~ 4An eOrDT, YU, V).

The corresponding electromagnetic luminosity carried out
from the black hole reads:

1
P = f PPt .ds = ZrﬁVg,BrBT, 3D
where ry is the event horizon.
Similarly, applying the same procedure to the plasma in the
TL, neglecting the effects of vertical advection, and noting that
By, = €Br, then the Poynting flux is predominantly radial:

P~ P = 1 (VrB%, 0, O).

4n (32)
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The corresponding luminosity is obtained then by integrating
the flux over the radial surface of the TL at r = r:

L™= f P .dS = r HyV,B. (33)
Thus, the ratio of the above two luminosities yields:

[BZ 1 (VBHY/pgBH\ (pBBH 2

=z (4 r T r_H . (34)
L™ 4e Vi J\ BY J\ B J\re

How large this ratio is depends strongly on the location of the

transition radius r,. We now estimate the transition radius r,.
Noting that at r, the magnetic energy is in equipartition

with the thermal energy of the disk-plasma which, in terms of

Eq. (A.2), means that:
10 B

1
R e

(35)

Furthermore, noting that rpy is the critical radius where B,
change topology, and where the corresponding magnetic en-
ergy is roughly in equipartition with rotational energy, we ob-
tain from Eq. (A.2):

11 1
€ry  POr

Taking into account the spatial variations of B, and p as de-
scribed in Eqs. (47) and (50), and solving for X at rg;, we find
that:

0.046 ife=10" (— ry = 20)
X(rpr) = € 210018 ife=5x10"2 (— ry 2 50) (37)
0.002 ife=10"2  (— ry = 500),

where ry is given in rgp —units. Using Eq. (34), and taking into
account the spatial variations of Uw and Br in the TL, and as-
suming that the central BH is rotating at maximum rate, we

obtain:
L% 1 () _ L ()" (38)
L™ = 4¢ Tir 4e \ ry ’

which is larger than 5% for most reasonable values of e(>1073).

Consequently, the TL appears to provide the bulk of the
electromagnetic energy associated with jets, even when the
central BH is maximally rotating. The contribution of the BHs
to the total electromagnetic energy flux is significant, but it is
unlikely to be dominant.

Thus, the total power available from the launching layer
and from the spinning BH is:

- _ 1 5/4
Liot = Lt + Lpz = L1 (1 * e (ru/re) ) (39)
If the accretion rate is relatively large and the BH rotates at its
maximum rate, Ttaw becomes longer than 74y,, and therefore
r must move towards smaller radii. Consequently, the ratio
LBZ /L™ increases, but remains below 25% of the total avail-
able luminosity from the TL for most reasonable values of ac-
cretion rates.
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We note that r, in our present consideration serves as a
lower limit. The reason is that the rate of turbulence generation
is likely to start decreasing when the ratio of the magnetic to
internal energies exceeds the saturation value that has been re-
vealed by MHD calculations (Hawley et al. 1996) and is likely
to suffer of a complete suppression at r,, where 3 starts to ex-
ceed unity.

5. Luminosity of truncated disks

The primary source of heating in standard disks is dissipa-
tion of turbulence. The corresponding heating function reads:
(Frank et al. 1992):

1 o0\
D(r) = Entur (I‘—) s

or (40)

where 7 = Zvyy, % is surface density, and vy, is the standard
turbulent viscosity.

Following the analysis of Frank et al. (1992), the
r-integrated time-independent equation of angular momentum
in one dimension reads:

0Q 3
2UQ = nu—— +C/2nr’, 41

or
where C is an integration constant. The classical assumption
was that dQ/dr must vanish at some radius close to the cen-
tral object so imposing a physical constraint on C. The idea
here was motivated by the two observationally supported as-
sumptions: 1) almost all astrophysical objects so far observed
are found to rotate at sub-Keplerian rates, and 2) vy, iS a non-
vanishing function/process.

In recent years, however, two possibilities have emerged:
1) several accretion disk in AGNs appear to truncate at radii
much larger than their gravitational radii, 2) magnetic fields
in accretion disks can be amplified by the Balbus-Hawley in-
stability, and potentially they may reach thermal equipartition,
beyond which local random motion, turbulence-generation as
well as turbulence dissipation are suppressed.

Therefore, we may think of C as a magnetic effect that
comes into play whenever the accretion flow approaches a cer-
tain radius ry, from the outside, at which turbulence generation
is diminished. From Eq. (41), we obtain:

M [1 - (%)l/z]zw(r) - M [1 - (%)1/2],(42)

Thur = 3r 8nr

which applies for r > r,; only. The corresponding luminosity
reads:

1GM N
L= 2[ D(r)2nrdr = 3 M-

o0 I'tr

(43)

In the case of the nucleus in M 87, if the disk surrounding the
BH truncates at 100 gravitational radii, then the corresponding
accretion luminosity is:

L GUM_GMM
" 2R,  200R,
~ 10" ergs™!, (44)

=25x 1073 M=2.5x 107> Mgaq
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where M = 1.6 X 1073 Mgqq has been used (Di Matteo et al.
2003).
Thus, the jet power should of the order of:

; _GMM_ GMM GMM
' " 2Rm

~ 10% erg s7L, 45)

ZFBL ZFBL

which agrees observations (see Bicknill & Begelman 1999). In
writing Eq. (45), we have assumed that rgy is located very close
to the last stable orbit.

Consequently, interior to ry the energy goes primarily into
powering the jet with magnetic and rotational energies. This
power dominates the luminosity of the truncated disk, making
it difficult to observe the disk directly.

6. Discussion

In this paper we have presented a theoretical model for
accretion-powered jets in AGNs and microquasars. The model
relies primarily on electromagnetic extraction of rotational en-
ergy from the disk-plasma and the formation of a geometrically
thin launching layer between the disk and the overlying corona.

The model is based on a self-similar solution for the 3D
axi-symmetric radiative two-temperature MHD equations. The
very basic assumption underlying this model is that standard
disks should truncate energetically at a certain radius ry;, below
which Bj, start to increase inwards as r~2, and eventually ex-
ceeds thermal equipartition. Thus, the matter and the frozen-in
PMF can be accreted by the BH as far as TAWs are able to effi-
ciently extract rotational energy normal to the disk. Such a flow
configuration can be maintained if the PMF changes topology
at rg, which must be associated with loss of magnetic flux, so
as to avoid complete termination of accretion. Moreover, un-
like standard disks in which the accretion energy is liberated
or advected inwards as entropy (ADAF solutions), the accre-
tion energy here is converted mainly into magnetic energy that
powers the jet. In this case, the plasma in the innermost part
of the disk becomes: 1) turbulent-free, 2) rotates sub-Keplerian
and 3) remains relatively cold and confined to a geometrically
thin disk. On the other hand, the plasma in the TL rotates super-
Keplerian rates, is dissipative, two-temperature, virial-hot and
ion-dominated.

To a first order in €, the profiles of the main variables in the
disk are:

Uq(r) = [Ugyd + é(% - 1)}1/2, (46)
pa(r) = pgFpX 72, 47)
Qu(r) = QX /4, (48)
Ta(r) = TIX 8, (49)
Bya(r) ~ Boa(r) = BYX 2, (50)

where X = r/ry, F, = [( Mg + 2A Mw)/EUd]rt_r3/2r_1/2 (see
- - 11720 _ _
Eq. (17)), pg - aluZ/loM IS8 F11/5, Qg = 32

w and



434 A. Hujeirat: Formation of accretion-powered jets in radio galaxies

Bg = /png. The superscript “0” and the subscript “d” de-
note the values at the equator and at ri;, and which be found
using standard accretion disk theory.

In the launching region the variables have the following
profiles:

V2 1)
UW(r)zT(l—W) e, (51)

-0
fMd

w
p"(r)=const. = ————
r2Uq - 2V2el

lr=rp.» (52)

Q) = Q% Y4, (53)
Ty(r) = Ty oY%, Ty(r) = Ty, Y ° (54)
Byw(r) = B) Y72, (55)
Brw(r) = B} Y™ '/%, (56)

W_here Y = r/rBL, AO = [(}’7/47'_) — (r7/47—-)r:r[r]’ ng = I‘l;i/z,
Ty =1/€, Ty, =1/e B} =1/ and B} , = 1/€*. The
variables here are given in the units listed in Table A.1 (see
Appendix).

Furthermore:

1. Magnetic reconnection in combination with Joule heating
is an essential ingredient for our model to work. The mag-
netic diffusivity adopted here, v,y = HwVT, is propor-
tional to VX, and therefore it vanishes at turning points
where Bt changes its sign. This prescription does not
smooth the Br—gradients on account of Joule-heating of
the plasma, but it strengthens the By—gradients even more,
thereby enhancing the rate of By—reconnection. The under-
lying idea here is not to smooth the B,—gradients, but to
terminate the propagation of the TAWs to higher latitudes,
trapping therefore the angular momentum in the TL. In gen-
eral, a normal magnetic diffusivity cannot hinder the prop-
agation of TAWSs into the corona.

2. If the axi-symmetric assumption is relaxed, there might be
still ways to transport angular momentum from the disk into
the corona without forming a dissipative TL. Such ways can
be explored using a full 3D implicit radiative MHD solver,
taking into account Bremsstrahlung and Synchrotron cool-
ings, heat conduction, and being able to deal with highly
stretched mesh distributions. Such solvers are not avail-
able to date, and this is therefore beyond the scope of the
present paper. On the other hand, since the region of inter-
est is located in the vicinity of an axi-symmetric black hole,
the axi-symmetric assumption might be a valid description
for the flow in the TL and in the disk. Furthermore, in
the absence of heating from below, coronae around black
holes have been found to be dynamically unstable to heat
conduction (Hujeirat et al. 2002). To hold a BH-corona
against dynamical collapse, the MFs threading the corona
must be sufficiently strong. These, in turn, force the gyrat-
ing electrons to cool rapidly through emitting synchrotron

radiation. In the absence of efficient heating mechanisms
for the plasma in the corona, this cooling may even
runaway.

Consequently, coronae around BHs most likely will dimin-
ish, and the robust way to form jets would be through the
formation of a TL, which might be a natural consequence
of accretion flows onto BHs.

. We note that if the innermost part of the disk is threaded

by an r2—PMF, then Q ~ r~/* is likely to be the optimal

profile for the angular velocity. Specifically,

(a) Q ~ r~3/* satisfies Eq. (25), s0 that s, and hence M
can be fine-tuned to produce the radio luminosity and
jet-power that agrees with observations.

(b) Multi-dimensional radiative MHD calculations have
shown that ¥~/ is the appropriate profile for the an-
gular velocity in the TL (Hujeirat et al. 2003).

(c) Conservation of angular momentum implies that the
flow in the disk must be advection-dominated to be able
to supply the plasma in the TL with angular momentum
to maintain the r~>/#—profile.

(d) The Keplerian profile Q = cr~/? with ¢ = 1 yields
slow accretion. In this case, the cooling time scales will
be faster than the hydrodynamical time scale. Thus,
the disk cools and the matter settles into a standard
disk. However, such a disk is unlikely to be stable if
the PMFs are in super-equipartition with the thermal
energy.

If ¢ < 1, then r, must move to much larger radii, and
as Bj, increases inwards as r~2, accretion may be termi-
nated by the magnetic pressure.

(e) Adopting the profile Q@ ~ r! does not fulfil
Eq. (25), which requires that the bulk of the gener-
ated TMF-energy must be advected with the outflow.
Moreover, this profile yields an unacceptably large and
radius-independent toroidal magnetic field in the tran-
sition layer, and so overestimating the radio luminosity.

. The transition radius ri;, which is treated as an input pa-

rameter, depends strongly on the accretion rate. If the outer
disk fails to supply its innermost part with a constant ac-
cretion rate, then the flow may become time-dependent.
In this case, the emerging plasma does not show up as a
continuous jet, but rather in a blob-like configuration. A
high M gives rise to Traw > Thd SO that r must move to-
wards smaller radii. In this case, the total rotational power
extracted from the innermost part of the disk via TAWs
becomes smaller, giving rise thereby to less energetic and
weakly collimated jets. On the other hand, a low M would
allow r, to move outwards, the total surface from which
angular momentum is extracted is larger, and the resulting
jets are more energetic, have larger magnetic and rotational
energies and therefore are more collimated.

. We note that the plasma in the TL starts its outward-

oriented motion from rest at rgy, being accelerated out-
wards centrifugally, and subsequently reaching the es-
cape velocity at r,. Within this region, I'—factors should
not necessary reach large values. Beyond r,, however,
outward-moving particles are subject to a different force-
constellation: acceleration is due to the the toroidal
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magnetic force rather than to the centrifugal force. To clar-
ify this point, mass conservation beyond ;. yields an r~2
drop of the density, whereas the TMF decreases as r~!/4.
This yields Alfvén speeds that increase outwards as r/4.
Thus, the available toroidal magnetic energy here is capable
of accelerating the plasmas up to large ['—factors as well as
collimating them into jets. It should be stressed here that the
PMF in the present model can be sufficiently strong at rgy ,
such that the ratio of the Alfvén speed (due to the PMF)
to the local escape velocity is of the order of unity. Such a
strong PMF can produce jets with large I'—factors (Meier
et al. 2001).

6. We have shown that the BZ-process modifies the total
power of the jet. However, we have verified also that the ex-
traction of rotational energy from the innermost part of the
disk continues to dominate the total power available from
the disk-BH system.

Finally, in a future work, we intend to implement our model to
study the jet-disk connection in the microquasar GRS 1915-105
in the radio galaxy M 87.
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Appendix A

Table A.1. The scaling variables used to reformulate the equations in
non-dimensional form.

Scaling variables

Mass: M=3x103M,

Accretion rate: M = 1073 Mgqq

Distance: R = Ri, = 3Rs, where Rs = 2GM/c?
Temperature: T =5x10'K

Velocities: V=Vs= [ngaS?N'/yi]”z, =123
Ang. Velocity: V, = Viep = (GM/R)'?, = € = VsV,

Magnetic Fields: B = Vs/\Janp
Density: B = M/(HgRouVs) = 2.5 x 1072 gem™

We use spherical geometry to describe the inflow-outflow con-
figuration around a Schwarzschild black hole. The flow is
assumed to be 3D axi-symmetric, and the two-temperature
description is used to study the energetics of the ion- and
electron-plasmas.

In the following we present the set of equations in
non-dimensional form using the scaling variables listed in
Table A.1.

1. The continuity equation:

dpo 19, 9 )
FTIA ar(r 'OU) Y 89(COS boV) = 0.

(A1)

2. The radial momentum equation:

6_U+ 6_U+K6_U—l%+l rQZ_i
ot o  rdd por € r?
1B 11 11
p1B0p 110 gy 110 p (A2)
pr oo pror pror

3. The vertical momentum equation:

vV 9V vV v 10P 1 v;
—+U—+ — = —— — —tanf—
ot Or rcos@ 00 rpdl € r
1B.drBy 1 0/, .,
——— -——(B . A3
pr Or 2rp89( ! T) (A-3)
4. The angular momentum equation:
ot 19 ,, 1 0
—+ == Ut — ove
ot " r? 6r(r ) r 05989(Cos )
aBT aI‘Bg
=By—— + B
o0 T or
cos6* 9 [,  0Q 1 9 s 0Q
+ — r—— |+ — & ovr—|. (A4
2 or (’ P ar) cos 6 90 (COS P 39) (A4

5. The internal equation of the ions:

08 105 e
ot + r—za(l" pU81)+
=—(y-DHEWV .-V
+(y = D® = Aj_e + V- °MVT;,

1 0
rcos@ %(COS 6’V81d)

(A.5)

6. The internal equation of the electrons:

98¢ 10 ,, 4
ot + r—za(r pU(Se)'f‘
=—(y-DEWV -V

+(y = D®+Ai_e—Ap — Ac — Asyn + V - KMV T, (A.6)

1 o
— %(cos HVSg)

7. The equation of the radial component of the poloidal mag-
netic field:

% " 1 O0€emt
ot  rlcosf 06

8. The equation of vertical component of the poloidal mag-
netic field:

839 1 8Semf
ot rcosf Or

= 0. (A7)

= 0. (A.8)

9. The equation of toroidal magnetic field:

9Bt + Eg(rUBT) +
ror

10
al oV BD

0Q

1 6B oQ + 1 6B
= —rcos@B,— + — cos —
€ or € 0 00

ror\"™=ar ") T 2 ap ™50
“i’?

(A9)
where the subscripts and “e” correspond to ions and elec-
trons. p, V = (V;, Vg, V,,) and P are the density, velocity vec-
tor, and the gas pressure (P = Rgaso(Ti/pi + Te/pe)), TESPEC-
tively. 8?, &Y denote the internal energy densities due to ions
and electrons, &' = P*'/(y — 1), where y = 5/3, y; = 1.23 and
He = 1.14. B = (B, By, Br) = (Bp, Br) is the magnetic field,
and &y is the modified electromotive force taking into account
the contribution of the magnetic diffusivity. ®, Ag, Ai_e, Ac,
Agyn are the turbulent dissipation rate, Bremsstrahlung cooling,
Coulomb coupling between the ions and electrons, Compton
and synchrotron coolings, respectively. These processes read:

D = Vinge|V X B /N

(Ti - Te)

— 300
Ai—e =5.94 X 10" njn.ck Tg/z

IN
Ap = 4ackapsp (T4 - E) IN,

Ac =4onec (Lz) (Te = Trag) E/N,
MmeC
where k.5 and o are the absorption and scattering coefficients.
N = [(y = D/yl(V*V,/R) is a normalization quantity (see
Table A.1). ne, n; are the electron- and ion-number densities.
E is the density of the radiative energy, i.e., the zero-moment
of the radiative field. The radiative temperature is defined as
Tra = E'/*. To describe synchrotron cooling Asyn, Eq. (24) is
used.



